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6.11 ADVANCED LUMINESCENCE 
STUDIES OF SI WAFERS AND CELLS

Lead Partner

ANU

ANU Team

Prof  Daniel MacDonald, Dr Hieu Nguyen 

Academic Partner

National Renewable Energy Laboratory (NREL), USA: Dr Mowafak 

Al-Jassim, Dr Steve Johnston

Funding Support

ARENA, ANU, NREL

Aim

This project aims to combine complementary expertise at ANU and 

NREL in the field of  luminescence characterisation of  materials for 

solar cells. In particular, the advanced high resolution luminescence 

methods developed at NREL for thin-film photovoltaic materials will 

be applied to some outstanding challenges in silicon photovoltaics, 

especially in relation to understanding key defects in silicon solar 

cells and deposited layers.

Progress

This two-year project was commenced in July 2016. Dr Nguyen from 

ANU made a one-week visit to NREL in August 2016, during which 

time he familiarised himself  with the numerous high resolution tools 

available at NREL and defined collaborative research topics in detail. 

Dr Nguyen then made an eight-month visit to NREL from March to 

November 2017 to carry out these activities. 

Highlights

• Eight-month visit to NREL by Dr Nguyen (March to November 

2017) and follow-up.

• Invention of  a camera-based photoluminescence (PL) technique 

to image nanometer-thin coating layers with micron-scale spatial 

resolution.

• Invention of  a spectral PL-based technique to quantify and map 

sheet resistances of  heavily doped regions in Si solar cells with 

spatial resolution approaching the fundamental limit.

• Capability expansion for the PL-imaging system at NREL by 

Dr Nguyen: a UV-excitation source for imaging high bandgap 

materials and a polariser for imaging defects in c-Si wafers.

• One invited talk by Dr Nguyen at the 27th Workshop on c-Si Solar 

Cells and Modules, Breckenridge, CO.

• One oral presentation by Dr Nguyen at the 7th World Conference 

on Photovoltaic Energy Conversion, Hawaii.

• NREL's support (AU$120K in-kind plus equipment access) for Dr 

Nguyen's ACAP fellowship, which commenced in January 2018. 

• A visit trip to ANU and a seminar by Dr Mowafak Al-Jassim, 

NREL's principal scientist, in September 2018.

Future Collaboration

The project has been very successful in building a collaboration 

between ANU and NREL. The NREL team hosted and provided Dr 

Nguyen with the technical support and access to their state-of-the-

art characterisation facilities during his eight-month visit. In return, 

Dr Nguyen helped the NREL team establish new capabilities for 

their luminescence spectroscopy and imaging tools, expanding 

applications into many high bandgap materials and defects in 

photovoltaic materials and devices. Dr Nguyen has also transferred 

the developed characterisation techniques to the scientists at NREL.

The project has established a solid foundation for a strategic, long-

term collaboration between the two characterisation teams of  Prof  

Daniel Macdonald at ANU and the principal scientist Dr Mowafak 

Al-Jassim at NREL. In particular, Dr Nguyen has secured committed 

support of  A$120K in-kind and equipment access from the NREL 

team for research activities related to photovoltaic device/material 

characterisation for the period January 2018 to December 2020, as 

part of  an ACAP fellowship. Also, the visit to ANU by Dr Mowafak 

Al-Jassim in September 2018 has further defined strategic directions 

for future collaborations between the two groups. Notably, ANU PhD 

student Rabin Basnet is planning for a long-visit trip (6–9 months) to 

NREL in 2019.

References

Nguyen, H.T., S. Johnston, R. Basnet, H. Guthrey, P. Dippo, H.Y. 

Zhang, M.M. Al-Jassim. and D. Macdonald (2017). "Imaging the 

Thickness of  Passivation Layers for Crystalline Silicon with Micron-

Scale Spatial Resolution Using Spectral Photoluminescenc". Solar 

RRL, 1(11). doi:10.1002/solr.201700157.

Nguyen, H.T., S. Johnston, A. Paduthol, S.P. Harvey, S.P. Phang, 

C. Samundsett, C.Sun, D. Yan, T. Trupke, M.M. Al-Jassim and D. 

Macdonald (2017). "Quantification of  Sheet Resistance in Boron-

Diffused Silicon Using Micro-Photoluminescence Spectroscopy at 

Room Temperature". Solar RRL, 1(10). doi:10.1002/solr.201700088.
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process was used to produce perovskite solar cells with up to 11% 

power conversion efficiency (PCE) on flexible substrates via real R2R 

processes. Experimental details along with other characterisation 

results have been published in the Nano Energy journal (Heo et al. 

2017).

Effect of Cation Composition on the Mechanical Stability of 

Perovskite Solar Cells

Perovskite photoactive thin films are highly tunable systems, with 

numerous inorganic and organic cations readily incorporated to 

modify optoelectronic properties. The effect of  various cations on the 

mechanical properties of  perovskites has been largely overlooked. 

During this project the cohesion energy of  flexible perovskite 

systems containing various cation combinations of  methylammonium 

(MA) and formamidinium (FA), were analysed (Rolston et al. 2018).

The R2R printed structures (PET | ITO | ZnO | perovskite, PET | 

ITO | ZnO | perovskite | PEDOT:PSS , PET | ITO| ZnO| perovskite | 

PEDOT:PSS|MoO
3
|Ag) were prepared in the same manner as the 

high efficient complete devices and were extensively characterised 

in Professor Dauskardt’s laboratory at the Stanford University by 

mechanical fracture analysis using the double cantilever beam 

(DCB) test (Figure 6.12.1).  

We measured the cohesion energy (G
c
) of  our control, slot-die 

coated MA perovskite, to be 0.83 ± 0.04 J m−2. Adding FA at a 

molar ratio of  MA
0.6

FA
0.4

 decreased G
c
 to 0.59 ± 0.34 J m−2 (Figures 

6.12.2(a) and 6.12.2(b)). The G
c
 of  these systems is shown in Figure 

6.12.2(a). A similar result of  0.56 ± 0.10 J m−2 was observed for 

spin coated (and with a different molar ratio) MA
0.17

FA
0.83

, with failure 

occurring at the perovskite/ZnO interface and within the perovskite 

layer, respectively. The observed reduction in G
c
 of  the MA/FA 

perovskites when compared to the MA control is possibly related 

to a previously reported correlation between perovskite grain size 

and cohesion energy (Rolston et al. 2016). The correlation was 

attributed to additional grain boundaries present in smaller-grained 

films that acted as defects and weakened the layers, allowing crack 

propagation under mechanical loads. This correlation was again 

observed in the pure MA perovskite comprising large, 1 µm cubic-

sized grains (Rolston et al. 2016).

Furthermore, Figure 6.12.2(b) illustrates a comparison of  the 

cohesion energy of  different systems prepared using other additives 

such as caesium (Cs), butylammonium (BA), and 5-aminovaleric 

acid (AVA). A trade-off  was observed between G
c
 and PCE, 

likely due to the fact that design for efficiency has dominated the 

development of  perovskite solar cells while mechanical integrity has, 

to date, been an afterthought.

ITIC as an Electron Transport Layer

Phenyl-C61-butyric acid methyl ester (PCBM) is a widely 

used electron transport layer in low-cost p-i-n perovskite solar 

cells. However, a few studies have reported that PCBM brings 

tremendous challenges with respect to scalable manufacturing 

methods due to its aggregation tendencies, which also impact 

6.12 DE-COHESION ANALYSIS OF 
PRINTED SOLAR MODULES 

Lead Partner

CSIRO

CSIRO Team

Dr Fiona Scholes, Dr Hasitha C Weerasinghe, Dr Doojin Vak 

CSIRO Student

Xiaojin Peng (PhD Student)

Academic Partners

Stanford University, USA: Prof  Reinhold H. Dauskardt,  Nick Rolston 

(PhD Student)  

Georgia Institute of  Technology, USA: Prof  Samuel Graham

Funding Support

ACAP / AUSIAPV

Aim

This project was conducted in collaboration with Professor Reinhold 

Dauskardt’s research group at the Stanford University. The aim of  

this project is to quantitatively analyse the cohesion between the 

printed layers of  two types of  large-area printed solar cell modules, 

perovskite-based and organic, employing the newly developed 

quantitative mechanical analysis systems. Printed modules 

consisting of  different device structures, along with printed systems 

exposed to different environmental conditions, are expected to be 

evaluated during this project. The effect of  environmental conditions 

on the cohesion between the layers of  large-area printed solar films 

will be investigated. In addition, the mechanical integrity of  the 

existing and new encapsulation architectures will be tested after 

exposure to different environmental stress conditions for prolonged 

periods.

Outcomes of  the Project

Fabrication of Efficient R2R Printed Perovskite-Based Solar 

Cells

This project was completed during 2018. Over the first year of  the 

project, the CSIRO team primarily focused on producing efficient 

perovskite-based solar cell (PSC) devices on flexible polymer 

substrates using roll-to-roll (R2R) printing methods. Several printing 

trials were conducted to optimise the printed electron transport 

layers (ETLs), perovskite layers and hole transport layers (HTLs) on 

the flexible ITO-PET substrates. Ultimately, optimised PSC devices on 

flexible substrates were demonstrated. These were fabricated using 

R2R printing technologies under ambient conditions. Furthermore, 

we have developed a modified sequential deposition process for 

perovskite formation using a scalable slot-die coating method. 

The effect of  organic cation additives into the PbI
2
 solution was 

also studied. It has been found that these additives (i) improve the 

processability of  the PbI
2
 solution and (ii) form a more reactive 

intermediate film which could be rapidly converted to a perovskite 

film during the R2R film processing step. This printing-friendly 
4
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Conference Participation and Lab Visits

Nick Rolston's travel to Australia for ACAP Conference in Melbourne

Nick Rolston is a PhD student at Stanford University and one of  the 

key collaborators with CSIRO working on the de-cohesion analysis 

of  printed solar films in Reinhold Dauskardt’s group. He travelled to 

Australia in December 2017 to first attend the AUCAOS (Australasian 

Community for Advanced Organic Semiconductors) symposium 

on the Gold Coast from 4 to 6 December, where he presented a 

talk entitled “Improved Reliability of  Organic and Perovskite Solar 

Cells”, highlighting the work with CSIRO characterising the fracture 

properties of  device materials – ranging from charge transport 

layers to OPV blends and perovskite materials – printed on both 

glass and flexible PET substrates. At the conference, Nick was able 

to benefit from networking with a range of  experts in the PSC and 

OPV fields and gained a better understanding of  the state-of-the-art 

work in perovskite-based and organic polymer-based solar cells. 

Subsequently, Nick spent some time at the ACAP conference from 7 

to 8 December, where he gave a talk entitled “Effect of  Composition 

and Microstructure on Stability of  Perovskite Solar Cells”. This work 

focused on the most recent efforts. The various printed perovskite 

compositions containing multiple cations for improved efficiency and 

stability were presented, along with an exploration of  the effect of  

cation composition on mechanical stability. In addition to meeting a 

number of  researchers at the conference, Nick had the opportunity 

to visit the CSIRO solar printing facilities and PV research teams at 

Monash University. After the conference, he briefly visited Sydney 

and was able to see the University of  New South Wales, visiting Anita 

Ho-Baillie and some group members whom he met at the ACAP 

meeting.

Attending the MRS Meeting in Boston and Energy, Materials, and 

Nanotechnology (EMN) Meeting in Florida (USA)

Dr Hasitha Weerasinghe (CSIRO) attended the MRS Meeting 2017 

held in Boston in November 2017 and also attended the International 

Conference on Energy, Materials and Nanotechnology 2017 held in 

Florida as an invited speaker where he presented the work carried 

out during this collaborative research work titled ”Organic and 

Perovskite-based Photovoltaics on Flexible substrates: Fabrication 

and Encapsulation”. During this visit to the United States, Hasitha 

met with Professor Reinhold Dauskardt about the progress of  the 

collaboration. Attending these conferences has exposed Hasitha 

to different points of  view, through which he learned new ideas 

and trends in the field of  perovskite-based photovoltaics. Hasitha 

also visited the Laboratory for Advanced Materials Science and 

Technology (LAMSAT) at the University of  South Florida during this 

visit and with faculty members at the Department of  Physics on 

future collaborations in the area of  PSCs.

Highlights

• Flexible PSC devices with photo-conversion efficiency values 

over 11% have been demonstrated. 

• Multiple cation perovskite proven to have lower fracture energy 

than single cation perovskite.

mechanical integrity and stability of  the devices. We have 

been able to successfully substitute PCBM with a non-fullerene 

indacenodithienol-based molecule, 3,9-bis(2-methylene-(3-(1,1-

dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’] dithiophene or  

ITIC (3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-

5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3'-d']-s-

indaceno[1,2-b:5,6-b'] dithiophene) as an ETL under ambient 

conditions without active humidity or temperature control using 

non-halogenated solvents. A DCB test was used to evaluate the 

mechanical integrity of  ITIC-based systems compared to the PCBM-

based systems by measuring the fracture energy (G
c
) of  thin films. 

DCB results are outlined in Figure 6.12.3. ITIC systems exhibited a 

16-fold increase compared to PCBM systems. Furthermore, DCB 

results indicate that PCBM is one of  the most fragile materials used 

in perovskite solar cells, with a G
c
 below 0.2 J m-2. Conversely, ITIC is 

a more mechanically robust alternative to PCBM and other fullerene 

derivatives. Further experimental details along with other results 

on the characterisation of  ITIC-based systems have recently been 

published in ACS Applied Materials & Interfaces journal (Angmo et 

al. 2018).

Development of New Encapsulation Architectures for PSC-based 

Devices

Our recent studies have already proven that flexible encapsulation 

using ultra-high barrier films can significantly improve the lifetime 

of  PSC devices. Past studies have shown that the moisture/oxygen 

ingress through adhesive from the four sides of  the encapsulation 

play a major role in the degradation of  devices/modules 

(Weerasinghe et al. 2015). During this project, we have investigated 

the new barrier edge-sealing materials, which are suitable for the 

encapsulation of  flexible perovskite-based devices. Figure 6.12.4 

shows the calcium test results conducted using EL-92734 optically 

clear moisture barrier with pressure-sensitive adhesive (PSA). 

In comparison to the barrier encapsulation employed during the 

previous study, these newly developed encapsulation architectures 

using moisture barrier PSA adhesives demonstrate significantly 

improved barrier properties for the encapsulation of  PSC devices/

modules. Real-time testing of  the encapsulated devices using these 

structures is currently underway.

Reasonable values for cohesion energy for a practical photovoltaic 

device will depend on the composition and type of  active layer used. 

Based on our experiments, PCBM is the most fragile material used 

in solar cell devices. Any organic photovoltaic (OPV) device with a 

fullerene-based active layer is likely to have a G
c
 < 0.5 J m-2. Based 

on the fragility of  the perovskite materials, G
c
 < 1.5 Jm-2 is usually 

measured for devices and we strongly believe that we can use 

various strategies in our future collaborations to increase this value 

to > 3 J m-2, based on passivation layers such as PEIE, morphology 

control based on deposition methods and conditions, the usage 

of  encapsulants and the design of  perovskite modules that will 

enhance G
c
 based on the plastically deformable encapsulation and 

use of  scribe lines that can be filled with metal and other robust 

materials.
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Figure 6.12.1: (a) Schematic of  the double cantilever beam 
geometry used for mechanical testing to quantify G

c
; and (b) 

photographs of  the mechanical testing set-up, with a sample 
loaded.

Figure 6.12.2: (a) The measured G
c
 for single and double-cation 

perovskites and devices on flexible ITO-PET substrates using R2R 
slot-die coating method; and (b) the measured G

c
 and PCE as 

a function of  cation composition, showing a trade-off  between 
reliability and efficiency.

• Challenges with PCBM-based perovskite systems were 

identified.

• In comparison to PCBM, ITIC was identified as a more suitable 

candidate, offering superior mechanical properties. In addition, 

upscaling compatibility of  ITIC has been demonstrated.

• Results gathered during this project on the de-cohesion analysis 

of  perovskite-based structures have been published in several 

international journals and also were presented at several 

conferences held in Australia and the United States. 

– “Beyond Fullerenes: Indacenodithiophene-Based Organic 

Charge-Transport Layer toward Upscaling of  Low-Cost 

Perovskite Solar Cells”. ACS Appl. Mater. Interfaces (Heo et 

al. 2017).

– ”Effect of  Cation Composition on the Mechanical Stability of  

Perovskite Solar Cells”. Advanced Energy Materials (Rolston 

et al. 2018). 

– ”Printing-friendly sequential deposition via intra-additive 

approach for roll-to-roll process of  perovskite solar cells”. 

Nano Energy (Heo et al. 2017).

– ”Organic and Perovskite-based Photovoltaics on Flexible 

substrates: Fabrication and Encapsulation”. EMN Americas 

Meetings, Orlando, FL, USA.

– ”Effect of  Composition and Microstructure on the Mechanical 

Stability of  Perovskite Solar Cells”. 5th ACAP Conference, 

Melbourne, Australia.

– ”Effect of  heat, UV radiation, and moisture on the de-

cohesion kinetics of  inverted organic solar cells”. AUCAOS) 

Symposium, Kingscliff, New South Wales, Australia.

Future Work

We will continue to improve the efficiency of  flexible, R2R printable 

PSC devices by introducing alternative electrode materials and 

fabrication processes such as gravure printing and reverse 

gravure coating. Evaluation of  these printed PSC systems using 

the mechanical fracture analysis facilities available at the Stanford 

University will also be continued through ACAP. Comparative aging 

experiments will be performed by storing the printed films under 

different environmental conditions to evaluate if  double cation cells 

(MA/FAI-based PSC devices) are more resistant to moisture. Lifetime 

studies on the encapsulated PSC devices/modules, followed by the 

DCB tests, will also be carried out with a new MPP (maximum power-

point) stability testing system which will be installed at the Flexible 

Electronics Laboratory at CSIRO soon.
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R.E. Kalan, K. Zielinski, R.L. Grimm, H. Tsai, W. Nie, A.D. Mohite, S. 

Gholipour, M. Saliba, M. Grätzel and R.H.  Dauskardt (2018). “Effect 

of  Cation Composition on the Mechanical Stability of  Perovskite 

Solar Cells”. Advanced Energy Materials, 8(9). doi:10.1002/

aenm.201702116. 

Rolston, N., B.L. Watson, C.D. Bailie, M.D. McGehee, J.P. Bastos, R. 

Gehlhaar, J.-E. Kim, D. Vak, A.T. Mallajosyula, G. Gupta, A.D. Mohite 

and R.H. Dauskardt (2016). “Mechanical integrity of  solution-

processed perovskite solar cells”. Extreme Mechanics Letters, 9, 

353–358. doi:10.1016/j.eml.2016.06.006. 

Angmo, D., X.J. Peng, J.S. Cheng, M. Gao, N. Rolston, K. Sears, C. 

Zuo, J. Subbiah, S.-S. Kim, H. Weerasinghe, R.H. Dauskardt and 

D. Vak (2018). “Beyond Fullerenes: Indacenodithiophene-Based 

Organic Charge-Transport Layer toward Upscaling of  Low-Cost 

Perovskite Solar Cells”. Acs Applied Materials & Interfaces, 10(26), 

22143–22155. doi:10.1021/acsami.8b04861. 

Weerasinghe, H. C., Y. Dkhissi, A.D. Scully, R.A. Caruso and Y.B. 

Cheng (2015). “Encapsulation for improving the lifetime of  flexible 

perovskite solar cells”. Nano Energy, 18, 118–125. doi:10.1016/j.

nanoen.2015.10.006. 

Figure 6.12.3: The measured G
c
 values of  PCBM or ITIC 

systems deposited on (a) ITO-glass; and (b) perovskite, showing 
a significant increase in mechanical integrity for ITIC-based 
systems.  

Figure 6.12.4: Optical transmission photographs showing no loss 
of  C

a
 film (dark area) of  the new encapsulation systems made 

using barrier adhesive films (stored under ambient conditions).

References

Heo, Y.J., J.E. Kim, H. Weerasinghe, D. Angmo, T.S. Qin, K. Sears, K. 

Hwang, Y.-S. Jung, J. Subbiah, D.J. Jones, M. Gao, D.-Y. Kim and D. 

Vak (2017). “Printing-friendly sequential deposition via intra-additive 

approach for roll-to-roll process of  perovskite solar cells”. Nano 

Energy, 41, 443–451. doi:10.1016/j.nanoen.2017.09.051. 

Rolston, N., A.D. Printz, J.M. Tracy, H.C. Weerasinghe, D. Vak, L.J. 

Haur, A. Priyadarshi, N. Mathews, D.J. Slotcavage, M.D. McGehee, 
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and when a white light pulse is emitted. A timer unit records the 

actual time of  emission relative to the trigger time and this time is 

tagged to the spectrum recorded for each particular event. These 

measurements are recorded at ~2,000 spectra/second. Through this 

MSc project, we were able to prove the feasibility of  this approach 

and identify several significant improvements that could be made 

to this apparatus that would provide higher signal to noise data 

covering spectral data spanning several orders of  magnitude in 

time These include new supercontinuum sources capable of  being 

triggered at 10 s of  kHz and dual channel spectrometers capable 

of  recording every laser pulse spectrum at these same repetition 

rates. Such a spectrometer has now been installed and applications 

for additional funding to further advance this instrumentation are 

currently being investigated. Intermediate timescales (to ~8 ns) can 

be accessed by a recently installed longer translation stage. These 

long-time transient absorption approaches may also be adopted 

to a transient absorption microscope currently being developed in 

our labs, which will enable the transient absorption dynamics to be 

mapped over micrometre spatial scales in thin films. Simultaneously, 

we have developed a system capable of  recording time-resolved 

emission images of  long-lived samples that will be of  use for 

studying luminescent materials with long-lived excited states, such 

as perovskites, and will provide complementary information to the 

long timescale transient absorption data.

Highlights

• Time-resolved microwave conductivity measurements can now 

be performed in the Melbourne area on timescales from tens of  

nanoseconds to microseconds. Transient absorption data can 

now be collected on timescales several orders of  magnitude 

longer than previously possible with our existing femtosecond 

laser instrument. This instrument can now be used to investigate 

the nanosecond time behaviour of  new materials such as the 

BTR and BQR compounds synthesised by Jones, in addition to 

long-lived excited state species such as perovskites. 

• Recent results of  long-time transient absorption behaviour of  

BQR (benzodithiophene-quaterthiophene-rhodanine) have been 

presented and a publication reporting this work is in preparation. 

Future Work

Professor Garry Rumbles and/or Dr Obadiah Reid will visit 

Melbourne again during 2019 to help with the optimisation and 

benchmarking of  the TRMC system based in Melbourne.  

New materials are being synthesised that show great promise for 

applicability in photovoltaic applications.  The new organic materials 

coming from the Jones and Wong laboratories will continue to be 

studied using all the new techniques now available to us. New 

collaborations with groups from Monash University will lead to 

thorough investigations of  the time-resolved behaviour of  perovskite 

materials.

The long timescale transient absorption apparatus will be used 

to investigate the excited state dynamics of  new materials being 

6.13 DETERMINING CHARGE 
LIFETIME AND MOBILITY DYNAMICS 
IN ORGANIC SEMICONDUCTORS 
FOR PHOTOVOLTAIC APPLICATIONS

Lead Partner

UoM

UoM Team

A/Prof  Trevor Smith, Dr Wallace Wong, Dr David Jones

UoM Students

Ms Kyra Schwarz, Mr Ahmed Alqatari

NREL / Department of Chemistry and Biochemistry at University of 

Colorado Boulder, USA Team

Prof  Garry Rumbles, Dr Obadiah Reid

Funding Support

AUSIAPV, ARC, UoM, NREL

Aims

• Acquire expertise in the use of  time-resolved microwave 

conductivity (TRMC) experiments with a view to implementation 

of  this method in Australia to assist the broader photovoltaic 

community.

• Conduct TRMC measurements on new high performance OPV 

materials.

• Construct a novel long timescale transient absorption 

spectroscopy system and conduct measurements of  these 

materials under the lowest possible light fluence conditions to 

determine excited state kinetics in the absence of  multi-excitonic 

effects.  

Progress

Discussions with Professor Rumbles and Dr Reid at NREL 

concerning TRMC measurements have proven fruitful. A commercial 

(Unisoku) TRMC instrument has now been installed in Melbourne 

and is being characterised and used to measure charge carrier 

mobilities of  existing and new photovoltaic materials.  

A transient absorption apparatus that is capable of  recording 

transient absorption data on femtosecond to microsecond 

timescales has been constructed in the Melbourne node. This 

instrument was constructed by student, Mr Ahmed Alqatari, as 

his MSc project, and he was assisted by a research assistant 

employed part-time through this project. This apparatus allows 

excitation of  samples, ranging from solutions through to thin films, 

using our existing tunable, low pulse energy, high pulse repetition 

rate femtosecond laser system (Coherent RegA/OPO), but rather 

than using the usual optical delay between the pump and probe 

pulses, an electronic delay triggers the output of  a white-light probe 

pulse from a commercial super-continuum laser (Newport).  The 

laser exhibits significant timing jitter between it being triggered 
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synthesised in the Jones and Wong groups. Minor optimisation of  

this instrument should provide higher signal to noise data covering 

spectral data spanning several orders of  magnitude in time, which 

will help us identify the photophysical processes occurring in 

these materials and thereby facilitate methods to optimise their 

performance.

The TRMC and transient absorption instruments will be used to study 

time-resolved processes in a wide range of  polymeric and small 

molecule organic materials as well as perovskite-based materials 

being developed through other initiatives.

Reference

Schwarz, Kyra N., Paul Geraghty, Valerie Mitchell, Saeed-Uz-Zaman 

Khan, Barry Rand, Trevor A. Smith, Gregory D. Scholes
,
 David J. 

Jones, Kenneth P. Ghiggino. “Capacitor-like buildup of  free charges 

in an organic heterojunction”, (in preparation).
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group, and to allow us to target our synthesis. As a result of  these 

calculations we have designed new chromophores based on an 

Acceptor-Donor-Acceptor strategy with two acceptors having low 

energy triplet states. A series of  small molecules and polymers, 

based on building blocks comprising benzodithiophene (BDT), as 

an electron-rich unit, and bisthiophene-2,5-dihydropyrrolo[3,4- c]

pyrrole-1,4-dione (DPP), as the electron acceptor unit, were 

synthesised and characterised (e.g. BDT(DPP)
2
). Measurements 

required to identify the presence of  triplet states are complicated 

since the triplet state should lie at an energy that would exhibit 

(weak) emission in the near infrared (NIR) region of  the spectrum. 

NIR emission spectroscopy has been performed at low temperatures 

in order to find evidence for phosphorescence indicative of  the 

energy of  the triplet state between the ground and first excited 

singlet state. Weak emission has been detected at ~1200 nm, very 

close to the energy predicted by computational methods, and 

suggestive of  an energy level landscape amenable to singlet fission. 

Triplet energies were also studied by sensitisation processes using 

palladium octaethylporphyrin (PdOEP) as a triplet sensitiser to 

populate the triplet. 

Time-resolved transient absorption measurements over a wide 

range of  wavelengths and timescales have been performed using 

a series of  instruments to record the formation of  singlet and triplet 

excited states and indicate the presence of  singlet fission. These 

measurements have been performed in collaboration with Associate 

Professor Tachibana at RMIT University using instrumentation with 

nanosecond time resolution. 

Attempts to perform 2D ultrafast spectroscopic measurements 

have been thwarted to date by the denial for a visa that would 

have enabled PhD candidate Masoomi-Godarzi to screen the new 

compounds using this approach. Another of  our PhD graduates, Dr 

Kyra Schwarz, began a postdoctoral position in the Scholes group 

at Princeton during 2017. She has been assessing these 2D ultrafast 

measurements for their potential to report on SF processes. The 

current view is that any additional information the 2D measurements 

can provide compared with the more conventional spectroscopic 

approaches is not justified by their added complexity at this 

stage. Instead we are enhancing our ultrafast transient absorption 

instrumentation to improve signal to noise ratio and sensitivity. We 

have also developed our near infrared nanosecond TA and emission 

capabilities.

We have initiated a screening program using the spectroscopic 

techniques developed in-house on materials within the ACAP 

network that may support SF studies. These materials have a 

structure analogous to those synthesised using the design criteria 

for BDT(DPP)
2 
above. We have identified an excellent candidate that 

appears to support singlet fission in a solution-processed film, and 

in the solid state. 

This project has enabled significant new interactions between 

the three participating institutions: The University of  Melbourne, 

Princeton University and Georgia Tech. Professor Greg Scholes 

has visited the University of  Melbourne, which facilitated further 

discussions on the potential of  using 2D spectroscopy methods for 

6.14 SCREENING SINGLET FISSION 
IN ORGANIC SEMICONDUCTORS 
FOR PHOTOVOLTAIC APPLICATIONS

Lead Partner

UoM

UoM Team

Dr David Jones, Prof  Ken Ghiggino, A/Prof  Trevor Smith, Dr Lars 

Goerigk

UoM Students

Ms Kyra Schwarz, Ms Saghar Masoomi-Godarzi

Princeton University, USA

Prof  Gregory Scholes

Georgia Tech, USA 

Prof  Seth Marder

Funding Support

AUSIAPV, ARC, UoM, Princeton University, Georgia Tech

Aims

• Develop a reliable spectroscopic screening method for detecting 

singlet fission in organic semiconducting materials.  

• Investigate the application of  time-resolved 2D spectroscopy for 

characterising singlet fission.  

• Screen existing organic semiconductor materials library and new 

organic materials from AUSIAPV partners for singlet fission

Progress

Singlet fission (SF) is a process in which one singlet excited 

state shares its energy with a neighbouring chromophore and 

makes a triplet pair. The two electrons in this pair of  triplet states 

can, in principle, be harvested to produce two free electrons per 

photon absorbed. As a result, this phenomenon has the potential 

to increase the efficiency of  solar cells. However, there are only 

a few known compounds that undergo singlet fission with high 

yield, such as tetracene, diphenyltetracene, rubrene, pentacene, 

diphenylisobenzofuran and zeaxanthin, so it is important to design 

new chromophores for singlet fission. On the other hand, this 

process is highly dependent on the crystallinity of  the film and 

the coupling between neighbours, as for these systems SF is an 

intermolecular process. The possible solution would be SF based 

on an intramolecular process in which molecular coupling and 

orientation are less critical in determining the SF efficiency. One of  

the main requirements of  singlet fission is energy level matching, 

i.e. the energy of  the singlet state should be greater than or equal 

to twice the energy of  the triplet state, and time-dependent density 

function theory (TD-DFT) was used to evaluate the excited state 

energy level of  the proposed compounds. We screened a large 

number of  potential A-D-A molecules using testis-determining factor 

(TDF) to eliminate any existing A-D-A molecules in our research 
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screening potential SF materials. Prof  Seth Marder also visited the 

University of  Melbourne during January 2018 to discuss synthesis 

and characterisation of  new SF materials. In addition, the grant 

has allowed Professor Ghiggino, Associate Professor Trevor Smith, 

Dr David Jones, postdoctoral fellow, Dr Siobhan Bradley and 

postgraduate student Kyra Schwarz, to visit Professor Scholes at 

Princeton, and also David Jones to visit Marder’s lab in Georgia 

Tech.

Results of  this work were presented by PhD student Saghar 

Masoomi-Godarzi at the 2nd International Symposium on Singlet 

Fission and Photon Fusion in Gothenburg, Sweden, in April 2018.

Highlights

We have undertaken a program to synthesise derivatives of  the 

materials discovered to date exploiting approaches to enhance the 

effi ciency of  triplet state formation in an attempt to further increase 

the effi ciency of  the singlet fi ssion process. 

New materials exhibiting hallmark indicators of  singlet fi ssion have 

been synthesised and tested using steady-state and ultrafast laser 

spectroscopic techniques. 

A manuscript reporting this work has been submitted to Advanced 

Energy Materials and is under second review.

A materials screen of  known compounds, with similar structural 

features to the BDT(DPP)
2
 discussed above, has identifi ed a 

candidate material which appears to be a better SF material in the 

solid state than BDT(DPP)
2
. A more detailed characterisation of  

this material is currently underway and results of  this work will be 

published in the near future.

Figure 6.14.1: Screening of  potential A-D-A singlet fi ssion 
materials has led to the synthesis of  a new solid state singlet 
fi ssion material where we can achieve multiple exciton generation 
from a single absorbed photon.

11

A
C

A
P

 A
N

N
U

A
L 

R
E

P
O

R
T 

20
18



would be predominantly absorbed by the upper sub-cell. This long 

wavelength absorption improvement has been calculated to offer 

a boost of  up to 1.73 mAcm-2 in short circuit current, a great help 

when looking to ensure current matching with the top III-V-based 

sub-cell. 

During the growth of  the III-V material on the silicon wafer part of  

the integration process has involved the growth of  a silicon layer in 

situ, largely to remove carbon contamination from the initial growth 

surface. The thickness of  this homo-epitaxial silicon layer can be 

up to 90 nm, and limitations to control of  the doping of  this grown 

layer means there is the potential for a low doping region at the 

GaP/Si interface. To try and assess the impact of  this energy well 

region a model was constructed in Sentaurus TCAD of  a tandem 

device with such a layer, using previous data for background 

doping levels in homo-epitaxial silicon grown in the OSU chamber. 

As shown in 6.16.2(a) SIMS analysis of  a GaP/Si wafer indicates 

there is a significant drop in doping just below the GaP/Si interface. 

Figures 6.16.2(b) shows results for the TCAD simulations, showing 

the doping level of  the homo-epitaxial silicon has a moderate effect 

on performance, in combination with the interface recombination 

velocity (Almansouri et al. 2015)], but the presence of  the layer 

does drag performance down. It highlights the need to improve the 

IRV since measurements suggest the IRV for our devices is in the 

105 cm/s range. 

Highlights

• Delivery of  a world record device as part of  ongoing 

collaboration with Ohio State University.

• First steps of  incorporating rear surface texturing in silicon sub-

cells achieved with first device results expected soon. 

• Designs taking into account the impact of  a homo-epitaxial 

silicon layer and the relatively low doping level have been 

assessed. The process appears to bring a moderate 

deterioration in performance when combined with the impact of  

the interface recombination velocity. 

Future Work

Ongoing work with growth of  III-V on rear textured silicon Is 

underway. This is expected to boost performance considerably as 

the expected increase in short circuit current of  the silicon sub-cell 

should improve current matching with the upper III-V based sub-cell. 

These approaches are also being combined with alternative rear 

dielectric materials, such as amorphous silicon. Further work to look 

at the interface recombination velocity at the GaP/Si interface will 

consist of  work looking at alternate initiation by OSU and post growth 

passivation by UNSW.  

6.16 DESIGN OPTIMISATION OF 
SILICON SUB-CELLS IN GAASP/SI 
TANDEM CELLS

Lead Partner

UNSW

UNSW Team

A/Prof  S. Bremner, A/Prof  Anita Ho-Baillie, Dr Ned Western, Dr Fajun 

Ma, Dr H. Mehrvarz, Prof  M. Green

UNSW Student

Chuqi Yi

Academic Partner

Ohio State University 

Ohio State University Team

Dr T. Grassman, Prof  S. Ringel

Funding Support

ARENA, ACAP

Aim

The aim of  this project is to determine the optimum design for an 

active silicon substrate operating as the bottom sub-cell in a III-V/

Si multi-junction solar cell. This must be done with a process flow 

compatible with III-V growth.

Progress

The growth of  GaP buffer–based III-V material on silicon 

(Grassman et al. 2009) has continued, using the, breakthrough 

growth approach of  our partner, Ohio State University (OSU). A 

key breakthrough was announced in 2018, with a world record 

efficiency for a two-junction device efficiency of  20.1% being 

confirmed by the National Renewable Energy Laboratory (Green at 

al. 2018). This result is particularly exciting as the structures used 

to achieve this milestone are highly non-optimised, leaving great 

room for improvement in the near future. The origins of  the lifetime 

degradation previously seen in silicon during III-V growth has been 

determined and optimised wafer preparation processes have now 

been implemented.

One important feature that is currently being incorporated into 

the silicon bottom sub-cells and can be expected to improve 

performance is textured rear surfaces to provide optical path length 

enhancement. Experimental results obtained for silicon wafers with 

a front gallium phosphide layer and with the rear processed at 

UNSW with a high quality texture are shown in Figure 6.16.1, below. 

The results show that the inclusion of  this feature in such a device 

will improve performance at the longer wavelength range of  light, 

which is crucial for the silicon sub-cell as short wavelength light 
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Figure 6.16.1: (a) 
Transmissivity, reflectivity, 
absorptivity measured for 
the two GaP/Si samples, 
one with a planar rear 
and one with a textured 
rear surface; and (b) 
calculated current 
density as a function of  
wavelength for the two 
structures.

Figure 6.16.2: (a) 
Secondary ion mass 
spectroscopy results 
for a GaP/Si sample 
showing step change in 
doping levels near the 
GaP/Si interface; and 
(b) simulation results for 
efficiency as a function of  
epitaxial doping level and 
GaP/Si IRV.
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analysis. The in situ lifetime monitoring technique was modified in 

2017 to include an automatic extraction of  recombination properties 

for advanced lifetime-analysis. This technique was used to 

investigate the impact of  interstitial iron on B-O–related degradation 

studies to revisit fundamental behaviours that have been used to 

drive the formation of  B-O defect theories in the last 10 years. In 

this work, we presented theoretical and experimental evidence that 

the presence of  interstitial iron could account for several of  the 

observed behaviours in previous B-O studies that were attributed 

to the B-O defect (Figure 6.18.2). Hence the results were used to 

strengthen the arguments that the multi-stage B-O–related lifetime 

degradation is caused by a single defect. This work was given as 

an Oral Presentation at the 2017 EU PVSEC conference, and later 

turned into a full journal publication (Kim 2018).

In the latter stages of  the project, we investigated the impact of  fast-

firing on the concentration of  B-O defects. A variety of  different firing 

profiles were used on PERC solar cells and PERC lifetime structures 

in a custom inline rapid thermal processor (RTP) at UNCC, capable 

of  cooling rates up to 300°C s-1. Using modified thermal processes, 

we were able to reduce the normalised defect density (NDD) to 

less than 50% of  that with a conventional firing process (Figure 

6.18.3). This work was presented at the 2018 World Conference on 

Photovoltaic Energy Conversion (Kim 2018). The combination of  a 

modified thermal process and subsequent advanced hydrogenation 

is expected to lead to the effective elimination of  B-O–related light-

induced degradation. However, careful attention must be paid to 

avoid the introduction of  light- and elevated temperature-induced 

degradation, which can be introduced with high firing temperatures. 

Preferably, a fast belt speed with a relatively low firing temperature 

should be used.

Highlights

• Development of  a light-soaking tool with in situ lifetime 

charactersiation techniques which was used to determine the 

impact of  interstitial iron on B-O defect studies. This led to a 

journal paper providing strong evidence for the existence of  a 

single B-O defect.

6.18 STUDYING THERMAL 
EFFECTS OF BORON-OXYGEN 
(B-O)–RELATED LIGHT-INDUCED-
DEGRADATION (LID)

Lead Partner

UNSW

UNSW Team

Dr Brett Hallam

UNSW Student

Moonyong Kim

Academic Partner

University of  North Carolina, Charlotte (UNCC)

University of North Carolina Team

Prof  Abasifreke Ebong

Funding Support

ARENA

Aim

The aim of  this project is to determine the effect of  thermal 

processing on modulating B-O defect concentrations and the ability 

to mitigate light-induced degradation. This study will reduce the 

effects of  light-induced degradation by >50% by optimising thermal 

firing profiles for silicon solar cells. In the process, it will develop 

in situ characterisation tools for investigating light-induced defects 

in silicon solar cells and other recombination active defects in low-

quality silicon.

Progress

This project has been completed, with all milestones achieved. A 

new light-soaking station was constructed with in situ quasi-steady-

state photoconductance lifetime monitoring capabilities to determine 

the kinetics of  light-induced defects. The light-tight enclosure 

was installed in the Research and Development Lab of  the Solar 

Industrial Research Facility (SIRF), to enclose a Sinton Instruments 

WCT-120TS quasi-steady-state photoconductance (QSS-PC) tool. 

Figure 6.18.1 shows a photo of  the inside of  the enclosure with 

the Sinton Instruments WCT120TS tool and LED-based bias light 

(0.1-sun intensity). An additional low-intensity light source and a 

photodiode were added to the enclosure to enhance light-soaking 

capabilities and accurately measure the illumination intensity during 

light-soaking.

This tool was used to enhance the fundamental understanding of  

boron-oxygen (B-O)–related degradation in silicon and identify 

the impact of  interstitial iron in previous studies. A macro-enabled 

spreadsheet was developed to automatically trigger the Sinton 

Instruments spreadsheet at predetermined intervals to take QSS-

PC measurements. The code automatically time-stamps the files 

such that the duration of  light-soaking is recorded for subsequent 

Figure 6.18.1: Light-soaking station with in situ quasi-steady-
state photoconductance measurement tool with bias light and 
photodiode sensor. 
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• The B-O defect concentration can be reduced by >50% by using 

a modifi ed thermal process alone. A belt speed of  330 IPM 

led to the largest reductions in the normalised defect density. 

However, care must be taken to ensure that light- and elevated 

temperature-induced degradation has been activated.

• Overall student poster award presented to Moonyong Kim at 

the 2018 Asia Pacifi c Solar Research Conference based on 

the work in this project with the impact of  fi ring profi les on the 

concentration of  B-O defects.
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Figure 6.18.2: (a) Contour plot of  the theoretical apparent capture cross-section ratio (k
app

), as a function of  the 
interstitial iron concentration [Fe

i
] and the normalised defect density of  boron-oxygen (B-O) defects (NDD); and 

(b) k
app

 fi tted to either a single-level defect (Bothe 2006) of  SRC or a two-level defect (Hallam 2017) during light-
soaking with 0.02 sun at room temperature using in situ QSS-PC lifetime measurements, with iron ([Fe

i
] ≈2.6 ± 0.5 

× 1011 cm-3) and with an undetectable iron concentration ([Fe
i
] <1 × 109 cm-3). Images shown are adapted from 

Kim 2018.

Figure 6.18.3: The normalised defect density (NDD) with different 
peak fi ring temperatures at different belt speeds from 180 IPM 
to 330 IPM. Red line shows the NDD without fi ring and green line 
shows the 50% of  NDD without fi ring. Dashed lines are given as a 
guide for theeyes.
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allows identifying the defect at the interface as associated to the 

presence of dangling bonds and demonstrates that an SDR may be 
present at the silicon/SiNx interface for both p- and n-type substrates.

Results and Discussion

Figure 6.19.1 shows effective minority carrier lifetime (τ
eff

) vs. 

injection level at different temperatures for a p-type substrate sample 

(thickness W = 270 µm) passivated with SiN
x
. Similar results were 

obtained for other samples with reduced substrate thicknesses.

Lifetime is found to strongly decrease at low injection levels (Δn <5 

× 1014 cm-3), a behaviour which has previously been associated 

with the presence of  an SDR [23], [24]. The impact of  the SDR has 

been observed to be significant under an inverted or depleted c-Si 

surface, i.e., SiN
x
-coated p-type substrates, due to the presence 

of  a space charge region (SCR) where the surface concentrations 

are similar (n
s
 ≈ p

s
) assuming symmetric capture cross-sections, 

whereas no influence was observed under accumulation conditions, 

i.e., SiN
x
-coated n-type substrates. However, it must be noted that 

the very existence of  an SDR is still under debate as no direct 

experimental evidence has been reported in literature, and that other 

mechanisms such as recombination at the sample’s edges have 

been proposed to explain the reduced lifetime at low injection level.

Figure 6.19.2 shows the effective lifetime vs. injection level curves 

at different temperatures for an n-type substrate sample (W = 

270 µm) passivated with SiN
x
. The effective lifetime values are 

generally higher for n-type samples than for the p-type ones, with 

the difference becoming more apparent at higher temperatures. 

Interestingly, τ
eff

 is still found to decrease towards low injection levels 

for temperatures below 200°C in stark opposition to previous reports.

In order to understand these findings, we extrapolate the SRV 

from measured τ
eff

 by applying the thickness variation method. For 

double-side coated samples with a minority carrier diffusion length 

6.19 ORIGIN OF INTERFACE DEFECT 
LEVELS FOR HIGH EFFICIENCY 
SILICON SOLAR CELLS

Lead Partner

UNSW

UNSW Team

Dr Ziv Hameiri

UNSW Students

Yan Zhu, Shuai Nie

Academic Partners

Arizona State University, USA: Dr Mariana Bertoni

Funding Support

ACAP Collaboration Grant, UNSW MREII

Aims

The main goals of  this project are:

• To investigate the temperature dependence of  the effectiveness 

of  various passivation layers, considering that solar cells in the 

field only rarely operate at the standard measurement condition 

of  25°C (usually much higher).

• To develop new characterisation methods for contact passivation 

and to obtain the electrical properties of  the passivated 

interfaces.

• To accurately model the electrical properties of  various 

passivation films by means of  advanced characterisation 

methods; special care will be given to the most common ones 

(silicon nitride, aluminium oxide and amorphous silicon).

• To assist with the development of  advanced passivation layers 

for high efficiency solar cells, using the obtained information.

Progress

High efficiency device architectures have pushed thinner and high 

quality silicon into the spotlight; they also highlight the need for 

excellent surface passivation. Silicon nitride (SiN
x
) deposited via 

plasma-enhanced chemical vapour deposition (PECVD) has proven 

to be a viable material to achieve outstanding performance. This 

study presents a thorough analysis of  the passivation provided by 

industrially relevant SiN
x
 deposited via PECVD on p- and n-type 

high quality float zone silicon substrate. The surface recombination 

velocity is determined from effective lifetime measurements in a 

broad range of  injection level (Δn), i.e., 5 × 1012 cm-3 – 5 × 1016 cm-3 

and temperature, i.e., -75°C – 250°C. The experimental results are 

modelled by combining the contribution of  defect states at the c-Si/

SiN
x
 interface and recombination in the surface damage region 

(SDR). By coupling capacitance-voltage measurements with the 

proposed model, we identify the physical parameters related to the 

interface defect states such as the defect states’ density D
it
, and the 

electron and hole capture cross-sections σ
n
 and σ

p
. The analysis 

Figure 6.19.1: Effective minority carrier lifetime as a function 
of  excess carrier concentration in the range of  temperature of  
-75°C–250°C for a high quality p-type Si sample passivated with 
~110 nm of  SiN

x
.
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greater than the sample width, and for sufficiently low SRV, we can 

express the inverse effective lifetime as:

1𝜏𝑒𝑓𝑓(∆𝑛, 𝑇)=1 𝜏𝑏𝑢𝑙𝑘(∆𝑛, 𝑇)+2 ∙ 𝑆𝑒𝑓𝑓(∆𝑛, 𝑇)𝑊 (6.19.1)

where τ
bulk  

is the bulk lifetime and S
eff

 is the effective surface 

recombination velocity. Thanks to Eqation 6.19.1 the recombination 

mechanisms happening in the bulk of  the material can be separated 

from those happening at the interface c-Si/SiN
x
.

Figure 6.19.3 shows the surface recombination velocity obtained 

using Equation 6.19.1 for the SiN
x
-coated p-type substrates at 

different temperatures as a function of  Δn. The SRV shows a strong 

temperature and injection dependence with the highest values found 

in the low temperature/Δn regime. As the temperature increases, 

SRV strongly decreases and its injection dependence weakens 

significantly. The error shown for the measured data at -50°C was 

estimated at each injection level from the quality of  the linear fit 

expressed by Eqation 6.19.1 and was found to increase with Δn 

from ±10% at Δn = 2 × 1013 cm-3 to ±30% at Δn = 1 × 1016 cm-3. As 

the temperature increases, the minimum injection level at which it is 

possible to extract the SRV shifts towards higher values due to the 

increasing scattering of  lifetime data clearly observable in Figure 

6.19.2. The results shown in Figure 6.19.3 correlate well with the 

lifetime temperature and injection dependence found for p-type SiN
x
-

passivated samples (see Figure 6.19.1). Figure 6.19.3 also shows 

the simulated S
eff

 (grey lines) throughout the whole temperature 

range. As the inset clearly depicts for the experimental data at -50°C, 

the measured data can be successfully modelled by the sum of  the 

contribution calculated with the Girisch model, the contribution due 

to the recombination in the SDR, with the latter dominating in the 

high injection regime (Δn >5 × 1015 cm-3). The same holds true for 

the experimental data of  the remaining temperature range. It’s also 

Fig. 6.19.2 Effective minority carrier lifetime as a function of  
excess carrier concentration in the range of  temperature of  
-75°C–250°C for a high quality n-type Si sample passivated 
with ~110 nm of  SiN

x
.

Figure 6.19.3: Surface recombination velocity measurements 
and simulations (grey lines) as a function of  excess carrier 
concentration at different temperatures in the range of  
-50°C–250°C for high quality p-type Si samples coated with ~110 
nm of  SiN

x
. The inset depicts the curves at -50°C calculated with 

the Girisch model (S
Gir

, dashed), the calculated contribution due 
to the recombination in the space charge region (S

J02
, dash-dot), 

and the sum of  both which is the curve on top of  the measured 
data points (S

eff
, solid).

Figure 6.19.4: Surface recombination velocity measurements 
and simulations (grey lines) as a function of  excess carrier 
concentration at different temperatures in a range of  
-75°C–250°C for high quality n-type Si samples coated with ~110 
nm of  SiNx

. The inset depicts the curves at 250°C calculated with 
the Girisch model (S

Gir
, dashed), the calculated contribution due 

to the recombination in the space charge region (S
J02

, dash-dot), 
and the sum of  both which is the curve on top of  the measured 
data points (S

eff
, solid).
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worth highlighting that a satisfactory fitting of  the SRV T-dependent 

data could not be achieved by means of  the Girisch model alone 

and that the addition of  a recombination term due to the presence 

of  the SDR was crucial. Thus, on the contrary of  previous studies 

reporting no surface damage for samples coated by means of  

remote PECVD systems, our findings indicate that an SDR is present 

at the c-Si/SiN
x
 interface of  these samples, in agreement with later 

reports.

Figure 6.19.4 shows the SRV obtained using Equation 6.19.1 for the 

SiN
x
 coated n-type substrates at different temperatures as a function 

of  the injection level. Although generally lower than the SRV results 

shown in Figure 6.19.3 for p-type substrates, the measured SRV for 

n-type samples shows a similar behaviour with a strong temperature 

and injection dependence. Similar to the previous p-type case, the 

error associated with the measured data for n-type samples was 

found to increase with excess carrier concentration from ±10% at 

Δn = 2 × 1013 cm-3 to ±35% at Δn = 1 × 1016 cm-3. The same set of  

parameters used for p-type samples were used to fit the measured 

data for n-type substrates shown in Figure 6.19.4 (grey lines). 

Again, only D
it
 and J

02
 were adjusted to account for the temperature 

variation. However, measured SRV data in the temperature range 

of  -75°C–0°C showed a significantly different trend with increasing 

injection level when compared to the rest of  the experimental results 

that could not be satisfactorily reproduced by our simplified model. 

The origin of  this finding cannot be adequately interpreted at the 

moment and further investigation is required.

The generally lower S
eff

 for n-type samples when compared to p-type 

substrates (see Figures 6.19.3 and 6.19.4 for comparison) was found 

to be due to a lower contribution coming from the SDR. This could 

be expected as for p-type samples the SDR lies directly within a 

space charge region where the recombination rate has its peak due 

to the electrons and holes having the same concentration. This result 

further suggests that a surface damage region is present at the 

c-Si/SiN
x
 interface even for n-type samples but that its contribution 

becomes apparent only when the surface is not under strong 

accumulation conditions, e.g. at high temperatures.

Highlights

• An ASU PhD student visited UNSW at the beginning of  2017 

(January–April).

• The UNSW Taste of  Research project was extended to a fourth-

year thesis project. The student received a High Distinction 

on the thesis and was awarded a full international scholarship 

(EIPRS) for a PhD. She started her PhD in Semester 1, 2018.

• Four conference papers based on this project was presented 

in international conferences [the 27th PVSEC (November 2017, 

Japan) and the 7th World Conference on Photovoltaic Energy 

Conversion (June 2018, USA)]. One of  the papers was a finalist 

for the Best Student Award.

• A journal paper is under review (IEEE JPV).
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collaboration between UNSW and Open Instruments Pty Ltd, allowing 

this important hurdle to be surmounted. 

Outcome

We are pleased to report that the alignment issues plaguing the 

laboratory prototype instrument have been successfully overcome. 

After evaluating the performance of  all components affecting the 

sample alignment, we extended our evaluation to the entire system 

layout. This deeper analysis of  the overall instrument has allowed us 

to not only solve the alignment issue, but also decrease the system 

footprint by 25–30%, eliminate all motorised stages, and use a lower 

cost probe beam detector. All of  these factors are welcome side 

effects for the subsequent commercialisation phase. Furthermore, it 

is necessary to ensure that researchers are able to make good use 

of  this near-commercial prototype. We will therefore be installing the 

fully functional system, closely matching the eventual commercial 

unit, in the laboratories at SPREE, UNSW.

The current state of  the project is detailed in the following project 

deliverables.  

Development of an alignment-free sample stage

Solving the alignment issue became significantly more challenging 

than envisaged. It was quickly noted that simply altering the sample 

mount would not entirely eliminate the alignment issue. Following the 

evaluation phase, it was decided that redesigning the entire system 

layout would be the most efficient solution to ensure long-term 

reliability and guaranteed reproducibility. The new system design 

required extensive use of  the manufacturing facilities available at 

Open Instruments. A range of  custom components were machined, 

all of  which required testing and evaluation. 

The differences between the original lab prototype and the current 

system, shown in Figure 6.24.1, are:

• The cantilever beam path has become both folded and 

encapsulated. Folding the beam permits the use of  longer 

throw distances within a smaller footprint, while encapsulation 

ensures that there is no disturbance from air flow in the system. 

For a long time, air flow was an unrecognised source of  signal 

degradation. These changes have increased both the signal-to-

noise ratio and reproducibility.

• The sample stage was relocated and the system orientation 

changed such that the user has easy access to the stage for 

sample changes. Along with the encapsulation, this dramatically 

reduces the possibility of  the user bumping into the instrument 

and disrupting the optical alignment.

• The detector sampling the excitation beam and providing the 

lock-in reference was changed to a broadband pyroelectric 

device connected to a custom-made electronic amplifier. This 

solved the weak signal and sporadic behaviour of  the previous 

detector, which would often prevent lock-in amplification of  the 

extremely low level PDS signal.

6.24 ALIGNMENT-FREE 
PHOTOTHERMAL DEFLECTION 
SPECTROMETER: FROM 
UNIVERSITY TO INDUSTRY

Lead Partner

UNSW

UNSW Team

Dr Michael Pollard, Dr Ivan Perez-Wurfl, Dr Binesh Puthen-Veettil

UNSW Students

Xueyun (Elise) Zhang 

Industry Partner

Open Instruments Pty Ltd: Dr Henner Kampwerth

Aim

Second generation photovoltaic devices employ ever thinner films of  

photoactive materials. Highly important examples are those based on 

CZTS and perovskites, which are showing promise for commercial 

deployment. These materials can have their electrical and optical 

properties tuned over a wide range by altering their constituent 

elements and growth methods. As with all optimisation procedures, 

accurately measuring the effect of  material changes is critical. 

One of  the most important parameters to measure is the optical 

absorption spectrum. Unfortunately, this can be problematic. Currently 

available instruments are not typically sensitive enough to extract 

an accurate absorption spectrum from thin-film materials. This is 

particularly true for measurements in the so-called "sub-bandgap" 

region; a region containing vital information on defects and Urbach 

tails, which are key determinants of  material quality. Without detailed 

feedback on their material characteristics, researchers have to work 

blindly via trial and error.

From 2013 to 2015, ARENA funded the development of  a 

photothermal deflection spectrometer (PDS) at SPREE, UNSW. With 

ultra-high sensitivity, this instrument was able to accurately measure 

absorption spectra, fulfilling all expectations and exceeding the 

performance of  commercially available absorption spectrometers by 

3 orders of  magnitude (1000x). Since commissioning, it has become 

popular among researchers in several research groups, allowing 

them to obtain the information they need to develop next generation 

devices. 

This ACAP funded project, building on the previous ARENA results, 

has made huge strides towards instrument commercialisation. The 

system will be – by a wide margin – the world's most sensitive optical 

absorption spectrometer. 

For successful commercialisation, the most important hurdle to be 

overcome was the incredibly time-consuming mechanical alignment 

of  the sample. Novice users, or even experienced ones measuring 

unusual samples, could easily take more than an hour for sample 

alignment. Funding from this ACAP project enabled a highly effective 
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always some applications where advanced researchers may wish to 

adapt a system to new research objectives. It is therefore desirable 

to have this flexibility built into the system, while maintaining ease 

of  operation for standard use cases, a philosophy that is shared by 

Open Instruments. In addition to the system layout being accessible 

and built from largely off-the-shelf  components, the control software 

can be readily modified if  required. During the course of  this project, 

the software was completely redesigned from the ground up to be 

modular and flexible. It has been coded in LabVIEW, one of  the most 

commonly available and easily understood programming languages 

at universities. The main user interface is displayed in Figure 6.24.4.

As CDs are now rarely used, the final control software will be 

released online and is available to users on a USB mass storage 

device upon request. 

PDS prototype commissioned and users trained within two 

hours

Multiple researchers at SPREE, UNSW have started using the 

upgraded system, commissioned with all required operational health 

and safety documentation. A student with no previous practical 

experience with the system was trained in less than two hours. After 

the training, she could autonomously load a material sample within 

four minutes and perform a full spectrum measurement. This is a 

great improvement over the previous sample loading and alignment 

time that often took 30 to 60 minutes (Kampwerth 2018).

• The tunable light source (monochromator) was upgraded to 

include a different grating. This has increased excitation beam 

throughput and therefore signal-to-noise ratio.

• The sample stage now operates with the surface to be measured 

fixed at a known reference plane, therefore samples of  different 

thicknesses can be measured without any change to the system 

alignment.

Several variations of  the sample stage have been developed. Figure 

6.24.2 shows CAD and optical images of  the design now used by 

the alignment-free lab prototype at UNSW. This particular design 

allows continued use of  pre-existing cuvettes and sample sizes. 

Figure 6.24.3 demonstrates the repeatability of  repeated placements 

of  a sample into the sample holder. The graph shows the raw data 

of  the absorption spectrum of  our reference material sample. It 

was measured on three different days and was removed and set 

back in between each measurement. The data are raw data, without 

any correcting of  the primary lamp power, which has changed in 

between. Given that these are uncorrected raw data, they testify an 

excellent reproducibility of  the system, which can be allocated to the 

new alignment-free sample stage. 

Control software and release via CD

Scientific measurement instruments usually gain widespread use 

only if  they are user friendly. However, it is recognised that there are 

Figure 6.24.1: (a) 
Original laboratory 
prototype: and (b) and 
(c) current prototypes. 
Note the dramatic 
reduction in overall size 
and complexity. This 
was possible due to 
optimising components, 
as well as using custom-
made components.
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Highlights

• A large step towards commercialisation of  the world's most 

sensitive photo-absorption spectrometer.

• Design and verification of  an alignment-free sample stage, now 

in daily use on the lab prototype.

• An expedited route to market by redesigning the system layout 

and careful component selection

Reference

Kampwerth, H. (2018). Training video, https://youtu.be/bwFK-

gSMZCA.

Figure 6.24.2: (a) CAD drawing of  the sample mount inside the cuvette; and 
(b) and (c) images of  the fabricated sample stage including mechanical 
frame.

Figure 6.24.3: 
Repeatability 
measurement of  sample 
placement into the newly 
developed holder. The 
graph shows excellent 
repositioning properties 
given the change in 
conditions of  primary 
lamp power. Note, the 
data is not reference and 
spectral power corrected.

Figure 6.24.4: Main user interface of  the new control software.
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very high quality of  growth and can be alleviated with the inclusion 

of  a very small amount of  indium into the grown layers. This was 

confirmed by trial and error growth using very low indium fluxes.

Previous results for GaAsBi QWs had indicated that increasing the 

Bi flux can lead to a decrease in the final Bi content. This non-

intuitive result has been confirmed in the literature and through 

discussions with other GaAsBi researchers. Photoluminescence 

studies looking at the nature of  light emission from these layers as a 

function of  temperature confirmed the previous assertion that the Bi 

incorporation leads to the presence of  traps that influence the light 

emission characteristics. Shown in Figure 6.25.2 are the results of  

time resolved photoluminescence studies of  two samples of  single 

GaAsBi QWs (Richards et al. 2015), S1 being a low Bi flux (emission 

peak ~1.1 eV) and S2 (emission peak ~1.14 eV) having a Bi flux 

twice that of  S1. Both samples show a dramatic decrease in electron 

hole pair lifetime as the temperature increases, this is ascribed to 

holes in trap states gaining enough thermal energy to escape and 

take part in radiative recombination and hence the precipitous drop 

in lifetime.

Whilst no results can be presented, the first samples of  GaAsBi 

QW–based solar cells have been grown on Ge offcut wafer pieces 

and are currently being characterised. This is a critical step in 

realising multi-junction GaAsBi/Ge devices, as is the commissioning 

of  a GaTe source (Te doping can provide higher doping levels than 

more conventional silicon doping). The recent securing of  funds 

for the purchase of  a carbon source will likewise allow higher and 

more spatially tight doping of  the III-V material. This will allow for 

the development of  high performance tunnel junctions for electrical 

connection between III-V and Ge sub-cells.

Highlights

• Improved quality growth of  GaAs on Ge and vicinal Ge 

substrates achieved by a low temperature migration enhanced 

epitaxy method.

• Influence of  trap states associated with Bi incorporation studied 

further.

• First solar cell structures, with GaAsBi quantum wells, 

successfully grown by MBE. Detailed characterisation results to 

follow soon.

Future Work

Detailed characterisation of  the GaAsBi QW–based solar cells grown 

on Ge substrates is ongoing, with results leading to the next iteration 

of  structures. The development of  an in situ doping procedure for 

the bottom Ge substrate will be developed in order to realise a full 

multi-junction device. Part of  the development of  a full device will 

include developing highly doped tunnel junctions in the III-V material, 

a GaTe source has been commissioned and a carbon source will be 

installed soon allowing for very high doping of  both types for tunnel 

junction development. 

6.25 DEVELOPMENT OF GAASBI-
BASED 1.0–1.2 EV SUB-CELLS FOR 
MULTI-JUNCTION SOLAR CELLS ON 
SILICON SUBSTRATES 

Lead Partner

UNSW

UNSW Team

A/Prof  Stephen Bremner, A/Prof  Anita Ho-Baillie, Dr Ned Western, Dr 

Peter Reece (Physics)

UNSW Students

Hongfeng Wang, Hayden Lobry (Physics Honours Student)

Academic Partner

Arizona State University, USA

Arizona State University Team

Prof  Christiana Honsberg, Prof  Richard King

Funding Support

ACAP 

Aim

The major goal of  this project is to develop a gallium arsenide 

bismide (GaAsBi)–based sub-cell with a bandgap in the 1.0–1.2 eV 

range suitable for inclusion in fully monolithic four stack multi-junction 

solar cells. A multiple quantum well design will be developed with 

growth on germanium an end goal, with potential photovoltaic 

performance being assessed by a suite of  characterisation 

techniques. 

Progress

Previously a migration enhanced epitaxy (MEE) process had been 

developed for integrating GaAs with Ge substrates as a first step 

to realising a GaAsBi quantum well (QW)–based solar cell on Ge. 

Although the epitaxial quality of  the GaAs on the Ge was acceptable, 

there was deemed to be a need to improve the surface preparation 

of  the Ge prior to loading into the molecular beam epitaxy (MBE) 

system. Germanium is noted to be difficult to clean to a standard for 

epitaxial growth and so a number of  different chemical treatments 

were investigated. Firstly, an ammonium fluoride treatment previously 

developed for in-line silicon lifetime measurement by hydrogen 

surface termination (Juhl et al. 2018) was trialled. Secondly, a 

repeated two-step process using metal and organic residue cleaning 

solutions was trialled. Both treatments produced improvements in 

the final GaAs layers grown by MBE. As shown in Figure 6.25.1 (a) 

and (b) the surface is free of  pinholes with a double triangle feature 

clearly displayed in the atomic force microscopy image. These 

features are due to the small lattice mismatch between GaAs and 

Ge leading to a low density of  dislocations containing stacking 

faults (mistakes in the sequence of  gallium and arsenic atoms in the 

crystal lattice). The presence of  these stacks actually indicates a 
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References

Juhl, M.K., N. Western and S. Bremner (2018). "Hydrogen 

Passivation for Estimating the Bulk Lifetime of  Bare Silicon Wafers”. 

Physica Status Solidi-Rapid Research Letters, 12(6), 1800093.

Richards, R.D., F. Bastiman, D. Walker, R. Beanland and J.P.R. David 

(2015). "Growth and structural characterization of  GaAsBi/GaAs 

multiple quantum wells”. Semiconductor Science and Technology, 

30(9), 094013.

Figure 6.25.1: (a) Atomic 
force microscopy image 
of  GaAs surface of  
GaAs-on-Ge samples 
after a surface clean 
using ammonium fluoride 
prior to loading. The 
triangle features are 
due to the small lattice 
mismatch between GaAs 
and Ge, and indicate 
excellent material quality; 
and (b) scanning electron 
microscope image of  the 
same sample showing 
a pinhole-free layer, 
confirming the efficacy of  
the surface treatment.

Figure 6.25.2: Results of  time resolved photoluminescence 
measurements of  the emission peak for samples S1 (a) and S2 
(b), showing that as the temperature is increased moderately the 
lifetime of  electron hole pairs drops markedly. This is attributed to 
holes in localised trap states at the lowest temperatures gaining 
thermal energy to escape the trap and raise the chance of  
recombining with electrons for light emission.
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commercial tools developed at UNSW, optimised LeTID mitigation 

processes and sequences were developed and applied to full-area 

high efficiency (>20%) PERC cells manufactured by Hanwha Q-Cells 

using Direct Wafer®. An unforeseen challenge in treating large-area 

cells was that many LeTID treatments were found to cause localised 

passivation of  the metal contacts, resulting in drastically reduced fill 

factors and therefore efficiencies. Once processes were optimised 

to also avoid this effect, the efficiency loss after accelerated 

degradation testing was able to be suppressed to <1.5% relative 

on full-area PERC cells, in line with the LeTID performance of  cells 

made from conventional HP mc-Si material when treated for LeTID. 

In parallel, studies on lifetime test structures were carried out, 

including studies of  the LeTID degradation and regeneration kinetics 

using high intensity laser illumination at elevated temperature, with 

many similarities found between Direct Wafer® and conventional HP 

mc-Si wafers. For example, dark annealing can modulate the defect 

kinetics in a similar way to HP mc-Si. On the other hand, the effect of  

substrate thickness on degradation of  LeTID-susceptible wafers was 

investigated, and it was found that degradation did not show any 

correlation to wafer thickness, contrary to a recently published study 

on HP mc-Si wafers. 

Highlight

• <1.5% relative efficiency loss due to LeTID achieved on full-

area PERC cells made from 1366 Direct Wafer®
 
  material using 

industrial tools.

Future Work 

In this project, the hydrogenation treatments were carried out 

on finished PERC cells. Treatments applied during the solar 

cell fabrication process could potentially be more effective at 

suppressing LeTID or improving performance and will be explored in 

future work.

Although the project has officially ended, work will continue on the 

wafers under an ARENA project targeting hydrogenation of  low-cost 

material to improve minority carrier lifetimes. 

6.26 ADVANCED HYDROGENATION 
AND MITIGATION OF LETID 
ON PERCS MADE FROM 1366 
TECHNOLOGIES DIRECT WAFER® 
MULTICRYSTALLINE SILICON 
MATERIAL

Lead Partner

UNSW

UNSW Team

Dr Catherine Chan, Dr Alison Ciesla

UNSW Students

Utkarshaa Varshney, Shaoyang Liu

USA Partner

1366 Technologies

1366 Technologies Team

Dr Adam Lorenz, Dr Jasmin Hofstetter, Dr Ali Ersen

Aim

This project aims to implement UNSW’s advanced hydrogenation 

technology into high efficiency PERC cells made from 1366 

Technologies’ Direct Wafer® material. This material is made using 

a kerfless, low-cost, low-CAPEX, proprietary wafering process 

with the promise to halve the cost of  silicon wafers. Due to the 

unique wafering method, Direct Wafer® has many advantages over 

conventionally cast high performance multicrystalline silicon (HP mc-

Si) and has the potential to be superior in electronic quality to such 

wafers. This is primarily due to the lack of  dislocation clusters that 

form during traditional casting processes (Figure 6.26.1), as well as 

tighter control over impurity and doping concentration. Over 20.3% 

conversion efficiency has now been achieved on full-area PERC cell 

devices manufactured by Hanwha Q-Cells using Direct Wafer®. The 

project aims to find solutions to suppress LeTID (light- and elevated 

temperature-induced degradation) in Direct Wafer®, which has been 

found to be a major hurdle for PERC solar cells –affecting not only HP 

mc-Si material as originally thought, but virtually all materials to some 

degree including Cz, cast-mono, n-type and even the highest quality 

FZ wafers.

Progress

In 2018, the focus was on scaling up advanced hydrogenation and 

LeTID mitigation techniques to full size cells. LeTID has been shown 

to affect all types of  silicon wafers including Cz (monocrystalline), 

cast-mono and even high purity float zoned silicon. Not surprisingly, 

Direct Wafer® also shows some susceptibility to the same defect. 

One of  the key challenges with solving LeTID is that the behaviour 

appears to be very material dependent requiring treatment 

optimisation for each material. In 2017, we demonstrated that on 

small area 3 cm x 3 cm LeTID-susceptible cells, degradation was 

able to be suppressed using UNSW lab tools. Using a range of  

Figure 6.26.1: Photoluminescence images of  PERC cells made 
from Direct Wafer® material (left) and standard high performance 
multicrystalline silicon (right). Performance-limiting dislocations 
appearing as dark regions in the HP mc-Si are not present in the 
Direct Wafer® material.
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in its implementation, including relatively high surface defect 

concentrations requiring passivation and leading to short charge 

carrier lifetimes overall from devices. Natcore has demonstrated 

surface defect passivation that preserves desirable long charge 

carrier lifetimes in the bulk, in the order of  100 microseconds. This 

work proposes to provide the low temperature passivation required 

to push this lifetime into the millisecond range.

The second innovation is to use silicon QDs to form a passivating 

layer on the back surface of  a silicon solar cell that mimics the 

excellent passivation obtained from amorphous silicon deposited 

by PECVD (Figure 6.27.2). This passivation arises from the widened 

bandgap and favourable band offsets that a-Si has relative to 

bulk silicon. These are properties that silicon QDs share, due to 

advanced quantum confinement effects. Deposition of  the QDs 

onto silicon wafer surfaces by low-cost spin coating or dipping 

processes, the patterning of  dopants and mild thermal processes 

to dry the QD films will be required. These techniques are used 

routinely at UNSW in the colloidal QD program (Zhang et al. 2017). 

As shown in Figure 6.27.2(a), sulphonic acids were proposed to 

be used as binding agents for silicon QDs on silicon surfaces. 

A study of  the adhesion and thus surface passivating effects of  

dodecylbenzene sulphonic acid (DBSA) has been completed. The 

results showed a maximum 500 ms lifetime on the <100> p-type float 

zone (FZ) wafers. Improvements in adhesion and passivation were 

observed as a function of  the temperature that silicon samples were 

exposed to inside the DBSA bath, as well as the length of  time for 

the treatment. Low temperatures showed poor adhesion, while high 

temperatures showed degradation of  the organic DBSA surfactant, 

with a similar trend for short and long times. The optimal lifetime 

inferred from photoconductance measurements was observed at 

approximately 125oC and 1.5 hours of  immersion in the DBSA bath.

Progress on deliverables

Deliverable 1 is the submission of  the proposal for funding under the 

ARC Linkage grant scheme with Natcore as the industrial partner. 

Funding is now being sought for the 2019 calendar year. The project 

outcomes and scope have been modified slightly to reflect the most 

recent developments in terms of  the project outcomes and limited 

the progress on further milestones, in particular generating sufficient 

data for journal article publications.

Deliverable 2 is the submission of  a journal paper on silicon QD 

applications to heterojunction solar cells. A journal article on 

advanced chemically synthesised layers for the passivation of  silicon 

surfaces is in preparation and due for submission in mid-2019.

Deliverable 3 is the submission of  a conference paper on the 

fabrication of  QD materials to the Euro PVSEC conference. At that 

stage of  the project (one year in) an abstract was submitted to the 

World PVSEC in Hawaii in June 2018, which incorporates the Euro 

PVSEC, on QD solar cells. This conference paper was presented at 

the Hawaii conference.

6.27 SILICON NANOCRYSTAL 
CARRIER SELECTIVE CONTACTS 
FOR SILICON SOLAR CELLS

Lead Partner

UNSW

UNSW Team

Prof  Gavin Conibeer, Dr Ivan Perez-Wurfl, Dr Robert Patterson, Dr Ziv 

Hameiri, Mr Zhenyu Sun

USA Partner

Natcore Technology Inc., Rochester NY

Natcore Technology Team

Dr Dennis Flood, Dr David Levy

Aim

The aim of  this project is to design high quality passivating coatings 

and heterojunction carrier selective contacts that are cost-effective 

and compatible with silicon solar cell fabrication technology. This 

project aims to combine expertise on silicon quantum dots (QDs) 

and high efficiency solar cells with the market-tested industrial 

technology of  passivated black silicon and liquid phase deposited 

(LPD) nanocrystal films from our partner, Natcore. 

A study of  <100> p-type silicon surface functionalisation and 

passivation by sulphonic acid has been completed as the major 

output of  this project in its second year.

Progress

Specifically, the project proposes to develop exceptionally 

well passivated black silicon coatings on the front surface of  a 

silicon solar cell, passivated using chemical deposition methods. 

Additionally, silicon QDs are proposed to be deposited onto the back 

side of  a heterojunction solar cell to replace the PECVD deposited 

a-Si:H that is currently used on both sides of  an interdigitated 

back contacted silicon heterojunction (IBC-SHJ) solar cell. This 

deposition technique is highly novel and challenging, requiring 

significant innovations in surface chemistry and low temperature 

heterojunction fabrication. These innovations and cost reductions for 

this cell type have the potential to reduce its fabrication cost per Watt 

below all other cell types, while retaining its position as the most 

efficient silicon photovoltaic device.

The ARC Linkage proposal submitted in 2018 proposed two key 

innovations.

The first innovation was to simultaneously improve the passivation 

and anti-reflection properties of  “black” silicon fabricated from a 

wet chemical etch technique using silver nanoparticles onto the 

front surface of  silicon solar cells (Figure 6.27.1). Black silicon 

is known to have excellent anti-reflection across the visible 

spectrum due to nanostructures with sub-wavelength dimensions 

(Oh et al. 2012). However, black silicon still has many challenges 
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Figure 6.27.1: Innovations on the typical device architecture addressed in this project. (a) Typical 
homojunction solar cell with front-side texturing with an SiN

x
 deposition and a diffused back surface 

fi eld (BSF) or Passivated Emitter and Rear Cell (PERC) structure; and (b) all back contacted silicon 
heterojunction solar cell using silicon QDs and black silicon. Silicon QDs will be on the order of  ~5 
nm and the feature size of  Natcore’s black silicon is approximately 50 x 500 nm pillars.

Figure 6.27.2: (a) Silicon QD binding strategies showing inorganic SnBr2 and organic 
ethanedisulphonic acid binding two silicon surfaces together, where Sn transitioning to the more 
stable 4+ state and deprotonation of  the sulphonic acids lead to bonding respectively. In both cases, 
the initial concentration of  the binding agent in solution is critical to achieving good binding and also 
good conductivity through the nanostructured fi lm. A   mild thermal process between 80°C and 175°C 
to remove solvent and drive binding reactions will be performed; (b) modulation doping strategies 
using wide bandgap n-type aluminium-doped zinc sulphide and narrower bandgap intrinsically 
p-type copper indium disulphide as modulation doping materials that donate the desired charge 
carrier type due to band offset and Fermi level matching; and (c) example of  an atomistic model of   
a silicon surface with a silicon QD on top bound by two SnF

2
molecules.

Figure 6.27.3: 
Photoluminescence (PL) 
map of  dodecylbenzene 
sulphonic acid–treated 
p-type silicon surfaces 
that have been (a) 
unpolished and (b) 
polished. The unpolished 
and polished surfactant-
treated wafer surfaces 
yield a lifetime of  
approximately 250 and 
500 ms respectively. 
Scale bar shows PL 
detector counts across a 
0.1 s detection window.
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Highlights

• Completion of  a study of  the passivation of  silicon surfaces 

using hydrophobic sulphonic acid ligands.

• Design of  the two key innovative steps of  the project, for design 

of  a silicon QD heterojunction passivation layer and passivation 

schemes for the silicon QDs in the heterojunction layer.

References

Oh, J., H.C. Yuan and H.M. Branz (2012). "An 18.2%-efficient black-

silicon solar cell achieved through control of  carrier recombination in 

nanostructures”. Nature Nanotechnology 7(11): 743–748.

Zhang, Z.L., Z.H. Chen, J.B. Zhang, W.J. Chen, J.F. Yang, X.M. 

Wen, B. Wang, N. Kobamoto, L. Yuan, J.A. Stride, G.J. Conibeer, 

R.J. Patterson and S.J. Huang (2017). "Significant Improvement in 

the Performance of  PbSe Quantum Dot Solar Cell by Introducing a 

CsPbBr₃ Perovskite Colloidal Nanocrystal Back Layer”. Advanced 

Energy Materials 7(5). DOI: 10.1002/aenm.201601773.
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of  the surface passivation provided by the amorphous silicon 

heterojunction structure. The effective passivation of  B-O defects is 

shown in Figure 6.28.1, with improvements in lifetime observed after 

the advanced hydrogenation process, and no degradation of  the 

lifetime after a conventional light soak. This work has been submitted 

to Progress in Photovoltaics (Chen 2019). Effective passivation 

of  grain boundaries with amorphous silicon passivation was also 

achieved using a pre-fabrication hydrogenation process using silicon 

nitride as a hydrogen source (not shown). 

Silicon heterojunction solar cells were fabricated using the multi-

stage defect engineering process as shown in Figure 6.28.2. On 

Cz wafers, the implementation of  prefabrication gettering and 

hydrogenation resulted in an improvement in the open circuit voltage 

(V
OC

) of  71 mV, to a value of  692 mV, higher than that for record 

PERC solar cells. After the AHP, the V
OC

 increased to an impressive 

707 mV (see Table 6.28.1), a world record independently confi rmed 

value of  low-quality silicon, with an inherent bulk lifetime of  only 25 

microseconds. For multicrystalline silicon, a record 702 mV V
OC

 was 

achieved, 30 mV higher than world record multicrystalline silicon 

6.28 P-TYPE HYBRID 
HETEROJUNCTION SOLAR CELLS

Lead Partner

UNSW

UNSW Team
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Academic Partner

Arizona State University, USA

ASU Team

Prof  Zachary Holman,

Funding Support

ARENA

Aim

The aim of  this project was to develop methods to assess and 

improve the effectiveness of  bulk hydrogenation in heterojunction 

solar cells. In particular, it focused on the passivation of  boron-

oxygen (B-O) defects in p-type Czochralski silicon and grain 

boundaries in multicrystalline silicon. With these developments, the 

project targeted the fabrication of  p-type heterojunction solar cells 

with gettering and bulk hydrogenation, and aimed to assess the 

impact of  illuminated annealing processes on a-Si heterojunction 

surface passivation layers. In addition, the project aimed to fabricate 

a p-type hybrid heterojunction solar cell that naturally incorporates 

bulk hydrogenation and gettering.

Progress

All aims in this project have been met. In particular, bulk 

hydrogenation was successfully incorporated into lifetime test 

structures with amorphous silicon passivation. This was achieved 

using a patent-pending multi-stage defect engineering process, 

with high temperature processes performed prior to the amorphous 

silicon deposition. Subsequently, an advanced hydrogenation 

process was used on the fi nished structures to enhance bulk 

passivation and eliminate light-induced degradation. Importantly, 

the advanced hydrogenation process (AHP) avoided a deterioration 

Figure 6.28.1: Lifetimes measured on Cz SHJ cell precursors for 
control samples (control) and after undergoing a hydrogenation 
treatment (H), gettering treatment (G), or both gettering and 
hydrogenation treatments (G + H). Further included are the 
lifetimes after AHP (G + H + AHP) and the LID stability testing (G 
+ H + AHP + LS).

Figure 6.28.2: Process 
fl ow diagram for the 
fabrication of  defect-
engineered p-type SHJ 
lifetime structures and 
solar cells.
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solar cells, highlighting significant potential efficiency enhancements 

for the material. These results were presented at the 2018 IEEE 

World Conference on Photovoltaic Energy Conversion (Chen 2018).

Process group J
SC

 (mAcm-2) V
OC

 (mV) FF (%) η (%)

Control 38.0 621 68.9 16.3

H 39.2 628 66.4 16.4

G 38.8 643 68.9 17.2

G + H 39.3 692 69.6 18.9

Control + AHP 39.0 630 66.3 16.4

H + AHP 38.0 635 70.0 16.7

G + AHP 38.5 673 67.9 17.6

G + H + AHP 39.5 707 (707*) 72.1 20.2

*Independently measured at SERIS

Table 6.28.1: Performance of  the best p-type Cz SHJ solar cells 
fabricated on substrates with defect-engineering treatments, 
before and after AHP. I-V measurements were performed at UNSW 
with active-area J

SC
 and η values defined by a 25 mm × 25 mm 

shadow mask.

P-type hybrid heterojunction solar cells were fabricated with 

conventional front surface processing and a heterojunction rear 

structure. The front surface structure was based on a laser-doped 

selective emitter with plated contacts. Initial cell results demonstrate 

a V
OC

 of  657 mV, and efficiency of  17% with less than 0.1% absolute 

efficiency loss due to light-induced degradation. The I-V data for 

the hybrid heterojunction solar cell is shown in Table 6.28.2. These 

results were presented at the IEEE-PVSC (Kim 2018).

Process J
SC

 (mAcm-2) V
OC

 (mV) FF (%) η (%)

Hybrid heterojunction 39.6 657 65.4 17.0

Table 6.28.2: I-V characteristics of  a hybrid heterojunction solar 
cell.

Highlights

• This year, we achieved a world record independently confirmed 

open circuit voltage of  707 mV for p-type Cz silicon. 

• We also reached an open circuit voltage of  702 mV for a solar 

cell fabricated on p-type multicrystalline silicon.

Future Work

Future work will continue developing the technology as part of  an 

ARENA funded project and is expected to see efficiencies of  24% 

on p-type Cz wafers by 2021.
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effectively be used to explain the underlying physics and chemistry 

that underpin the various processes used in solar cell manufacturing 

and is not flexible enough to discuss recent developments in the 

field. Consequently, this is done via traditional lectures which are 

prepared by the individual teachers at the various institutions.

This project aimed to develop an online educational resource 

similar to PV Education (Honsberg and Bowden 2016) focused on 

PV manufacturing. The goal is to make this the global “de facto” 

standard resource for PV manufacturing. The text is complemented 

by tailor-made videos and/or animations which will assist the 

students in improving their understanding of  the various concepts in 

the field.

Progress

The main objective was to release the first version of  the PV 

Manufacturing website by the beginning of  2018 (Hoex 2018a). A 

project team was formed consisting of  an animator (Jing Zhao), 

video producers (Daniel Chen, Moonyong Kim, Andre Augusto), 

writers (Daniel Chen, Moonyong Kim, Alex Tom, Andre Augusto) 

and a graphical designer (Alex To). All the content was trailled in 

the SOLA3020 course and some of  the videos were published 

on UNSW's E-Learning channel on YouTube (Hoex 2018b). In 

December 2017 we registered the PV-Manufacturing.org domain, 

and the population of  the first iteration of  the website was completed 

In January 2018. We decided to use the WordPress platform as it 

has a low barrier to entry and ensures that the maintenance of  the 

website is relatively straightforward. 

In order to maximise the visibility of  the platform, we are grateful for 

PVLighthouse.com for including a link on their resources page. In 

addition, we have search engine optimisation (SOE) plug-ins running 

on the website to ensure an optimal ranking on the leading search 

engines and have published all the videos and animation on YouTube 

and included a link to the website in the description as well.

Highlight

The first iteration of  the PV-Manufacturing.org website was 

completed and published in January 2018. It currently covers the 

photovoltaic value chain from sand to silicon solar cells and includes 

text, tailored videos and animations. The goal is to establish it as the 

de facto standard reference for solar cell manufacturing. 

Future Work

The objective is to add further text, videos and animations to 

the website and to keep the information up to date. We will also 

continue to increase the visibility of  the platform using search engine 

optimisation and linking to and from leading platforms (e.g. PV 

Education, Wikipedia).

6.29 DEVELOPMENT OF ONLINE 
EDUCATIONAL RESOURCES FOR PV 
MANUFACTURING EDUCATION 
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Funding Support
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Aims

The photovoltaic technology and manufacturing course is a core 

component of  the under- and postgraduate degrees in Photovoltaic 

Engineering at UNSW. The course aims to: 

• introduce the students to the technologies used to manufacture 

solar cells

• expose the students to a solar cell manufacturing environment 

and critical manufacturing concepts such as device design, 

yield and process optimisation

• develop students’ ability to optimise a production line with 

various interrelated processes and process equipment.

As solar cell production lines are very costly and, unfortunately, 

not available in Australia, it was decided to create a virtual 

production line to ensure that students could be exposed to a solar 

cell manufacturing environment. The first iteration of  the ”virtual 

production line” was developed by Wenham and Bruce (2005) 

and was shown to be very popular with the students and very 

effective in achieving the intended learning outcome. Very recently 

the “virtual production line” was further developed, rebranded as 

the ”PV Factory”, and moved to the cloud to ensure that it can be 

used by students worldwide (PV Factory 2016). The PV Factory 

was developed in a project by UNSW, ASU and PV Lighthouse 

and was partly funded by ACAP. The PV Factory has also shown 

to be very popular with students and successful in achieving the 

intended learning outcomes, and it is currently used at more than 

five academic institutions worldwide (including ASU) and by various 

solar cell manufacturing companies. 

The PV Factory is only one – albeit a paramount – part of  the PV 

manufacturing course and is particularly useful in tutorials. It cannot 
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Figure 6.29.1: Screenshot of  the homepage of  PV-Manufacturing.
org (photo of  a multicrystalline silicon ingot after wafer slicing: 
Picture courtesy of  Trina Solar). 
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being an appropriate approach at short incident wavelengths and 

wave optics approaches being appropriate at longer wavelengths. 

This mixture of  regimes was confirmed through use of  the AFM data 

to determine optical validity regions for a representative group of  

textures, in accordance with the methodology detailed in Tang et 

al. (1996). As the validity plot in Figure 6.30.2 shows, the samples 

studied here typically cross multiple regions of  validity, in contrast to 

typical random pyramid texturing used for monocrystalline solar cells 

which lies firmly in the geometric optics regime. 

Textures such as these can be optically modelled through direct 

calculation of  Maxwell’s equations using finite element techniques, 

however this requires large computational resources and extensive 

simulation time. Alternatively, textures that lie completely in the 

geometric optics regime can be modelled using ray tracing 

approaches, and certain textures that fall fully into the wave 

optics regime can be approximated in ray optics using effective 

medium approaches. For the case of  the majority of  black silicon 

textured samples studied within this project, testing of  ray tracing 

approaches using PV Lighthouse's SunSolve tool found that neither 

geometric ray tracing oreffective medium theory could accurately 

reproduce the optical characteristics. This finding was presented 

at the 34th European Photovoltaic Solar Energy Conference along 

with suggested approaches for overcoming these limitations while 

maintaining high simulation speeds. As this work progressed, it 

was found that through a combination of  these ray tracing–based 

modelling approaches, a good fit between measured and simulated 

reflectance could be achieved, as illustrated in Figure 6.30.3. 

A key challenge when using this mixing of  approaches is the 

determination of  the wavelength-dependent mixing ratios. It was 

found that measured wavelength-dependent reflectance haze 

characteristics can provide one route towards defining these ratios, 

with high haze values being indicative of  the need for a larger portion 

of  the geometric optics approach and low haze suggesting a higher 

portion of  the effective medium approach. The evident usefulness of  

the haze characteristic also led to the incorporation of  haze modelling 

into the PV lighthouse SunSolve ray tracer used throughout this work. 

In this case, knowledge of  the RMS roughness of  the textured surface 

is required and scalar scattering theory is then used to determine 

the approximate wavelength-dependent haze. Comparison with 

reflectance haze measurements reveals reasonably good agreement 

for a broad range of  textures (Figure 6.30.4).

Highlights

• A broad range of  industrially produced black silicon textures 

have been extensively characterised, with most variants found to 

straddle both the geometric optics and wave optics regimes.

• Progress towards rapid optical modelling of  these complex 

structures has shown that a combined approach of  geometric 

ray tracing and effective medium theory can be successfully 

applied.

• Implementation of  modelling of  reflectance haze based 

on scalar scattering theory has now been added to the PV 

Lighthouse SunSolve ray tracer tool.

6.30 RAPID OPTICAL MODELLING 
OF BLACK SILICON 

Lead Partner
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Funding Support
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Aim

Black silicon texturing has long been advocated for its unique 

optical properties, but recent advances in fabrication techniques 

and surface passivation have led to a dramatic increase in interest, 

particularly for multicrystalline wafers where the ability to create 

black silicon could enable diamond wire sawing and consequently 

reduce wafer costs. There is therefore a growing demand for efficient 

and well-tested optical modelling of  black silicon and yet relatively 

little research has been carried out in this area. This project aims to 

address this need by developing an experimentally validated, cloud-

based black silicon modelling tool. 

Progress

In order to successfully develop and validate a modelling tool, 

a large dataset of  measured characteristics from representative 

samples is required for comparison. This project therefore began 

with the fabrication of  a variety of  black silicon textured samples 

created using the reactive ion etching (RIE) approach at the 

Technical University of  Denmark (DTU). This dataset was then 

further expanded as a collaboration was built with the U.S. wafer 

producer, 1366 Technologies, who were able to provide a variety 

of  textures fabricated using parameter sweeps on industrial scale 

RIE and metal catalysed chemical etching (MCCE) set-ups. In 

total, over 60 different textured silicon samples were sourced. All 

samples were optically characterised in terms of  reflectance and 

transmittance over the full wavelength range of  interest, and surface 

topography was determined using scanning electron microscopy 

(SEM) and atomic force microscopy (AFM). Example SEM images 

of  two representative textured samples are shown in Figure 6.30.1, 

highlighting the substantial differences in feature shapes and sizes 

achievable with industrial black silicon fabrication approaches.

As expected, the majority of  black silicon textures investigated 

consisted of  feature sizes similar to the wavelengths of  visible light. 

In some cases, samples showed multiple scales of  feature size, 

with both nanoscale and microscale texture. Such textures present 

a significant challenge for rapid optical modelling as the texture 

straddles multiple optical regimes, with geometric optics typically 32
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Outcomes and Deliverables

The initial project proposal detailed the following four deliverables:

• An extensive dataset of  the optical properties of  a broad 

range on "black silicon" material including parameters such 

as refl ectance, transmittance and angular dependencies for 

material made using at least fi ve different deposition conditions. 

• A cloud-based tool for rapidly simulating the optical properties 

of  black silicon, available through PV Lighthouse. 

• Quantifi cation of  the validity and expected error for the cloud-

based modelling tool through comparison with measured optical 

characteristics.

• Publication(s) on modelling approaches for black silicon.

Each of  these deliverables has successfully been met. 

For deliverable 1, more than 40 different black silicon textured 

samples have been received and thoroughly characterised using 

specular and diffuse refl ectance/transmittance as well as SEM and 

AFM surface characterisation. The characterisation techniques 

themselves have also been carefully analysed to identify errors 

and limitations. Plans to host this information in an online widely 

accessible database are currently in discussion with PV Lighthouse.

Figure 6.30.1: Example 
SEM images showing 
typical black silicon 
texture achieved using 
(a) reactive ion etching 
process; and (b) metal 
catalysed chemical 
etching process.

Figure 6.30.2: Plot of  regions of  validity based on approach by 
Tang et al. Validity regions of  several textures from this project 
fabricated using various RIE process times (at 3 kW coil power) 
and coil powers (at 2.5 minutes process time) are shown along 
with random pyramid (RP) texture.

Figure 6.30.3: Example curve fi t to the measured refl ectance 
(squares) of  an RIE textured wafer. The combined simulation 
including escape light (purple line) and without escape light 
(grey line) is comprised of  modelling results from geometric 
optics (blue dashed line) and effective medium (red dashed line) 
approaches.

Figure 6.30.4: Measured (unbroken) and simulated (dashes) 
refl ectance haze characteristics for samples with deep (purple), 
medium (red) and shallow (blue) texture.
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For deliverable 2, the PV Lighthouse SunSolve tool has now received 

several software upgrades and modular add-ons thanks to the 

findings of  this project. Most notably, the tool now enables users to 

add scalar scattering–based effects and Phong model scattering to 

an interface. This work also contributed to a SunSolve workshop held 

at the 2018 SNEC conference.

Deliverables 3 and 4 have been achieved through several 

publications focused on the modelling of  black silicon. These 

publications show the agreement between model and measurement 

for traditional and our project-developed novel rapid modelling 

approaches. Publications accompanied conference presentations 

in the form of  two poster presentations and one oral presentation at 

leading international PV conferences.

• Rapid Optical Modelling of  Plasma Textured Silicon, EUPVSEC, 

2017

• Understanding the optics of  industrial black silicon, SiliconPV, 

AIP Conference proceedings, 2018

• Scattering and light trapping of  industrial black silicon, WCPEC, 

2018 (received journal invite – JPV)

In addition, this ACAP project laid the groundwork for a larger 

grant application with the Australian Renewable Energy Agency 

(ARENA) on the topic of  integrating industrial black silicon with high 

efficiency multicrystalline solar cells. That three-year project was 

successfully awarded in December 2017 and will build upon the 

current rapid modelling work while also investigating and optimising 

the compatibility of  industrially produced black silicon textures 

with subsequent state-of-the-art and next generation photovoltaic 

fabrication processes.
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Figure 6.31.1: Ray tracing results comparing photo-generation 
current in the Si wafer for the case of  an optimised rear reflector 
vs. passivated contacts with 2 nm tunnel oxide layer.

Next, we investigate the impact of  different metal species on the rear 

surface within the similar configuration of  having Si/thin-oxide/metal 

stack. The results of  the ray tracing simulation are as presented 

in Figure 6.31.2, where the photo-generation current in the Si is 

plotted against the different metal species. The first two data provide 

a comparison to more conventional rear surfaces with thick rear 

oxide, followed by metal on 2 nm SiO
2
. From the simulations, we 

observed that Ag, Cu and Al provide the best optical performance 

in the absence of  a thick rear dielectric. However, application of  Ag 

and Cu directly on Si or thin oxides has proven problematic due to 

adhesion issues.

Figure 6.31.2: Ray tracing results of  comparison of  
photogeneration current in the Si wafer for a range of  metals 
deposited over 2nm SiO2

. 

Therefore, we present a novel idea of  combining the better adhesion 

properties of  Al and the optical properties of  Ag, we hypothesise 

that a stack of  very thin layer Al (~1 nm) followed by Ag would 

6.31 OPTICAL CHARACTERISATION 
OF PASSIVATED CONTACTS FOR 
SILICON SOLAR CELLS
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Aim

Passivated contacts on silicon solar cells provide electrical 

contact interfaces with low surface recombination, but at a higher 

contact resistance to typical diffused Si-metal contacts. The higher 

contact resistance necessitates large contact areas, often full rear 

surface contacts, thus increasing the significance of  its optical 

characteristics to the overall device performance. 

This project aims to investigate the optical characteristics of  typical 

passivated contacts, and to provide insight to improvements to the 

optics of  solar cells implementing passivated contacts.

Progress

With the broad aim of  investigating optical properties of  passivated 

contacts, we initiated this activity by first screening through the 

optical properties of  a wide range of  rear surface structures. A 

series of  ray tracing simulations were performed to provide an 

indication of  the optical properties of  samples with textured anti-

reflection coating front surface with a range combination for rear 

dielectric and rear metal layers. 

Firstly, we investigated the optical effects of  having a differing 

tunnel oxide material. As presented in Figure 6.31.1, the simulation 

indicates that having a thin tunnel oxide layer of  2 nm appears to 

have insignificant effect on the optical properties. Simulation of  a 

more typical rear configuration of  having 200 nm SiO
2
 with full-area 

Al back contact (such as would be present for PERC solar cells) 

serves as a “control” to provide relative comparison which highlights 

the poor optical performance of  passivated contacts employing a 

Si/thin-oxide/metal configuration. In such structures, employing a 

thin tunnel oxide as a passivating layer is often a trade-off  between 

contact resistance and contact passivation. Unfortunately, the 

contacts typically have poor contact resistivity, thus necessitating a 

large-area contact, and thus having poor rear optical performance 

over a large area of  the device.
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As is demonstrated, having pure Ag provides the highest (and 

therefore better) rear optical properties, while having pure Al 

provides the lowest (and therefore poorest) rear optical properties. 

Most importantly, this experiment demonstrated that having a 

thin layer of  Al (~1 nm) provides the benefit of  having excellent 

physical adhesion, as well as having a significantly improved rear 

reflection. Preliminary modelling of  this structure with front texturing 

and anti-reflection coating as presented in Figure 6.31.2 indicates 

an improvement of  up to 0.45 mAcm-2 if  compared to a full Al rear 

surface in the absence of  thick rear oxide layer.

Figure 6.31.4: Experimental validation of  the optical properties of  
stacked Al/Ag rear metal contact along with simulated ray tracing 
data of  the same.

Highlights

• Completed ray tracing of  the effect of  rear metal type on optical 

performance of  passivated contacts.

• Proposed novel implementation of  a stack of  metal layer for 

improved optical performance and metal adhesion.

• This work demonstrated a successful experimental validation of  

the proposed Al/Ag stack, providing improved adhesion to pure 

Ag on Si, while providing better optical properties of  pure Al on 

Si.

Future work

Implementation of  the novel metal stack in device fabrication. 

provide superior optical properties to Al, while having superior 

adhesion properties to Ag.

Figure 6.31.3 shows the generation current, J
gen

 when Al is swept 

from 0 to 20 nm, and when the rear metal is either Ag or Cu. The 

figure suggests that to attain any optical benefits, the Al must be 

thinner than 10 nm. With the Al at 1 nm, the gains from Ag and Cu 

are approximately 0.45 mAcm-2 and 0.25 mAcm-2. Similar optical 

gains are observed for simulations with a rear poly-ox passivated 

contact stack of  1 nm SiO
2
 / 20 nm polysilicon. As such, the 

proposed metal stack method is likely applicable for a wide range of  

passivated contacts. 

Figure: 6.31.3: Ray tracing results investigating the potential 
benefit of  using a stack of  metal type for improved optical 
performance.

Experimental validation of  this observation was carried out using a 

bare double-sided-polished crystalline Si wafer. The final structure 

consists of  bare Si polished front surface, and a rear surface metal 

stack of  Al/Ag, where the Al thickness is varied. 

As predicted, the adhesion of  the Ag only samples were poor and 

was already peeling at the fringes of  the samples. On the other 

hand, adhesion for the Al/Ag stack at all trialled thicknesses was 

good, and passed a simple “tape peel test” involving attempts to 

remove the thin metal layers with the use of  regular adhesive tape. 

Measurements of  the reflection were performed using a Perkin 

Elmers Spectrophotometer with the bare Si side of  the wafer facing 

the integrating sphere. The measurements were calibrated to a 

white Spectralon reference and then offset by 2% due to deviation 

from modelled Si reflection at low wavelength. The experimental 

measurement and ray tracing data is presented in Figure 6.31.4, 

which shows excellent agreement between the two. The reflection in 

this plot represents the front escape reflection at the long wavelength 

range. Since the high resistivity Si base does not absorb light above 

1200 nm (parasitically or otherwise), the difference in reflection 

at this range represents the quality of  the rear surface layers. 

Therefore, a higher reflection is better in this case. 
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device on solar-grade silicon wafers has been reported above 20%. 

These cell results were presented at the IEEE PVSC conference held 

in Hawaii in June 2018 (Basnet et al. 2018b), and will be published in 

a leading journal in 2019 (Basnet et al. in preparation).

An additional significant outcome of  the project has been an 

improved understanding of  defect hydrogenation in heterojunction 

solar cells, in collaboration with Dr Brett Hallam's team at UNSW, 

who are working on a related ACAP collaboration project on 

hydrogenation with ASU. We prepared solar-grade wafers at ANU 

with and without pre-hydrogenation for cell fabrication at ASU. Such 

pre-hydrogenation was achieved by coating the wafers with silicon 

nitride films after the Tabula Rasa and phosphorus gettering, and 

then firing the wafers at 600 for 5 seconds, to drive hydrogen into 

the wafers. The hydrogen in the wafers then allows the subsequent 

deactivation of  the well-known boron-oxygen defect, which normally 

degrades the performance of  solar cells made on the dopant-

compensated solar-grade wafers used in this work. By subjecting 

the completed heterojunction cells to illuminated annealing steps 

at UNSW, we were able to show that this defect can be completely 

and permanently deactivated in this n-type material, another world-

first achievement. We have also shown that wafers with no pre-

hydrogenation treatment also demonstrated complete deactivation 

of  the defect, proving that the deposition of  the amorphous silicon 

layers during the heterojunction process also introduces a large 

amount of  hydrogen into the wafers. This work has been published 

recently in Applied Physics Letters (Sun et al. 2018).

Highlights

• Heterojunction solar cells fabricated at ASU on solar-grade 

silicon wafers pre-treated at ANU achieved an efficiency of  

21.2%, the highest reported to date for solar-grade wafers.

• Demonstration of  the benefits of  a Tabula Rasa pre-treatment of  

solar-grade silicon wafers to avoid ring defects associated with 

oxygen precipitation.

• Achieving effective lifetimes in excess of  5 milliseconds and 

implied open circuit voltages of  over 720 mV in solar-grade 

wafers after Tabula Rasa and phosphorus gettering steps 

applied at ANU.

• First-time demonstration of  complete and permanent 

deactivation of  the well-known boron-oxygen defect in solar-

grade silicon heterojunction solar cells during subsequent 

illuminated annealing, in collaboration with colleagues at UNSW. 

Future Work

The collaboration between ANU, ASU and UNSW initiated by this 

project has continued beyond the end of  the project, with more 

experiments planned and underway in relation to defect passivation 

in heterojunction solar cells, and also in developing a hybrid homo/

heterojunction device for solar-grade wafers, which combines the 

best features of  both architectures for defective wafers. We expect 

that this work will lead to new joint research grant applications, and 

exchanges of  PhD students and research staff.

6.32 HIGH EFFICIENCY 
HETEROJUNCTION SOLAR CELLS 
BASED ON LOW-COST SOLAR-
GRADE SILICON WAFERS

Lead Partner

ANU

ANU Team

Prof  Daniel Macdonald, Dr Chang Sun, Mr Rabin Basnet

Academic Partner

Arizona State University, USA: A/Prof  Zachary Holman

Funding Support

ARENA, ANU, ASU

Aim

Solar-grade silicon wafers are attractive due to their low cost, 

however they are often adversely affected by high temperature steps 

(above 800°C) during typical solar cell fabrication, especially during 

the boron diffusions required for high efficiency n-type devices. 

In this project we have applied a low temperature heterojunction 

cell fabrication process (below 250°C) at Arizona State University 

(ASU), based on doped thin amorphous silicon films, to solar-grade 

wafers prepared at the Australian National University (ANU). The 

project has achieved cell efficiencies above 21%, which is the 

first time heterojunction devices above 20% on solar-grade wafers 

have been reported. In collaboration with colleagues at UNSW, the 

project has also led to new insights into hydrogenation of  defects in 

heterojunction devices.

Progress

This two-year project commenced in February 2017 and will endein 

January 2019. Numerous batches of  solar-grade silicon wafers were 

prepared at ANU and sent to ASU for processing, initially for surface 

passivation tests, and then for full solar cell fabrication. 

An important early outcome of  the project was the development 

of  optimised "pre-treatment" processes at ANU to maximise the 

wafer quality prior to shipping to ASU. The use of  a "Tabula Rasa" 

pre-annealing step at 1000°C was found to largely eliminate ring 

defects associated with oxygen precipitation during the subsequent 

phosphorus gettering step. Phosphorus gettering then removes 

dissolved metallic impurities in the solar-grade wafers. Combined, 

these pre-treatments have resulted in carrier lifetimes in excess 

of  5 milliseconds, and implied open-circuit voltages of  over 720 

mV. These results have been published in the IEEE Journal of  

Photovoltaics (Basnet et al. 2018a).

Wafers that were pre-treated at ANU were then sent to ASU for 

heterojunction solar cell fabrication. This resulted in a champion 

cell efficiency of  21.2%, measured in house at ASU. This is a 

record efficiency for a solar-grade silicon wafer, for any type of  cell 

architecture, eclipsing the 21.1% achieved by the team at ANU using 

a PERL process in 2016. It is also the first time a heterojunction 37
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to ANU for Dr Pilania was also organised to deliver a seminar and to 

discuss the progress of  the project at the end of  2017. Dr Mulmudi 

was also invited to deliver a seminar at the Washington University 

in St Louis in June 2018 where he discussed ways to enhance 

the stability of  lead-free halide perovskite and to achieve stable 

efficiencies of  over 20%. Dr Mulmudi also demonstrated fabricating 

liquid-electrolyte–based regenerative photovoltaic cells to the 

students and staff  at the Washington University in St Louis. These 

results have now been communicated to the journal Energy and 

Environmental Science (EES) and are currently under review.  

Highlights

• Through a systematic theoretical approach based on structural, 

thermodynamic and electronic constraints, potentially promising 

bismuth-based double perovskites were identified.

• Synthesis of  the materials predicted above was carried out using 

solution-processed methods, which not only have photovoltaic 

applications as demonstrated in this project but were found to 

have other interesting optoelectronic applications and are yet to 

be explored.
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6.33 DISCOVERING AND 
DEVELOPING LEAD-FREE 
PEROVSKITES FOR PHOTOVOLTAIC 
APPLICATION 

Lead Partner

ANU

ANU Team

Dr Hemant Kumar Mulmudi, A/Prof  Klaus Weber

ANU Student

Nandi Wu

USA Partners

Los Alamos National Laboratory (New Mexico): Dr Ghanshyam 

Pilania 

Washington University in St Louis: A/Prof  Rohan Mishra

Aim

The aim of  this project was to identify and develop new materials 

resembling the properties of  lead-based perovskite materials. The 

lead halide perovskite materials have unique optical and electrical 

properties due to the hybridisation of  the orbitals, hence leading 

to their applicability in various optoelectronic devices. The highly 

dispersed band structure with low effective mass has been found to 

be the underlying factor for the relatively high performing solution-

processed photovoltaics. Using density functional theory (DFT) 

based on first principle calculations and data analytics, lead-free 

perovskites were to be screened to determine the composition of  

promising materials. Such materials can then be synthesised and 

characterised and, if  suitable, photovoltaic devices fabricated.  

Progress

Calculations have been performed to identify potentially suitable 

materials. Screening of  double perovskite compounds with the 

composition A'A''B’BiO
6 
(Figure 6.33.1), (where A’, A’’ and B’ are 

different cations) was carried out by considering thermodynamic 

stability. Thirty-six compounds were found to conform to the defined 

stability limit after accounting for octahedral distortions to the ideal 

double perovskite structure. However, most of  these compounds 

exhibit wide and indirect bandgaps. A family of  compounds with a 

general formula of  A'A"TeBiO
6
, where A' belongs to alkali metals (Na, 

K, Rb and Cs) and A" belongs to alkaline Earth metals (Mg, Ca, Sr and 

Ba) were found to be thermodynamically stable. Calculations indicate 

that KBaTeBiO
6
 and RbBaTeBiO

6
 have indirect bandgaps of  1.94 eV 

and 1.99 eV but otherwise suitable properties. The issue of  indirect 

bandgaps has to be addressed to make further progress in search 

of  novel Bi-double perovskite oxides. Further cation substitution 

strategies, such as varying ratio of  Bi and Te may be able to allow 

tuning of  the bandgap within the A'A"TeBiO
6
 family of  compounds.

As part of  this project, Dr Mulmudi (ANU) initiated this collaborative 

research effort between Dr Pilania (LANL) and Associate Professor 

Mishra (Wash U) through several conference calls and emails. A visit 

Figure 6.33.1: Crystal structure of  double perovskite based on 
bismuth and oxides as anions explored in this project.
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fullerene acceptors which are not commercially available, and new 

collaborations have been initiated with these groups.

Screening available non-fullerene acceptors (NFAs) with BQR 

under standard conditions gave disappointing results with few 

devices delivering PCEs above 5%. The best devices were obtained 

using IDTBR with BQR, deposited from chloroform (Figure 6.34.1). 

Although the expected high V
OC

 (1.12 V) is seen, the low J
SC

 

(11.1 mAcm-2) and FF (58%) are disappointing. In light of  the low 

efficiencies the printing program was delayed until we had a better 

understanding of  the causes of  the poor performance, and we have 

found solutions. It should be noted that the best SM-SM organic solar 

cell is reported using benzodithiophene terthiophene rhodamine 

(BTR) using a non-commercial NFA, the precursor to BQR, however 

BTR-containing devices are not thermally stable (Zhou et al. 2018)

Key reasons for poor performance may be, i) high or low solubility of  

the components, ii) over-crystallisation of  one or both components, 

or iii) poor charge generation or extraction. Researchers at NIST 

initiated a detailed characterisation program on BQR and BQR / 

acceptor blends to better understand their material properties. One 

key technique to understand mixing is flash DSC, where miscibility 

and other changes can be monitored (Figure 6.34.2). A detailed 

analysis of  the DSC data allows miscibility data to be calculated and 

simplified phase diagrams for the components to be calculated. 

The NIST studies include in-situ X-ray analysis of  BQR-containing 

films, however X-ray contrast is low for non-fullerene acceptor-

containing blends, leading to poor contrast and difficulty in 

extracting useful information. Alternative techniques are being 

examined to understand phase mixing in blend films. 

Detailed spectroscopic investigations should lead to a better 

understanding of  charge generation in these systems, therefore we 

are examining the best BQR-IDTBR-EH using transient absorption 

techniques (P. Shaw, UQ). Initial results tend to indicate partial 

population of  the triplet state on BQR. These are ongoing studies 

and conclusions will be published when complete. 

The printing program was complemented through a new 

collaboration with Professor Anna Kohler (University of  Bayreuth, 

Germany), with funding through the University of  Melbourne-

Bayreuth Polymer/Colloid Network to allow a masters student, Mr 

Daniel Kroh from Professor. Anna Köhler’s (Bayreuth) group, to 

complete his thesis project at CSIRO on printed organic solar cells. 

Mr Kroh returned to Bayreuth after his research stay in Australia 

and is completing spectroscopic studies to understand the thin-film 

structural and device efficiency variations observed during his stay. 

During the program, Dr Jones visited NIST twice to plan and 

discuss the ongoing research program. Dr Jegadesan visited NIST 

to discuss device optimisation, and Mr Kroh spent six months in 

Melbourne. Dr Jones visited Bayreuth during the program and Dr 

Dean Delongchamp (NIST) visited Melbourne.

A number of  international research groups have shown an interest 

in the fundamental properties of  BQR as a high-performance 

p-type organic semiconductor and the large-scale synthesis of  

BQR has allowed us to initiate new collaborations with Imperial 

6.34 IN-SITU X-RAY 
CHARACTERISATION OF PRINTED 
ORGANIC SOLAR CELL FILMS

UoM Team

Dr David Jones, Dr Jegadesan Subbiah

UoM Student

Mr Paul Geraghty

CSIRO

Dr Gerry Wilson, Dr Doojin Vak, Dr Mei Gao

University of Queensland

Dr Paul Shaw

NIST (USA)

Dr Lee Richter, Dr Chad Snyder, Dr Dean DeLongchamp, Dr 

Sebastian Engmann, Dr Alex Bourque, Dr Michael Heiber

University of Bayreuth 

Prof  Anna Kohler, Mr Daniel Kroh 

Funding Support

AUSIAPV, UoM, NIST, CSIRO, Bayreuth-Melbourne Polymer/Colloid 

Network.

Aims

• Non-fullerene acceptors purchased or synthesised and 

evaluated with ACAP molecular donors.

• Lab scale devices optimised.

• Processing knowledge translated back to the ACAP printing 

program, two print trial on 10 cm web printer completed.

• Results published in leading peer-reviewed journals (two 

papers) and at two international conferences.

• Staff  and student exchange visits (four) completed on time and 

within budget to examine new non-fullerene acceptors in binary 

and ternary blends.

Progress

A research assistant was employed to complete a large-scale 

synthesis of  the key benzodithiophene- quaterthiophene -rhodanine 

(BQR) donor material to be used in this program. The synthesis of  

BQR was completed at a 20 gram scale to provide sufficient material 

for all the required device optimisation and later translation to larger 

scale printing of  the optimised devices. This material has now been 

distributed to the key partners at NIST, CSIRO and the University of  

Bayreuth. 

We were able to access a number of  commercially available non-

fullerene acceptors for use in this project, IDTBR, ITIC and m-ITIC 

and we have been able to source non-commercial analogies of  

IDTBR from colleagues at Imperial College London. In addition, BQR 

was sent to Northwestern University (USA), University of  Calgary 

(Canada) and KAUST (Saudia Arabia) for testing in devices with non-
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College London, the University of  St Andrews, Princeton University 

and Karlsruhe Institute of  Technology. The new understanding of  

fundamental material properties will allow us to better evaluate BQR 

as a component in printed organic solar cells.

Highlights

• The key organic p-type donor BQR has been synthesised at 

scale (20 grams) for the acceptor screening program and 

translation to large-scale R2R printing trials.

• We purchased a number of  non-fullerene acceptors for 

evaluation in the program (IDTBR-EH, IDTBR-O, ITIC, ITIC-Th, 

ITIC-M, ITIC-4F), have accessed a number of  non-commercial 

NFAs (IDTBR-D, perylene dimers), and completed collaboration 

work with other groups using their NFAs.

• Fundamental studies on BQR through new collaborations have 

been initiated.

• Print trials using BQR:PCBM blends demonstrated that we could 

translate device performance from spin cast to slot-die printed 

fi lms.

• NIST has completed extensive thermal and X-ray studies on 

BQR blends.

• In situ spectroscopic characterisation of  BQR blends is 

continuing at NIST, University of  Bayreuth and University of  

Queensland.

Figure 6.34.1: BQR-
IDTBR-EH device 
architecture and 
optimised J-V curve.   

Figure 6.34.2: Flash DSC 
traces for two BQR:NFA 
series showing the 
complexity of  interaction. 
The BQR:EH-ITDBR 
gives the best optimised 
devices.
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• Preconditioning of  barrier films under vacuum and elevated 

temperature.

 Preparation of PSF (length of 15 metres).

• Printing PEIE, PI4 (active layer) and PEDOT: PSS on ITO-PET 

(OC50) substrate using the mini-lab printer.

• Removal of  PEDOT:PSS (between the modules).

• Preparation of  10 cm x 10 cm OPV modules.

• Screen printing of  Ag electrodes.

 Encapsulation of 100 OPV modules.

• Encapsulation was performed inside a glovebox (N
2
 

atmosphere), and silver conducting strips were adhered 

to the two electrodes of  the modules for the preparation of  

electrical contacts.

 Creating electrical contacts.

• Electrical contacts were made by piercing a hole on the 

back encapsulant film and soldering wires on to the silver 

conducting strips (Figure 6.35.1).

 Evaluation of encapsulated modules.

• Current density–voltage (J–V) measurements of  fully-

printed, encapsulated modules were performed under 

1-sun conditions (100 mWcm-2, AM1.5G) using a Newport 

69907 solar simulator system. Majority of  modules exhibited 

efficiencies over 3% (Figure 6.35.2).

2. Development of Data Acquisition System

 Two intern students have been recruited by the CSIRO to design 

and develop a data acquisition system. The aim was to produce 

a system permitting students in Years 10 to 12 to acquire, 

calculate and plot data from OPV modules.

 Concept design.

• Various schematic and prototypes were designed to fit the 

specifications (price, durability, functionality).

 Printed circuit board (PCB) design and prototype fabrication.

• PCB footprint created using Eagle software and fabrication 

of  circuit in house. Various components sourced and 

assembled to produce the final prototype (Figure 6.35.3).

3. Tutorial Documentation

• A video, practical test, worksheet and safety datasheet were 

prepared as supporting material for teachers and students.

 In parallel to CSIRO’s activities, Peter Pentland, Executive 

Manager for Applied Schools Program has been promoting this 

project through the STELR program running in 708 schools in 

Australia, New Zealand, Indonesia, Singapore, the Philippines 

and India. STELR has been leading the interaction with the 

schools.

6.35 A CASE STUDY OF THE 
DEGRADATION OF FLEXIBLE 
ORGANIC PHOTOVOLTAIC 
MODULES

Lead Partner

CSIRO

CSIRO Team

Dr Hasitha Weerasinghe, Mrs Régine Chantler, Dr Doojin Vak, Ms 

Jyothi Ramamurthy, Mr Andrew Faulks, Mr Karl Weber,

Interns: Mr Rahul Banakar, Mr Oscar Elsasser

Academic Partners

Australian Academy of  Technology and Engineering (AATSE): Mr 

Peter Pentland, Executive Manager Applied Schools Program.

Deptartment of  Materials Science and Engineering, Stanford 

University: Prof  Reinhold Dauskardt

Funding Support

ACAP, CSIRO

Aims

The main objective of  this project is to study the degradation of  OPV 

modules due to the prolonged handling by the end-users. Increasing 

the awareness of  students (acting as the end-users for the research) 

on latest printed electronic technologies particularly the printed solar 

films (PSFs) is another key objective of  this project.

Progress

This project officially started in July 2018. Several face-to-face 

meetings were held between the teams at CSIRO and STELR 

(Science and Technology Education Leveraging Relevance) to 

discuss the specifications of  the material being provided to the 

schools.

During the current reporting period (July 2018 to December 2018), 

considerable progress has been made in the preliminary work 

directed towards the fabrication of  500 OPV modules at CSIRO and 

a simple measurement system for the easy characterisation of  the 

printed OPV modules by students.

Key activities carried out at CSIRO during the reporting period are 

outlined below.

1. Preparation of 100 Modules

 Materials have been ordered and received for the preliminary 

print trials for the preparation and encapsulation of  100 OPV 

modules.

 Preparation of encapsulation materials.

•  Lamination of  barrier adhesive films on to the ultra-high 

barrier (UHB) films (length of  10 metres).

• Preparation of  15 cm x 15 cm barrier films sheets.
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Future Work

The key activities in the next six months will include:

• Consultation with an electrical equipment manufacturer to mass 

produce the data loggers.

• Improvement and further development of  the data logger 

system.

• Completion of  the development of  a cloud-based data storage 

and analysis system.

• Selection and enrolment of  the schools that provide adequate 

geographic and demographic data.

• Conducting printing trials and preparation of  500 fully printed 

and encapsulated modules.

• Deployment of  modules to schools.

• Mechanical analysis (adhesion/cohesion) of  modules by 

Professor Dauskardt’s team at Stanford University.

4. School Recruitment Activities

• Peter was involved in advising and recruiting schools, 

where the team members from CSIRO and STELR had the 

opportunity to introduce printed electronic technologies 

and printed photovoltaic modules to the students at a few 

selected schools in Victoria (Figure 6.35.4).

• Recruitment of  the schools was initiated via an online 

expression of  interest (EOI) call. The feedback was very 

promising with over 130 schools responding so far.

• Development of  a cloud-based data storage and analysis 

system has begun in consultation with engineers and 

equipment manufacturers.

Figure 6.35.1: Printed and encapsulated OPV modules produced 
during the preliminary trials. (Electrical contacts have been 
established by soldering the wires to the electrodes of  the modules.)

Figure 6.35.2: J–V characteristics measured for an encapsulated 
OPV module under simulated solar radiation (100 mWcm-2, 
AM1.5G).

Figure 6.35.3: Prototype data logger consisting of  two sets of  
resistance (indoor and outdoor J-V performance measurements) 
connected to an OPV module. Optional voltmeter display is 
powered by separate battery pack.

Figure 6.35.4: 
Demonstration 
and outreach 
activity led by 
STELR at South 
Oakleigh College.
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Schlenker et al. 2006; Sander and Politik 2007). These materials, 

if  recovered, could be re-introduced into the supply chain of  solar 

modules or other industries, as some of  the materials are valuable 

or scarce (Weckend et al. 2016). Silver is by far the most expensive 

element per unit of  mass in a c-Si panel (IEA-PVPS 2016). The solar 

industry has been reducing the amount of  silver and other expensive 

components used in PV modules for many years, which in part 

explains the relentless cost reductions in PV modules over the recent 

decades. However, the industry hasn’t yet been very active in reusing 

or recycling components of  solar systems. Nevertheless, it has been 

shown that the recycling process for PV modules can recover glass, 

aluminium, silver, copper and other materials at sufficient quality for 

sale on the world market (Weckend et al. 2016). The International 

Energy Agency has nominated this as one of  100 innovation gaps 

across 38 clean energy technologies (IEA 2018).

Life cycle assessment (LCA) is a methodology that analyses 

the environmental impacts of  a process or a product. Life cycle 

information can be used to inform the public sector, stakeholders, 

manufacturers, and in the design and implementation of  new 

policies. Our project aims to calculate the environmental impacts of  

different recycling processes of  module technologies, for both mono 

and multi c-Si solar cells, and glass/back sheet and glass/glass 

modules. 

Aim

We will use OpenLCA software (OpenLCA 2018) and experimental 

data generated in the Laboratory of  Corrosion, Protection and 

Recycling of  Materials (LACOR – Brazil) and in UNSW laboratories. 

In the experiments we are documenting all materials and energy 

used, as well as the efficiency and impacts of  recovering the 

metals and other materials from thermal, mechanical and chemical 

recycling processes for the modules. Analyses by UNSW of  the 

experimental data will lead to the assessment of  the environmental 

impacts of  each recycling process. 

The exchange activities will include recycling process experiments 

as well as models of  LCA in OpenLCA software and, most 

importantly, we will build a life cycle inventory for the processes 

studied, which is essential for future studies.

The proposed experiments simulate different PV recycling routes, 

such as the ones used by the industry and suggested in scientific 

journals and patents. The chosen procedures to be evaluated in 

this project are thermal separation, mechanical separation and 

separation using organic solvents. Data concerning the energy 

and labour inputs are also recorded, as well as material inputs and 

outputs (i.e. outcomes of  the recycling process). 

Progress

The first experiment was conducted at LACOR – Brazil during 2018. 

The silicon PV mini-modules were prepared by removing the junction 

box and the aluminium frames manually. After that, the modules 

were placed in a steel container covered by a glass panel and the 

container was filled with toluene until the modules were completely 

6.36 LIFE CYCLE ASSESSMENT 
ON RECYCLING PROCESSES OF 
SILICON SOLAR MODULES

Lead Partner

UNSW

UNSW Team

Dr Richard Corkish, Dr Jose Bilbao, Marina Monteiro Lunardi

Academic Partners

Federal University of Rio Grande do Sul (UFRGS), Brazil 

UFRGS Team

Dr Hugo Marcelo Veit, 

Pablo Ribeiro Dias 

Funding Support

ACAP

Overview

The global annual market for solar photovoltaic (PV) modules 

has grown by a compound annual rate of  40% from 1997 (114.1 

MWp) to 2017 (93.9 GWp) (Mints 2018), and the predominant 

technology (90% of  the market) is crystalline silicon (c-Si) solar cells 

(ITRPV 2018). The large increase in PV installations will generate a 

considerable amount of  waste globally that is expected to account 

for between 1.7 and 8.0 million tonnes per year by 2030 (Weckend, 

Wade et al. 2016). 

The European Union is the jurisdiction that has the oldest, and by 

far the most comprehensive, regulations and policies addressing 

the end-of-life management of  photovoltaics (PV), with the inclusion 

of  this type of  waste into the Waste of  Electrical and Electronic 

Equipment (WEEE) directive since 2012 (Shin, Park et al. 2017). 

The PV industry must learn to deal with the end-of-life (EoL) of  its 

products in order to maintain the environmental sustainability of  its 

technology (de Wild-Scholten, Wambach et al. 2005) and because it 

is likely to be regulated in many regions. Advances in cost-effective 

PV recycling technology will increase PV’s competitiveness and 

reduce environmental impacts, while at the same time stronger 

regulations can act as facilitators (Bombach, Röver et al. 2006; 

Kang, Yoo et al. 2012; Tao and Yu 2015). The Australian Government 

has included Photovoltaic Systems under its Product Stewardship 

legislation list to be reviewed (Australian Government 2017) and the 

Victorian State Government is currently reviewing legislation in the 

matter (Perinotto 2017). 

Considering a standard c-Si module, the main components are a 

glass cover, frame, encapsulant, c-Si wafers, polymer-based back 

sheet, junction box and metal contacts and ribbons (Dias, Benevit 

et al. 2016). By weight, a c-Si module (without the junction box) 

contains about 76% glass (front cover), 10% polymer (encapsulant 

and back sheet foil), 8% aluminium (module frame), 5% silicon 

(solar cells), 1% copper (interconnectors) and less than 0.1% silver 

(contact lines) and other metals (mostly tin and lead) (Wambach, 
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Table 6.36.2: Inventory data collected (Experiment 2 from 
LACOR).

Components Mass (in grams) Efficiency (%)

S
te

p
 1

Back sheet 0 0.0

Frame 146.3 100

Superstrate (glass) 0 0.0

EVA + cell 0 0.0

Junction box 14.5 100

S
te

p
 2

Back sheet 19.5 78.2

Frame 0 0.0

Superstrate (glass) 458 92.9

EVA + cell 13 31.7

Junction box 0 0.0

S
te

p
 3

Back sheet 5.44 21.8

Frame 0 0.0

Superstrate (glass) 35.3 7.2

EVA + cell 28 68.3

Junction box 0 0.0

Table 6.36.3: Inventory data collected (Experiment 3 from 
LACOR).

Components Mass (in grams) Efficiency (%)

S
te

p
 1

Back sheet 0 0.0

Frame 147.8 100

Superstrate (glass) 0 0.0

EVA + cell 0 0.0

Junction box 14.9 100

S
te

p
 2

Back sheet 20 92.6

Frame 0 0.0

Superstrate (glass) 455.3 93.8

EVA + cell 18.8 41.8

Junction box 0 0.0

S
te

p
 3

Back sheet 1.6 7.4

Frame 0 0.0

Superstrate (glass) 30.1 6.2

EVA + cell 26.2 58.3

Junction box 0 0.0

immersed. In a laboratory hood, the toluene was heated and this 

process was repeated four times, recovering the toluene each time. 

Following the immersion, the different components were manually 

separated (Figure 6.36.1) and weighed individually. The total time, 

energy consumed, material used and toluene recovered was 

measured.

Figure 6.36.1: Different PV components separated using organic 
solvents (Experiment 1 from LACOR).

Tables 6.36.1, 6.36.2 and 6.36.3 present the data collected during 

the first three experiments from LACOR.

Table 6.361: Inventory data collected (Experiment 1 from LACOR).

Components Mass (in grams) Efficiency (%)

S
te

p
 1

Back sheet 0 0

Frame 166 100

Superstrate (glass) 0 0

EVA + cell 0 0

Junction box 10.6 100

S
te

p
 2

Back sheet 15.1 71.8

Frame 0 0

Superstrate (glass) 398 100

EVA + cell 20.3 52

Junction box 0 0

S
te

p
 3

Back sheet 5.9 28

Frame 0 0

Superstrate (glass) 32 8

EVA + cell 18.7 48

Junction box 0 0
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Sander, K. (2007). "Study on the Development of  a Take Back and 

Recovery System for Photovoltaic Products". Hamburg.  DOI: https://

doi.org/10.2314/GBV:59163323X

Shin, J., J. Park and N. Park (2017). "A method to recycle silicon 

wafer from end-of-life photovoltaic module and solar panels by using 

recycled silicon wafers". Solar Energy Materials and Solar Cells 162: 

1–6.

Weckend, S. and A. W. Heath (2016). "End-of-life management Solar 

Photovoltaic Panels". IRENA and IEA-PVPS.

Tao, J. and S. Yu (2015). "Review on feasible recycling pathways and 

technologies of  solar photovoltaic modules". Solar Energy Materials 

and Solar Cells 141: 108–124.

Wambach, K., S. Schlenker, A. Müller, M. Klenk, S. Wallat, R. 

Kopecek and E. Wefringhaus (2006). "The Second Life of  a 300 kW 

PV Generator Manufactured With Recycled Wafers From The Oldest 

German PV Power Plant". Abstract submitted to the 21st European 

Photovoltaic Solar Energy Conference and Exhibition, Dresden, 

Germany, 4–8 September 2006, Citeseer.

Weckend, S., Wade, A. & Heath, G. (2016). "End-of-Life 

Management: Solar Photovoltaic Panels". NREL (National Renewable 

Energy Laboratory (NREL), Golden, CO (United States)). ISBN978-

92-95111-99-8. https://www.irena.org/publications/2016/Jun/End-of-

life-management-Solar-Photovoltaic-Panels

Future Work

In 2018 thermal and chemical experiments were conducted in 

LACOR – Brazil, as already mentioned, with the process steps 

documented to be part of  the inventory data preparation. These 

experiments will be repeated in order to confirm the data and have 

a more accurate inventory table available. After the collection of  the 

complete databank, an LCA will be performed in 2019 to analyse 

each process step and identify possible environmental issues to be 

addressed. The experiment description and the LCA study will be 

published in a relevant journal.

At the beginning of  2019 recycling tests will be conducted at 

UNSW. Thermal and chemical experiments are planned, and all 

the inventory data necessary will be collected. Another LCA will be 

performed with the same purpose of  comparing the process steps 

and identifying the environmental issues. These experiments and the 

LCA study will also be published in a relevant journal.

A comparative LCA considering all recycling processes tested will 

be conducted, and the complete inventory data will be publicly 

available in order to improve the databank for PV technologies and 

assist future studies of  PV modules’ recycling processes.
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for 30 minutes at room temperature. They are then mixed with the 

volume ratio of  1 to 1, which makes the fi nal dye concentration of  

3500 ppm. The solution is poured on a mould and left to dry at 60oC 

inside a vacuum oven overnight.  As shown in Figure 6.37.1(b), 

multiple 260 µm thin sheets of  PMMA with V570 dyes incorporated 

has been fabricated. The PLQY shows an absorption of  82.75% and 

PLQY of  100% (Figure 6.37.1(c)). However, the sheets are too brittle 

due to their thickness, so they break during the nano-imprinting 

process. By increasing the PMMA concentration while keeping the 

dye concentration constant, thicker fi lms can be fabricated, which is 

expected to be more robust.

Highlights
• Successfully incorporated V570 into PMMA and fabricated thin 

sheets of  encapsulant with PLQY of  100%.

• Fabrication of nanostructures on these PMMA sheets is challenging.

Future Work
• Change the host to EVA encapsulant since the material is more 

suitable for nano-imprinting processes.

• Using nano-imprinting processes to create textured encapsulant 

foils.
• Integrate the foils into perovskite-silicon tandem solar cells.
• Measure the EQE and J-V curves of  the systems.
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Figure 6.37.1: (a) Schematic of  the perovskite-silicon tandem 

system with the use of  an LDS material incorporated inside the 

front encapsulant; (b) pictures of  the PMMA sheets with V570 

dyes incorporated; and (c) PLQY measurement of  the PMMA 

sheets with V570 dyes incorporated.

6.37 IMPROVING UV STABILITY AND 
EFFICIENCY OF FOUR-TERMINAL 
PEROVSKITE-SILICON TANDEM 
SYSTEM WITH LUMINESCENT 
DOWNSHIFTING INCORPORATED 
ENCAPSULANT

Lead Partner

ANU

ANU Team

Dr The Duong, Prof  Kylie Catchpole, A/Prof  Thomas White

Academic Partners

Karlsruhe Institute of  Technology (KIT): Prof  Bryce Richard, Dr Ulrich 

Paetzold

CSIRO Newcastle: Dr Benjamin Duck

Funding Support

ACAP

Aim

The objective of  this project is to improve the UV stability of  

perovskite-silicon tandem using a luminescent downshifting (LDS) 

material. As shown in Figure 6.37.1(a), the LDS material will be 

incorporated into the front encapsulant of  the tandem system to 

convert short wavelength light in the UV range to longer wavelength 

light to which the perovskite cell responds more effi ciently. This will 

also enhance the stability of  the perovskite cell due to the presence 

of  the TiO
2
 electron transport layer.

Progress

The work has been initiated through a visit by Dr The Duong to KIT 

for three weeks in October 2018. Several aspects of  the project have 

been considered, including the choice of  the LDS material and the 

encapsulant (host material) for the LDS material.

In terms of  the choice for the LDS material, the violet dye Lumogen 

F Violet V570 from BASF is chosen for the application since it has 

been shown to exhibit near-unity photoluminescence quantum yield 

(PLQY) and it is easy to incorporate into the common encapsulant 

(Alonso-Álvarez et al. 2015). More importantly, only this dye has 

shown to improve the photocurrent response of  solar cells. 

In terms of  the choice for the encapsulant (host material) for the LDS 

dyes, poly(methyl methacrylate) (PMMA) and ethylene vinyl acetate 

(EVA) have been chosen for the application since they are the most 

commonly used encapsulant in the industry and previous reports 

have shown successful incorporation of  LDS materials in those 

encapsulants (Klampaftis et al. 2011). 

The fi rst trial fabrication is the joint undertaking of  ANU and KIT 

during the visit using V570 dyes and PMMA host materials. Firstly, 

the V570 dye is dissolved in dichloromethane (DCM) with the 

concentration of  1.862 mg ml-1. Then PMMA is dissolved in DCM 

with the concentration of  532 mg ml-1. Both solu tions are stirred 
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Set-up

UNSW researcher visited AMOLF in July to perform the first 

measurements. He was also trained to use the system independently. 

The used system (Delmic) uses two spectrometers: a cooled InGaAs 

spectrometer for the detection of  the silicon band-to-band (BB) peak 

and the sub-bandgap defects (0.8–1.2 eV) and a cooled silicon 

spectrometer for probing the BB of  CZTS and the visible range of  

the silicon bandgap (1.2–3.1 eV).

Table 6.38.1: Parameters for CL and PL.

Parameter CL PL

Lateral (x, y) 

Resolution

Down to ~10 nm (sub-

wavelength)

Diffraction-limited (~500 

nm)

Depth (z) 

Resolution

Limited to a few μm. 

Changing the beam 

energy allows probing 

of  different layers.

Several hundred μm or 

more.

Spectral 

Information

Emission from bands 

above the optical 

bandgap. Also suitable 

for high bandgap 

materials.

Generally can only 

excite energy bands 

that are lower than the 

excitation photon energy.

Mapping Area mm × mm Tens of  cm

Samples

Four silicon samples have been measured: n-type Czochralski (Cz) 

wafer, n-type float-zone (FZ) wafer and two p-type multicrystalline 

silicon (mc-Si) wafers. A CZTS sample was also included in this 

study.

The Cz wafer has a clear striation pattern that is often correlated with 

oxide nano-precipitates in the bulk (see Figure 6.38.1). The strain at 

the precipitate-bulk interface results in a sub-bandgap PL peak near 

0.8 eV. This peak is strongly thermally quenched (Figure 6.38.2).

The FZ wafer has a clear striations pattern (similar to the Cz wafer), 

with a strong recombination active region in the centre of  the wafer 

(see Figure 6.38.3).

Two mc-Si sister wafers were used in the study, one of  the wafers 

was degraded using high-intensity illumination at high temperature in 

order to accelerate the carrier-induced degradation (CID) rate.

Results and discussion

Cz wafer: Figure 6.38.4 presents to obtained CL spectra of  

the Cz wafer. As can be seen, a distinguished defect peak is 

observed around 0.84 eV, similar to the peak identified by the 

PL measurements (Figure 6.38.2). The obtained spectra (at a 

temperature of  120 K) were then used to create a map (Figure 

6.38.5), which highlights the fact that the defect is present across 

the entire wafer (and not only in the dark regions of  the room-

temperature BB image).

6.38 NANOSCALE LOCALISATION 
OF DEFECTS IN SILICON AND CZTS 
VIA CATHODOLUMINESCENCE 
AND PHOTOLUMINESCENCE 
SPECTROSCOPY

Lead Partner

UNSW

UNSW Team

Dr Ziv Hameiri, Dr Michael Pollard, A.Prof  Xiaojing Hao

UNSW Student

Robert Lee Chin

Academic Partners

AMOLF: Prof  Albert Polman

Funding Support

ACAP Collaboration Grant, UNSW, UNSW RIS

Aims

The main goals of  this project are:

• Development of  cathodoluminescence (CL)-based measurement 

methods for silicon-based PV.

• Development of  CL-based measurements methods for CZTS 

solar cells.

• Comparison between CL and micro-photoluminescence 

(µPL) measurements and to identify the advantages and 

disadvantages of  each method.

• Development of  a method to extract injection-dependent lifetime 

using time resolved PL and CL measurements.

• Establish a strong collaboration between UNSW and AMOLF.

Progress

Background

Cathodoluminescence (CL) is a powerful nanoscale spectroscopy 

technique for probing carrier kinetics in semiconductors. While 

photoluminescence (PL) spectra are commonly used to obtain 

such information, there has been little work on CL-based methods, 

particularly for photovoltaic (PV) devices.

In contrary to PL where the excitation is done by photons, the 

excitation in CL is done by electrons, typically using beam energies 

in the range of  102–105 keV. Standard CL set-up is based on a 

scanning electron microscope (SEM) system. The SEM detector 

measures the in-elastically scattered electrons from the surface, 

while a parabolic mirror reflects the CL photons to a photodetector. 

With a cryogenic sample stage, temperature-dependent CL 

measurements can be done. The table below summarises the main 

differences between CL and PL measurements.

48

Appendix



FZ wafer: Figure 6.38.6 presents to obtained CL spectra of  the FZ 

wafer. As can be seen, the range below 0.95 eV is dominated by a 

strong defect peak. The ratio map (Figure 6.38.7) indicates a higher 

defect concentration in the bottom-right corner.

mc-Si wafer: A defect peak was identified at 0.85 eV (Figure 6.38.8). 

In these initial measurements, it is challenging to locate the grain 

boundaries (see Figure 6.38.9). A special effort will be given to this 

point in future measurements.

CZTS: The aim of  the first measurements was to determine how 

much recombination occurs at the grain boundaries and how much 

inside intra-grain regions. Analysis of  these results is underway. 

Figure 6.38.10 presents an SEM image of  the sample, while the CL 

intensity is presented in Figure 6.38.11.

Figure 6.38.2: 
Temperature-
dependent 
spectral PL of  
the Cz wafer 
(80–300 K). 
The peak at 
1.1 eV is the 
BB PL peak. 
The peak at 
0.85 eV is 
the defect PL 
peak.

Figure 6.38.1: 
Room-
temperature 
PL image of  
the Cz wafer. 
Darker regions 
indicate higher 
recombination 
due to defects.

Figure 6.38.5: 
CL intensity 
ratio map of  
a 10 × 10 μm2 
region with a 
resolution of  
500 × 500 nm2.

Figure 6.38.3: 
Room-
temperature 
PL image of  
the FZ wafer.

Figure 6.38.4: 
Temperature-
dependent 
spectral CL of  
the Cz wafer 
(120–300 K). 
The peak at 
1.1 eV is the 
BB PL peak. 
The peak at 
0.84 eV is 
the defect PL 
peak.

Figure 6.38.6: 
Temperature-
dependent 
spectral CL of  
the Cz wafer 
(120–300 K). 
The peak at 
1.1 eV is the 
BB PL peak
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Highlights

• A UNSW researcher (Robert Lee Chin) visited AMOLF for two 

weeks (July 2018). He was trained on the system and completed 

the first set of  measurements.

• First measurements of  silicon samples with a CL system.

• Measurements of  CZTS samples.

• Awarded grant from UNSW (RIS) to purchase a CL system for 

UNSW (A$170,000). The successful application was mainly 

based on the initial results of  this project.

Future Work

• Measurements of  the second set of  silicon wafers.

• Comparison between µPL and CL measurements.

• Continue measurements of  CZTS samples.

Figure 6.38.11: 
CL intensity as 
a function of  
location.

Figure 6.38.7: 
CL intensity 
ratio map of  
a 20 × 20 μm2 
region with a 
resolution of  1 
× 1 μm2.

Figure 6.38.8: 
Temperature-
dependent 
spectral CL 
of  the mc-Si 
wafer (120–
300 K). The 
peak at 1.1 
eV is the BB 
PL peak. Peak 
at 0.85 eV is 
the defect PL 
peak.

Figure 6.38.9: 
SEM image 
of  the mc-Si 
wafer.

Figure 6.38.10: 
SEM image 
of  the CZTS 
sample.
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Gunn 1998; Wang et al. 2018). Kim et al. (2009) used ANN to model 

the surface texturing and emitter diffusion formation process for 

solar cells. The surface texturing and emitter diffusion are divided 

into three sub-processes: etching, diffusion and the subsequent 

processes to improve cell efficiency. For each sub-process, a 

separate ANN model was constructed and then these three models 

were connected sequentially. The ANN models were built using 

the ”object-oriented neural network simulator”, software that trains 

and constructs an ANN for various semiconductor manufacturing 

applications (Davis et al. 2004). The three-step output of  the ANN 

was trained, the model parameters were optimised using both 

a genetic algorithm (GA) (Deb et al. 2002) and particle swarm 

optimisation (Kennedy 2011), and the results of  both optimisation 

processes were compared. For both optimisation methods, the 

optimisation was done backwards: first the efficiency was optimised 

to find the optimal diffusion parameters; next, the diffusion was 

optimised, given the optimal values. Finally, the etch was optimised 

to find the final unknown parameters. By the end of  this process, the 

global settings of  the process were determined. The ANN model 

was used to produce insightful 3D plots, showing, for instance, ”cell 

efficiency” as a function of  ”sheet resistance” and ”diffusion depth” 

or ”diffusion depth” as a function of  ”temperature” and ”time”.

Slight variations of  this approach were taken by other groups; 

however, it seems all these variations follow a similar procedure: first, 

an ML model is established using ANN and then an optimisation 

method finds the optimal process conditions. Bae et al. (2010) 

compared the differences in the performance of  ANN and other 

ML algorithms and concluded that ANN performed better. Liau et al 

(2002) used ANN to model and optimise the silicon nitride coating of  

silicon solar cells, Li et al. (2013) used an ANN to model the plasma-

enhanced chemical vapour deposition (PECVD) process to identify 

ideal process conditions. This has advantages over direct design 

of  experiment (DOE) modelling since it enables optimisation over a 

larger parameter space. Capizzi et al. (2018) created an ANN-based 

model to improve organic solar cell manufacturing processes, where 

an ML model is established to predict the relationship between 

the solar cell’s power output and parameters such as the active 

layer thickness. Taguchi (1995) and Lin et al (2012) discussed their 

approach to parameter optimisation of  the absorption film continuous 

sputtering process, using the Taguchi methods in combination 

with ANN and GA. In the presented experiments, only a few sub-

processes of  SM were modelled. However, it must be noted that ANN 

is susceptible to local minima, a problem which deep belief  networks 

seem to have solved (Wang et al. 2018). Thus far, no applications of  

deep belief  networks have been found in PV manufacturing, however, 

their applications are growing in general SM.

For non-photovoltaic applications, Lenz et al. (2013a; b) discuss 

the application of  ML in virtual metrology in semiconductor 

manufacturing. Virtual metrology (VM) is a data-driven methodology 

that substitutes the physical measurement of  semiconductors 

with statistical predictions using sensor data. VM is essential for 

the time-efficient and economical production of  semiconductors. 

Although most VM methodologies estimate parameters that are 

unrelated to photovoltaics, they can just as easily be applied to 

6.39 OPTIMISATION OF SILICON 
SOLAR CELL FABRICATION 
PROCESSES USING MACHINE 
LEARNING ALGORITHM

Lead Partner

UNSW

UNSW Team

Dr Ziv Hameiri, Dr Rhett Evans

UNSW Students

Yoann Buratti, 

Caspre Eijkens (exchange student; Delft University of  Technology)

Academic Partner

SERIS: Dr Shubham Duttagupta

Funding Support

ACAP Collaboration Grant, UNSW

Aims

The main goals of  this project are:

• Development of  manufacturing optimisation method of  a silicon 

solar cell using machine learning. To our knowledge, this has 

never been done before.

• Establish a new research area of  machine learning for 

photovoltaics applications and put Australia as the world leader 

in this research area.

• Asses the capability of  the developed method to optimise non-

silicon photovoltaic fabrication processes.

• Strengthen the collaboration between UNSW and SERIS.

Progress

Background

The production chain of  solar cells consists of  several processes 

that have a strong impact on the others. However, due to the 

relatively large number of  process parameters and the cost 

and complexity of  conducting research in a manufacturing line, 

each process is often optimised separately, with only a minimal 

consideration of  the impacts of  other processes on it. The aim of  

this project is to develop an optimisation method of  fabrication of  

silicon solar cells, utilising machine learning, that considers all the 

dependencies; it is expected that the developed method could be 

used for other non-silicon photovoltaic applications.

Literature Survey

It seems that artificial neural networks (ANN), support vector 

regression (SRV), random forest (RF) and deep learning (DL) are the 

most commonly used machine learning (ML) regression algorithms 

for photovoltaic manufacturing (Hornik 1989; Liaw and Wiener 2002; 
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optimal process variables. This way, new relationships within the 

manufacturing data can be discovered and the manufacturing 

process might be improved.

In VM, ML algorithms like RF, ANN and SVR have been tested with 

success. Deep learning is a recent breakthrough in ML that has 

several advantages over other ML algorithms, and it appears to 

be suitable for this project. Unlike ANN, it is not trapped in local 

minima and feature engineering is not necessary. A gap that has 

been identified from this literature survey is an ML approach for 

simultaneously optimising multiple processes. So far, only a small 

number of  process steps have been modelled and optimised. 

As the majority of  previous studies have been focused on the 

semiconductor industry, it seems that applications of  state-of-

the-art algorithms like DL for photovoltaic manufacturing are still 

undiscovered terrain. This project aims to explore this territory.

Highlights

• Signing a non-disclosure agreement (NDA) with SERIS (it took 

much longer than expected).

• Employment of  an exchange student (from Delft University of  

Technology).

• Receiving the first set of  data from the SERIS production line.

Future Work

• Development of  initial algorithm and test it on simulated data.

• Test the developed algorithm on SERIS data.
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photovoltaic performance parameters, such as cell efficiency or 

open circuit voltage. In their paper, Lenz et al. (2013a, b) model 

high-density PECVD, a complex process step that is described by 

high-dimensional and non-linear data. Random forests, ANN and 

SVR are compared for performance, predicting the thickness of  

dielectric layers deposited onto the metallisation layer. All three ML 

algorithms perform high, with a root mean squared error between 

0.5 and 1%. The best predictions were achieved by the RF and 

SVR, with the overall highest coefficient of  determination of  above 

60%. Concluding, the SVR had a slight advantage in terms of  

accuracy and the RF had a slight advantage in terms of  computing 

performance.

Kim et al (2017) investigated VM for manufacturing of  copper-

clad laminate, a key material for printed circuit board production. 

The copper-clad laminate manufacturing data of  five months was 

collected. Based on these data, various predictive ML models 

were built, and their performance was compared. Dimensionality 

reduction algorithms (as forward selection, backward elimination 

(Fodor 2002) and GA) were implemented to remove the less 

significant variables. The algorithms perform well, and they even 

revealed several essential variables that were less obvious to 

process engineers. Depending on the type of  variable the VM had 

to estimate, different algorithms were better equipped for the task. 

This confirms a more general observation of  ML research: there is 

no algorithm that is the best, a rule that is captured in the ”No Free 

Lunch theorem” (Wolpert and Macready 1997).

Sibalija et al. (2012) combined the Taguchi method in combination 

with ANN and GA to make multi-response predictions similar to Lin 

et al. (2010). The Taguchi method is usually used to discern the 

important variables, while the ANN builds an ML model of  those 

variables. Finally, GA is implemented to search for the optimal 

process conditions. This methodology is especially interesting for the 

optimisation of  two conflicting process conditions. Mevawalla et al. 

(2010; 2011) used a sequential ANN model for advanced process 

control using production data. The model was built in a similar fashion 

as Kim et al. (2009) and it has an average prediction error of  3.3%.

In recent years, DL, a subset of  neural network algorithms, has 

gained popularity. In their paper, Wang et al. (2018) discuss the 

advantages of  DL over other ML algorithms. According to them the 

high dimensionality of  feature space and multicollinearity among 

measurements proves to be challenging even for ML algorithms. DL 

suffers less from these problems because it does not need feature 

engineering and is more an end-to-end type of  learning algorithm. 

The possibilities of  DL seem to be very promising, and this method 

will definitely be tested in this project.

Conclusions

Despite the diversity of  problems and datasets in solar and 

semiconductor manufacturing, we can infer a general approach 

to process optimisation using ML. First, the important features are 

determined, then, an ML algorithm is chosen to establish a predictive 

model. An optimisation algorithm is then chosen to determine the 
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accelerate R&D for all ACAP members, (2) initiate a lasting 

international partnership in the field of  characterisation, and (3) add 

further value to an Australian product.

Progress

In effect, PDS measures the spectroscopic heat signature 

of  a material sample, or thin film. As shown in Figure 6.40.1, 

monochromatic light illuminates a thin-film sample immersed in a 

viscous, optically transparent solution (in this case Flourinert FC72). 

The film heats up depending on the amount of  light absorbed; this in 

turn heats the liquid, changing its refractive index.

Figure 6.40.1: The heart of  the PDS system is the “mirage effect” 
that makes the very small amount of  absorbed light measurable. 
It is doing so by suspending the material sample in a liquid (e.g. 
carbon tetrachloride, carbon disulphide) that changes its optical 
refractive index strongly with temperature. Light that is absorbed 
by the sample creates a tiny amount of  heat, which then causes 
a refractive gradient (mirage) around that area in the liquid. This 
gradient is effectively forming a lens that can deflect a probing 
laser beam. The beam deflection can then be measured by a 
position detector. The distance to that detector acts as an optical 
cantilever, making the entire system extremely sensitive.

The amount of  heat dissipated by the liquid is then measured 

by passing a laser beam through the heated zone of  the liquid. 

The refractive index gradient within the liquid forms a “lens” that 

deflects the laser beam slightly. This is also called a mirage effect. 

The deflection of  the laser beam is measured at a distance with a 

position-sensitive detector. To increase the sensitivity, the heating 

monochromatic light is optically chopped, allowing operation in lock-

in mode.

Thus, the PDS technique is able to measure extremely small 

differences in sample temperature between illuminated and non-

illuminated states. For typical PDS measurements, there is no 

extraction of  charge carriers, therefore all incident energy that is not 

subsequently radiated through photoluminescence, creates heat. 

However, by making use of  the electrical contacts in photovoltaic 

devices, new measurement modes become possible.

For contacted devices, the following ”dark” energy losses are 

of  interest: the energy loss via (a) shunt resistance, (b) series 

resistance, and (c) defect recombination and thermalisation. While 

the shunt and series resistance losses can be measured electrically 

(I-V curve), the losses for defect and thermalisation are extremely 

6.40 ADVANCING THE 
PDS TECHNIQUE FOR ALL 
PHOTOVOLTAIC THIN-FILMS

Lead Partners

UNSW, Tokyo University

UNSW Team

Xiaojing Hao, Gavin Conibeer

UNSW Student

Xueyun Zhang

Tokyo University Team

Prof  Masakazu Sugiyama, Prof  Yoshitaka Okada

Industry Partners

Open Instruments: Henner Kampwerth, Michael Pollard

Funding Support

AUSIAPV, UNSW, Tokyo University

Aims

Dark energy losses, such as carrier thermalisation and defect 

recombination, are critically important to photovoltaic (PV) 

devices, yet are some of  the most difficult material parameters 

to characterise. To minimise these detrimental properties, it is 

necessary to accurately monitor them during material and device 

development. Usually, these parameters are indirectly quantified via 

an energy balance equation. In this scheme, the illuminating photon 

energy must equal the sum of  the electrical device output, and the 

luminescent (bright) and thermalisation (dark) losses. While the first 

two can be directly measured, the ”dark” component cannot, and 

must therefore be inferred as the ”remainder” from subtraction of  

the others. However, the cumulative error from the electrical and 

luminescent measurements can often render values for the ”dark” 

part useless. Measurements on thin-film materials can be particularly 

difficult due to their weak signals from photo-absorption and spatially 

integrated and quantitative photoluminescence.

During an excursion to Japan in April 2017, Dr Kampwerth visited 

Professor Sugiyama and Professor Okada at Tokyo University. There, 

a new measurement mode was conceptualised, enabling the direct 

measurement of  “dark” losses in thin-film photovoltaic devices. The 

concept is based on an ultra-high-sensitivity photothermal deflection 

spectroscopy (PDS) measurement system. It was initially developed 

at UNSW under the funding from ARENA (Fellowship 6-F028) in 

2013–2015. During 2017, funding from ACAP (Collaboration Grants, 

1-SRI001) enabled collaboration with Open Instruments and the 

first steps to be taken towards commercialisation. The systems 

far superior (1,000 x higher) sensitivity compared to traditional 

1-(R+T) absorption systems quickly made it the tool of  choice for all 

researchers interested in sub-bandgap phenomena, such as trap 

states and Urbach tails in thin-film materials.

The aim of  this project1 is to capitalise on this first meeting and 

(1) develop a new measurement technique that can significantly 
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Future Work

This project has commenced only recently, and no results can be 

presented at this time. All collaborators at UNSW, Tokyo University 

and Open Instruments are highly motivated to work together on this 

exciting project. 

1 “Advancing the PDS technique for all photovoltaic thin-films” 

(ARENA / ASI-USASEC Strategic Research Initiative – Collaboration 

Grants Round 4 (InfoEd: RG172866-D))

2 “Alignment-free PDS tool: From university to industry” (ARENA / 

ACAP Collaboration Grant – Round 3 – (Funding: 1-SRI001, InfoEd: 

RG123662-Q))

difficult to measure. It is here that the temperature-measuring PDS 

system comes into its own. With PDS, it is possible to measure all 

three components. The new measurement concept makes use of  

the fact that different modulation conditions affect different loss 

mechanisms.

For this project, the latest laboratory PDS set-up and first industrial 

set-up, developed with ACAP support2 and in collaboration with 

Open Instruments, are used and shown in Figure 6.40.2 and 6.40.3. 

Both will be modified accordingly to allow electrical biasing. 

Figure 6.40.2: An inside view of  the laboratory version of  the PDS 
tool, showing enclosed beam paths and vertically mounted light 
sources.

Figure 6.40.3: The first commercial beta version of  a PDS unit 
was presented at the Asia-Pacific Solar Research Conference 
(APSRC) at UNSW in December 2018. 

Highlights

• An international collaboration with Tokyo University has 

commenced. 

• Professor Sugiyama presented at the Asia-Pacific Solar 

Research Conference (APSRC) at UNSW in December 2018.

• An exciting new measurement capability of  PDS, the 

measurement of  dark carrier recombination, is being explored.
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(XANES) spectroscopy at the Al K-edge. It turns out that the Al-atoms 
in these layer stacks are exclusively tetrahedrally O-coordinated 
(i.e. as AlO4), in contrast to crystalline Al2O3 (corundum, sapphire), 
where octahedral coordination (AlO6) prevails. Also, SiO

2
-embedded 

Al
2
O

3
 monolayers do not undergo a phase transition (crystallisation)           

during high temperature annealing but remain amorphous since 

the adjacent SiO
2
 imprints its tetrahedral near-order onto the 

Al
2
O

3
 monolayers. Furthermore, the extended X-ray absorption 

fine structure (EXAFS) shows that the Al–O bond length of  Al
2
O

3
 

monolayers in SiO
2
 has not the typical bulk-Al

2
O

3
 value of  1.70 Å 

but approaches the dimensions of  the Si–O bond length in SiO
2
 

(1.61 Å). In agreement with the theoretical density functional theory 

(DFT) model (cf. König et al. 2017) the Al-atoms can be considered 

as being incorporated in the local SiO
2
 network at the Al

2
O

3
/SiO

2
 

interface. If  a trivalent Al-atom replaces a Si-atom in the network of  

SiO
4
 tetrahedrons an O-dangling bond is created that leads to the 

formation of  an unoccupied state localised at the Al-atom. That state 

is energetically located ~0.5 eV below the Si valence band maximum 

(as was measured previously by DLTS and in accordance with DFT-
predictions; see König et al. 2017) and thereby capable to capture an 
electron from the Si to form a negative fixed charge in the dielectric. 
We believe that this mechanism is basically the origin of the negative 
fixed charge typically observed at the Al

2
O

3
/SiO

2
 interface (Hoex et al. 

2008; Simon et al. 2015).

In contrast to thick ALD-Al
2
O

3
 films on Si which are typically 

activation-annealed at around 400°C (Hoex et al. 2008), we found 

that the negative fixed charge of  Al
2
O

3
 monolayers embedded in 

SiO
2
 requires much higher temperatures for its maximisation (Hiller 

et al. 2018). A detailed investigation revealed that a rapid thermal 

annealing at 850°C for 30 seconds allows for negative fixed charge 

6.41 PASSIVATING TUNNEL 
CONTACTS ON SI BY AI

2
O

3
-

MONOLAYERS IN SIO
2
 AND SI-RICH/

NANOCRYSTALLINE SIO
X

Lead Partner

ANU

ANU Team

Dr Daniel Hiller

Academic Partner

Institute of  Energy and Climate Research (IEK-5), Jülich Research 

Center, Germany: Dr Kaining Ding, Dr Manuel Pomaska, Malte Köhler

Funding Support

ACAP 

Aim

The objective of  this project is to investigate combinations of  

atomic layer deposited Al
2
O

3
 with ultra-thin films of  SiO

2
 and 

substoichiometric SiO
x
 as passivating hole-selective tunnel contacts 

on Si. The challenge is to achieve very good Si surface passivation 

with ≤2 nm SiO
2
 or SiO

x
 layers and just (sub)-monolayers of  Al

2
O

3
, 

so that the whole stack thickness still allows for direct quantum 

mechanical charge carrier tunnelling. In addition, such layer stacks 

are expected to be optically fully transparent and firing stable. 

Progress

We started with an in-depth structural and electrical characterisation 

of  atomic layer deposited (ALD) Al
2
O

3
 monolayers embedded in SiO

2
 

thin films (see Hiller et al. 2018). By means of  elastic recoil detection 

analysis (ERDA) the Al-deposition per ALD cycle on PECVD-SiO
2
 

was quantified. In contrast to HF-dipped Si surfaces (H-terminated), 

we do not find any initial growth inhibition (so-called ALD incubation 

cycles) but a rather constant deposition of  5 × 1014 Al-atoms/cm²/
cycle. Hence, an almost linear deposition from the first ALD cycle on 
can be assumed, which is an important prerequisite for a controlled 
Al

2
O

3
 monolayer deposition. Future measurement will reveal if  that 

assumption holds true for other deposited or grown SiO
x
 or SiO

2
 films 

as well. 

Based on time-of-flight secondary ion mass spectrometry (ToF-

SIMS) measurements we found that the aluminum from ALD-Al
2
O

3
 

monolayers sandwiched between SiO
2
 layers is unlikely to diffuse 

even through an ultra-thin tunnel SiO
2
 layer into the Si-wafer during 

thermal processing. Specifically, we determined a very small 

diffusion coefficient of  only 4 × 10-18 cm²/s at 1000°C. Therefore, the 
rapid thermal processing (RTP) activation annealing will not drive 
Al-atoms into the Si-substrate where they might become unintended 
p-type dopants. 

In order to understand the bonding configuration and local atomic 
surrounding of the Al-atoms in SiO

2
-embedded Al

2
O

3
 monolayers we 

measured synchrotron-based X-ray absorption near-edge structure 

Figure 6.41.1: Minority carrier lifetime (T
eff

) mappings at an injection 
level of  ~1015 cm−3 of  half-wafers with symmetrical SiO

2
/Al

2
O

3
-MLs/

SiO
2
-stacks and with slant-etched tunnel-SiO

2
, before and after 

H
2
-passivation annealing (400°C, 1 h). The tunnel-SiO

2
 thicknesses 

are plotted on the right y-axis. A similar lifetime up to ~1.5 ms is 
achieved in the optimum tunnel-SiO

2
 range of  2–3 nm irrespective 

of  H
2
-passivation. For too thick tunnel-SiO

2
 electron tunnelling from 

the interface defect states into the Al-acceptor states is impeded 
and then only H

2
-passivation can provide high lifetimes.
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charge transition level ~0.3 eV above the Si valence band edge, 

obviously represent a major reservoir for the electron capture by Al-

induced acceptor states. In contrast to electrons from the Si valence 

band the defect state electrons allow for higher electronic relaxation 

energy and they are located slightly closer to the acceptor states 

which increases the tunnelling probability. In other words, electrons 

which constitute recombination active defects at the Si surface are 

discharged by the Al-induced acceptor states located at the SiO
2
/

Al
2
O

3
 interface, which shifts their transition level energy out of  the 

midgap region and thereby deactivates these defects (in analogy 

to a chemical defect passivation). At the same time the electron 

captured by an Al-acceptor state generates a negative fixed charge 

in the dielectric, which contributes to surface passivation via field 

effect passivation. This model is depicted schematically in Figure 
6.41.2. We expect that the combined defect deactivation plus field 
effect passivation should be able to allow for very good Si-surface 
passivation irrespective of the type of tunnel-SiO2, i.e. thermal-SiO2, 
wet-chemically grown oxide (Köhler et al. 2018) or Si-rich amorphous 
oxide (Ding et al. 2012). This assumption is currently tested in 
collaboration with the partners in Germany. 

Highlights

• Achievement of  a similar negative fixed charge density as thick 

ALD-Al
2
O

3
 films and associated good Si surface passivation with 

just 5 ALD-Al
2
O

3
 cycles on tunnel-SiO

2
. 

• Suitable rapid thermal annealing parameters to maximise the 

negative fixed charge density found. 

• Model for an electron transfer from dangling bond defects at 

the Si/SiO
2
 interface (recombination centres) into Al-induced 

acceptor states in SiO
2
, associated with a discharge and 

deactivation of  the defect states and generation of  negative 

fixed charge in the dielectric. 

densities of  up to ~5 × 1012 cm-². Hence, the same value range that 
is typically achieved for around 20 nm ALD-Al

2
O

3
 is reproduced with 

just five ALD-Al
2
O

3
 cycles (≤5 Å) on an ultra-thin thermally grown 

tunnel-SiO2. Taking the requirement for electron tunnelling from the Si 
into the Al-induced acceptor state into account, it appears reasonable 
that the tunnel-SiO2 must not be too thick. We could show that the 
negative fixed charge density decreases drastically for tunnel-SiO2 
thicker than ~2.5 nm, which fits to our goal of a very thin total stack 
thickness that allows for low contact resistivities. 

First lifetime samples (Figure 6.41.1) on CZ-Si revealed tunnel-
SiO2 thicknesses of ~2 nm and 6 ALD-Al

2
O

3
 cycles maximum 

surface recombination velocities of <20 cm/s. Most importantly, a 
subsequent passivation annealing in H2 ambient (400°C) was not 
capable to significantly further improve that surface passivation 
quality. This indicates that the dangling bond defects at the Si/
SiO2 interface (highly SRH-active recombination centres), which 
are typically efficiently passivated by annealing in H2-ambient, are 
already passivated by the SiO

2
/Al

2
O

3
 stack. Capacitance-voltage 

(C-V) and conductance-voltage (G-V) showed that the interface 

trap level density (D
it
) of  samples with Al

2
O

3
 monolayers is up to 

one order of  magnitude lower than that of  pure-SiO
2
 reference 

samples (Hiller et al. 2019). In numbers we measure midgap-D
it
 

levels around 1011 cm-2 eV-1 for the samples with SiO
2
/Al

2
O

3
 stacks as 

well as for H
2
-passivated pure-SiO

2
 reference samples. Independent 

measurements by electron spin resonance (ESR) support the 

concept that the presence of  an SiO
2
/Al

2
O

3
 interface in a tunnelling 

distance from the Si substrate reduces the density of  P
b
-type 

dangling bond defects (Hiller et al. 2018). 

Based on this insight, we re-evaluated our model about the origin of  

the negative fixed charge at the SiO
2
/Al

2
O

3
 interface. The dangling 

bonds at the Si/SiO
2
 interface (so-called P

b0
-centers), which are 

comprised of  a defect state occupied by single electron with a 0↔1 

Figure 6.41.2: Schematic illustration of  the dangling bond discharge model. (a) In the initial state, the 
P

b0
 defect is occupied with one electron (charge state 1), whereas the Al-induced acceptor state is 

unoccupied (Al0). Tunnelling of  the electron from the P
b0

 defect into the acceptor state allows for a 
substantial energy relaxation; and (b) after tunnelling, the P

b0
 defect is unoccupied (charge state 0) and 

the acceptor state is occupied (Al–). The additional electron in the dielectric has an electric field (indicated 
by the reddish sphere), which allows for field effect passivation. Both effects together allow for efficient Si-
surface passivation without any hydrogen or forming gas annealing. 
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• Demonstration of  similar interface trap level densities (D
it
) and 

minority carrier lifetimes (τ
eff

) before and after H
2
-passivation 

annealing, supporting the concept that interface defects are 

deactivated by Al-induced acceptor states in a similar way as by 

hydrogen. 

Future Work

Detailed investigation of  Si surface passivation and contact resistivity 

with different tunnel-SiO
2
/-SiO

x
 materials and as function of  the 

number of  ALD-Al
2
O

3
 cycles. 

In-depth structural-chemical characterisation of  various tunnel 

oxides using synchrotron radiation. 
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Highlights

• Successful fabrication of  two-terminal perovskite/Si tandem solar 

cells. 

• Development of  encapsulation method suitable for two-terminal 

perovskite/Si tandem solar cells for outdoor testing.

• Collection of  useful electrical characteristic data of  perovskite/Si 

tandem cells operating outdoor. 

• Collection of  useful climatic data for further cell analyses. 

Future Work

• Analyse cell performance taking into account climatic data due 

to multiple variables introduced by real outdoor conditions.

• Testing of  devices with identical fabrication conditions both 

indoor and outdoor. 

• Obtain field energy yield data accounting for the time of  the day 

and day of  the year. 

• Assessment of  cells at standard test conditions (STC) and 

nominal operating cell Temperature (NOCT) equivalent 

conditions in an outdoor environment.
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TANDEM CELLS
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Aim

Monolithic integration of  a perovskite-silicon tandem device in a 

two-terminal configuration, although an elegant approach, has 

inherent current matching limitations for such a series connected 

device. The aim of  the project is to increase understanding of  the 

effect of  varying spectrum, angle of  incidence and temperature 

when two-terminal perovskite-silicon cells operate under real outdoor 

conditions. 

Progress

A two-terminal perovskite/Si tandem solar cell consisting of  a 

perovskite cell with a structure of  an SnO₂/perovskite/hole transport 

layer/MoO
x
/ITO/Ag on top of  an n-type PERL cell with a front p+ 

emitter is fabricated (Zheng et al. 2018a and 2018b) at UNSW. 

A modified encapsulation method is developed by UNSW building 

on previous work (Shi et al. 2017) sealing the devices from moisture 

ingress. 

Test jigs with monitoring equipment were set up by CSIRO Energy to 

collect current-voltage data of  cells as well as device temperature, 

climate and irradiance data. 

The data is treated by first extracting all of  the I-V curves collected 

followed by the removal of  I-V curves that were measured when the 

irradiance was unstable.

Figure 6.42.2 shows I
SC

, V
OC

 and P
MPP

 of  two devices operating 

outdoor. 

Figure 6.42.1: Perovskite/Si tandem solar cell fabricated and 
encapsulated by UNSW undergoing outdoor testing at CSIRO 
Energy Newcastle field testing site.
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Figure 6.42.2: Preliminary results showing (a) device #1’s J
SC

; (b) device #2’s J
SC

; (c) device #1’s V
OC

; (d) device #2’s V
OC

; (e) device 
#1’s P

MPP
;  and (f) device #2’s P

MPP
. 
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spectrum splitting is the integration of  a suitable DBR within the 

TJSC during fabrication instead of  a separate dielectric fi lter. This 

work proposes a potentially more cost-effective approach, namely 

the integration of  an intermediate distributed Bragg refl ector (DBR) 

during TJSC fabrication, optimised to function as a suitable band-

refl ect fi lter, instead of  using a separate (cover-glass) dielectric fi lter. 

A DBR is a periodic structure formed from multiple alternating 

layers of  materials with different refractive index. A DBR can 

achieve nearly 100% refl ectance over a specifi c wavelength range. 

Implemented in a solar cell, a DBR can refl ect non-absorbed 

photons for an additional pass through the cell, allowing an increase 

in photocurrent and effi ciency.

We measured the spectral specular refl ectance of  an LM 

Ga
0.51

In
0.49

P/Ga
0.99

In
0.01

As/Ge TJSC using a Perkin-Elmer Lambda 

1050 UV-Vis-NIR spectrophotometer with universal refl ectance 

accessory (URA) at the minimum (8°) angle of  incidence (AOI). We 

developed an optical model of  this TJSC by adapting published 

structures (Bett et al. 2012) so that the simulated and measured 

6.43 HIGH EFFICIENCY SPECTRUM 
SPLITTING CPV RECEIVER USING 
A TRIPLE-JUNCTION SOLAR 
CELL WITH INTERNAL BRAGG 
REFLECTOR

Lead Partner

UNSW

UNSW Team

Dr Yajie Jiang, Dr Mark Keevers, Prof  Martin Green

Industry Partners

Azur Space Solar Power 

RayGen Resources Pty Ltd 

Funding Support

ACAP

Aim

UNSW has demonstrated a world record conversion effi ciency of  

40.6% with a spectrum splitting concentrator photovoltaic (CPV) 

submodule, using a 150-layer dielectric bandpass fi lter to divert 

the 900–1050 nm spectral band from a triple-junction solar cell 

(TJSC) to a Si cell. This project aims to develop a potentially lower 

cost and higher performance approach using a TJSC with internal 

spectrum-splitting Bragg refl ector, which can be implemented with 

little additional cost during manufacture, in contrast to fabrication of  

discrete dielectric fi lters.

Progress

The centralised power tower technology is regarded as one of  the 

most promising approaches to CPV, which is being developed by 

Australian company RayGen Resources, consisting of  a fi eld of  

heliostats concentrating the sunlight to a single fl at 1 m2 PV array 

atop a mast (Figure 6.43.1(a)). The cells used in the receiver are 

high performance GaInP/GaInAs/ Ge TJSCs) (Figure 6.43.1(b)). One 

disadvantage of  these TJSCs is the bottom Ge cell having a much 

lower bandgap, generating much more current than the other two 

cells. The extra current is wasted as heat within the cell, increasing 

challenges in maintaining low operating temperatures where the 

cells are most effi cient. 

Given this single large receiver, an effi cient approach to solve this 

problem is using spectrum splitting by refl ecting some of  the excess 

photons reaching the Ge cell in the TJSC array onto a relatively 

inexpensive array of  Si cells. The receiver details of  one spectrum 

splitting approach for a photovoltaic power tower are shown in 

Figure 6.43.2.

This particular spectrum splitting diverts the 900–1050 nm 

spectral band from a lattice-matched (LM) TJSC to a Si cell by 

using a custom 150-layer dielectric bandpass or band-refl ect fi lter, 

respectively. A possibly more cost-effective approach to such 

Figure 6.43.2: (a) Schematic of  a V-shaped spectrum splitting 
receiver; and (b) spectrum splitting concept used in (a).

Figure 6.43.1: (a) RayGen’s central receiver CPV power tower 
system; and (b) close-up of  the receiver.
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Figure 6.43.4: Modelled specular refl ectance of  an LM TJSC 
with intermediate DBR to refl ect 900 nm at 45° AOI. The spectral 
refl ectance of  the DBR design on a 1 um thick GaAs substrate 
is included to show the ”bare” DBR refl ectance range (without 
overlying layers). A dielectric fi lter (theoretical refl ectance data 
was supplied by Omega Optical Inc. for their band-refl ect fi lter 
designed for 30° AOI) and an idealised pillbox band-refl ect fi lter 
are shown for comparison.

Figure 6.43.5: Modelled EQE of  (a) the original LM TJSC @ 
0° AOI; and (b) the four-junction spectrum-splitting receiver 
consisting of  the modifi ed LM TJSC @ 45° AOI with DBR plus the 
Si cell.

refl ectance are a close match. Optical analysis software WVASE®

was used to fi t the modelled refl ectance to the measured data, by 

allowing the layer thicknesses to be automatically adjusted (within 

sensible bounds). 

The spectral specular refl ectance of  the LM TJSC used in this work 

is shown in Figure 6.43.3, showing a good fi t between modelled and 

measured values. The refl ectance peak at 900 nm, which is around 

the band edge of  the Ga
0.99

In0.01
As middle sub-cell, is consistent 

with an intermediate DBR (16-bilayer Al
0.2

Ga
0.8

As (1.7eV)/Al
0.8

Ga
0.2

As 

(2.1eV)) located between the GaInAs middle and Ge bottom sub-

cells (Meusel et al. 2014), intended to refl ect non-absorbed band 

edge photons back into the current-limiting GaInAs middle sub-cell 

to increase photocurrent without signifi cant loss to the Ge sub-cell.

Figure 6.43.3: Modelled and measured specular refl ectance at 8° 
AOI of  an LM TJSC with intermediate DBR (insert shows close-up 
at wavelengths of  interest to spectrum splitting).

The intermediate DBR in the LM TJSC gives a substantial 900 

nm refl ectance peak at 45° AOI suited to spectrum splitting 

applications (Figure 6.43.3). The fi rst attempt is to simulate the TJ+ 

Si four-junction receiver effi ciency with original cell design. To aid 

understanding and design, the spectral refl ectance of  the DBR 

on a GaAs substrate is modelled as well to reveal the ”bare” DBR 

refl ectance (i.e. air interface, no overlying layers) (Figure 6.43.4).

The impact on EQE of  changing from the original TJSC at 0° AOI to 

a (four-junction) spectrum splitting receiver with LM TJSC at 45° AOI 

plus a Si cell to capture the refl ected light is shown in Figure 6.43.5. 

The effi ciencies of  the three-junction and four-junction receivers 

under 800 suns were calculated, with the original TJSC increased 

from 40.7% to 41.8% = 39.7% (TJSC) + 2.1% (Si).
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Highlights

• Optical models of  lattice-matched GaInP/GaInAs/Ge triple-

junction solar cells are developed.

• We proposed a more cost-effective spectrum splitting approach 

by integrating a DBR within the TJSC during fabrication instead 

of  using a separate dielectric filter.

Future Work

• Fabricate a TJ(Bragg)/Si spectrum splitting CPV receiver and 

characterise the receiver performance including conducting 

outdoor IV test.

• Upgrade the current spectrum splitting receiver to be able to 

test the case where the cell is the spectrum splitting component, 

compared with current separate design.
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A potential commercial application of  this spectrum splitting 

approach is to upgrade the central receiver in Australian company 

RayGen’s CPV power tower system, where sunlight is reflected 

from a field of  sun-tracking heliostats to a dense-packed PV array 

mounted on a central tower (see section 6.1 and 6.43 for photos). 

In such systems, improved efficiency of  the central receiver not only 

reduces costs by increasing energy output for a given investment in 

heliostats and towers but also reduces unwanted heat generation 

at the central tower. RayGen’s technology is future-proofed due to 

the relative ease of  swapping out the central PV receiver with higher 

efficiency receivers as these become available.

A more sophisticated PV receiver capable of  increasing efficiency 

towards the historically significant value of  50% has been designed 

(Green 2017), which involves extending the spectrum splitting 

approach to a combination of  two 3J cells for even better utilisation 

of  the solar spectrum (Figure 6.44.2). The optimal design identified 

is predicted to have a practical efficiency of  51% at 300 suns 

concentration and 51.7% at 500 suns. The higher energy (1.4 <E
ph

 

<2.3 eV) photons are converted using a 3J cell (based on lattice-

matched solid solutions of  GaAs, GaP, InP, AlP and AlAs) on a GaAs 

(or, equivalently, an inert Ge) wafer, while the lower energy (0.73 <E
ph

 

<1.4 eV) photons are converted using a 3J cell (based on lattice-

matched solid solutions of  GaAs, InAs, InP, AlAs and GaSb) on an 

InP wafer. A long-pass filter performs the required spectrum splitting.

Figure 6.44.2: Conceptual design of  a 3J + 3J spectrum splitting 
receiver using a long-pass filter and two 3J cells on GaAs and InP 

substrates, capable of  achieving 50% efficiency (Green 2017).

This project aims to progress along the development path towards 

this landmark performance, working closely with new collaboration 

partner CETC-18 with specialist expertise in III-V multi-junction 

solar cells. The ultimate goal of  50% will require the development of  

high efficiency 3J cells on GaAs (or inert Ge) and InP wafers. Each 

6.44 LANDMARK 50% EFFICIENT PV 
RECEIVER

Lead Partner

UNSW
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Dr Mark Keevers, Dr Yajie Jiang, A/Prof  Ned Ekins-Daukes, Prof  

Martin Green

Industry Partners

18th Research Institute of  China Electronics Technology Group 

(CETC-18), Tianjin, China: Prof  Qiang Sun

RayGen Resources Pty Ltd: Dr John Lasich

Funding Support

ACAP

Aim

Based on the UNSW spectrum splitting approach that was the first 

to achieve sunlight-to-electricity conversion efficiency above 40%, a 

more sophisticated concentrator photovoltaic (CPV) module capable 

of  efficiency above 50% has been designed. This project provides 

seed funding to enable progress along the development path towards 

demonstrating this landmark efficiency, including establishing a 

collaboration with III-V multi-junction cell experts CETC-18.

Progress

Increasing efficiency is a key driver for PV cost reduction. In 2014, 

UNSW gained international attention by demonstrating the first PV 

receiver to achieve a sunlight-to-electricity conversion efficiency above 

40% (independently confirmed by NREL). The prototype submodule 

uses a dielectric bandpass filter to divert otherwise wasted (900–1050 

nm) photons away from a GaInP/GaInAs/Ge triple-junction (3J) cell to 

a Si cell to form a 4J receiver (Green et al. 2015) (Figure 6.44.1). In 

2016, UNSW further improved this efficiency to 40.6%.

Figure 6.44.1: Schematic of  the 3J + 1J spectrum splitting 
approach used to achieve 40% efficiency (Green et al. 2015).
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This ACAP seed funding has also enabled us to develop our ideas 

further, including identifying an alternative pathway to achieving 

the 50% efficiency. Consequently, we applied for a large Global 

Innovation Linkage grant, with RayGen as the lead and UK-based 

III-V epiwafer experts IQE as the global partner. The outcome will be 

announced in Q2 2019.

Highlights

• Conceptual design of  50% efficient receiver.

• Visit to project partners CETC-18.

• Development of  high quality 2.1 eV material.

• Design of  a suitable long-pass filter.

• Global Innovation Linkage grant application.

Future Work

Further progress along the development path towards a landmark 

50% efficient PV receiver, including work on a 3J-on-GaAs (or inert 

Ge) + 1J-on-InP spectrum splitting receiver.
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multi-junction cell requires monolithic fabrication and the sub-cells 

to be current matched, while the two 3J cells are not required to 

be current matched to each other (four-terminal connection). This 

relaxation on the constraint of  having all six cells current matched 

contributes to the high overall efficiency.

The seed funding provided by this small ACAP grant is enabling 

us to embark along the development path to the ideal 3J + 3J = 

6J receiver by first investigating the combination of  a 3J cell on 

GaAs (or inert Ge) and a 1J cell on InP. The former cell is not a 

great deal different from existing commercial GaInP/GaInAs/Ge 3J 

cells, whereas high efficiency cells on InP are a more significant 

challenge. In the longer term, the InP-based stack will be progressed 

to a 2J then a 3J cell. Each iteration will involve design refinement, 

fabrication and characterisation of  the III-V on GaAs (or inert Ge) 

and III-V on InP cells and fabrication and testing of  the spectrum 

splitting CPV receiver, targeting a new efficiency record above the 

existing 40.6%. Careful attention will also be paid to minimising 

optical losses in the CPV receiver, including the dielectric long-pass 

filter and the concentrating mirror.

Progress to date includes a visit by Mark Keevers and Yajie Jiang 

(UNSW) to project partners CETC-18 in Tianjin, China, in August 

2018 (Figure 6.44.3), in order to firm up the collaboration.

Figure 6.44.3: Mark Keevers and Yajie Jiang giving a presentation 
on the 50% efficiency project to collaboration partners CETC-18 
in August 2018.

To date, CETC-18 has performed some optimisation of  the high 

bandgap (2.1 eV) material deposition, achieving relatively low defect 

density (Figure 6.44.4). 

With regard to the spectrum splitting component of  the receiver, 

filter supplier Omega Optical, Inc. has designed a high performance 

broadband long-pass filter to our demanding specification, which 

is necessary for the practical achievement of  50% efficiency. Our 

previous experience with Omega Optical is that the performance 

of  their fabricated dielectric coatings closely matches that of  their 

theoretical designs.

Figure 6.44.4: TEM image 
of  deposited 2.1 eV 
material, showing low 
defect density (image 
courtesy CETC-18).
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to its negative effect on heat-sensitive devices such as perovskite, 

CZTS or organic solar cells being considered as top cells in a 

tandem confi guration. To lower the annealing temperature of  Ag 

NWs, high aspect ratio wires were tested based on the results from 

the superstrate confi guration optimisation. The NWs were then 

subject to a post-treatment which involved heating it on a hotplate 

after completely drying out the solvent at room temperature. Each 

sample was gradually heated up at a rate of  30°C/min and the sheet 

resistance of  samples was measured at sequential temperatures. A 

modifi ed annealing process called “in situ treatment”, at 60°C was 

applied. More details are provided in Teymori et al. (2017).  Figure 

6.45.2 compares the effect of  

Figure 6.45.1: Sh eet resistance as a function of  the Ag NWs 
annealing temperature. Three groups of  Ag NWs are with aspect 
ratio of  200, 700 and 3000 at different temperatures for 20 minutes 
in the oven after deposition. Two SEM images showing contact 
points of  nanowires at (left) 150°C and (right) 180°C for the high 
aspect ratio nanowires are also included (Teymouri et al. 2017).

Ag NW aspect ratios subject to in situ treatment on sheet resistance 

and different types of  heat treatments (Teymouri et al. 2017). 

In situ treatment provided highly conductive TCL at 60°C while 

benefi ting from high aspect ratio Ag NWs and also allowed us to try 

temperatures <100°C using this simple method.

To validate the functionality of  low temperature Ag NW as a TCL, 

the Ag NW network was applied as the top electrode on a CZTS 

solar cell replacing the traditional ITO. Comparing the performance 

of  Ag NWs and ITO as the top electrodes in a full device, Ag NW 

TCL resulted in approximately the same sheet resistance as the ITO 

layer, 18 Ω/□. Solid lines in Figure 6.45.3(a) show EQE of  CZTS cells 

with the Ag NWs and ITO (Teymouri et al. 2017). The solar cell with 

Ag NW electrode shows a higher EQE value for wavelength range 

between 350 and 900 nm. Ag NWs can transmit more light over a 

large spectrum range particularly below 500 nm and above 700 nm 

as evident from the transmittance plot in the same fi gure. Due to the 

UV and free carrier parasitic absorptions in the ITO sample (Filipič et 

al. 2015), the transmission of  light into the absorber layer decreases 

resulting in the reduction of  EQE. Another representative EQE result 

from a better performing CZTS cell comparing the case with ITO and 

6.45 THIN SILVER NANOWIRE-
BASED PROMISING TRANSPARENT 
CONDUCTIVE LAYER FOR SOLAR 
CELLS

Lead Partner
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UNSW Team
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Green

Academic Partner
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Funding Support
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Aim

The aim of  this work is to fi nd a suitable replacement for Indium 

Tin Oxide (ITO) transparent conducting layer (TCL) for potential 

application as the top electrode in tandem solar cells. Due to free 

carrier absorption of  ITO in the visible and near infrared (IR) regime, 

there is a need for light management to replace the traditionally used 

ITO layer. High transmissivity in the visible and near IR regime is 

critical for the optimum performance of  the top and bottom cells in a 

tandem stack. This study has utilised silver nanowires (Ag NWs) as a 

potential transparent conducting layer with focus on low temperature 

processing so as to be compatible with emerging cell technologies 

suitable in a top cell confi guration.

Progress

Ag NWs were fi rst optimised for a superstrate structure cell where 

the TCL was deposited onto a quartz substrate. This study was 

undertaken to study the effect of  NW diameter and length on the 

sheet resistance and also its effect on temperature. Annealing 

process was used to form a conductive Ag NWs network. To lower 

the surface roughness and sheet resistance of  Ag NWs, thinner 

and longer nanowires were used respectively. Figure 6.45.1 

demonstrates the effect of  length/diameter (aspect ratio) of  Ag NWs 

on sheet resistance and different annealing temperatures (Teymouri 

et al. 2017). High aspect ratio NWs provided highly conductive 

TCL at lower temperatures in view of  lower surface roughness. 

With increased temperature, the sheet resistance fi rst decreased, 

attributed to better joint formation and reduced contact resistance 

and then increased due to snapping of  the NWs after passing the 

optimum temperature point (Langley et al. 2014). It shows that the 

higher aspect ratio and thinner nanowires started to fuse at lower 

temperatures below 150°C.

Ag NWs were then optimised for a substrate structure where TCL 

is deposited as the top layer. Traditionally Ag NWs are subject to 

an annealing of  >200°C to enable the wires to fuse and have a 

conductive network. In our case, the high temperature annealing 

process cannot be applied to form a conductive Ag NW network due 
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As part of  this study, we also looked into the effect of  sheet 

resistance on surface coverage. This is important considering the 

surface coverage has to be minimum for the lowest sheet resistance 

network to allow for maximum transmission to the bottom cells in a 

tandem cell structure. Using percolation theory (Mutiso et al. 2013), 

we found that Ag NWs with higher aspect ratio result in lower sheet 

resistance for the same surface coverage. For instance, Ag NWs 

with a 3000 aspect ratio could provide 40 Ω/□ sheet resistance with 

only 5% surface coverage compared to 10% surface coverage for 

Ag NWs with an aspect ratio of  700. A higher aspect ratio (3000) of  

an Ag NW network is more uniform and has a better distribution than 

the lower aspect ratio Ag NWs (700 and 200) as might be expected 

from the increased prospects for longer wires to be incorporated 

effectively into the network. 

Our results with Ag NWs are promising, however overcoming the 

lateral conductivity due to the low diffusion length of  the emerging 

top cell technologies like CZTS, perovskite, organics (without 

compromising transmittance) means a thin layer of  a conductive 

layer is imperative for reducing series resistance and good cell 

performance. Researchers use a thin layer of  ITO to combat this issue, 

however the aim of  this work is to totally replace ITO as it is expensive 

and process-incompatible. This will be the focus of  our future work.

Highlights
• Optimising Ag NWs TCL for low temperature processing.

• Demonstration of  proof  of  concept of  potentially replacing the 

ITO by depositing the Ag NW on CZTS solar cells using the low 

temperature process. 

Future Work
• Applying Ag NWs as TCL on other technologies like Organic 

Solar cells as potential replacement of  ITO.

• Studying the Ag NWs joints at nanoscale to better understand 

the excellent performance of  Ag NWs using low temperature 

processed heat treatment and high aspect ratio NWs.

• Optimising the lateral conductivity of  Ag NWs with a thin 

underlayer of  a conductive metal oxide thin fi lm such as ZnO to 

mitigate issues with low diffusion length materials. 
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Ag NWs can be seen in Figure 6.45.3(b). The results clearly show 

the potential of  Ag NWs in improving the performance at shorter and 

longer wavelengths where parasitic absorption of  ITO dominates 

(indicated by green arrows in Figure 6.45.3(b)). It is noteworthy 

that the results presented did not use any thin underlayer ITO layer 

for lateral conductivity. While further optimisation of  the structure 

is required, there is clear promise in the use of  Ag NW as a TCL 

without degrading cell performance.

Figure 6.45.2: Sheet resistance as a function of  temperature for 
in situ heating and post-treatment processes for different aspect 
ratio (AR) nanowires. Dashed lines represent post-treatment 
samples. Solid lines with markers represent in situ heating.

Figure 6.45.3: (a) 
Corrected transmission 
of  Ag NWs (aspect 
ratio – 3000) with 
heat-treatment at 
60°C (bold squares) 
compared with ITO 
as a top electrode in 
CZTS cell (black stars). 
Both electrodes have 
similar sheet resistance 
of  18 Ω/□. External 
quantum effi ciency 
(EQE) of  CZTS cells, 
one with Ag NWs (red 
squares-continuous 
line) and other with ITO 
(black stars-continuous 
line); and (b) Ag NW 
incorporated cell results 
(red squares-continuous 
line), overlaid with 
one of  the better 
performing CZTS cells 
(Effi ciency: 9.5%) with 
ITO (blue line). Green 
arrows show areas of  
improvement.
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lifetime. The sensitivity and signal/noise ratio is high because of  the 

use of  lock-in techniques (Breitenstein et al. 2010).

Figure. 6.46.1: Image of  the trap concentration and minority 
carrier lifetime as measured by a lock-in free carrier emission 
technique developed in this work.

However, this technique in its current form cannot measure the 

transient kinetics of  traps. Measuring the transient kinetics of  traps is 

important as it would allow us to detect thermal donors in silicon.

Figure 6.46.1 shows the image of  the trap concentration and minority 

carrier lifetime as measured by a lock-in free carrier emission 

technique developed in this work. Here, we show that the trap 

concentration and minority carrier lifetime are inversely correlated. 

This means thermal donors are active participants in limiting the 

minority carrier lifetimes of  such wafers.

The technique developed in this project can be used to discriminate 

between oxygen precipitates and thermal donors. It also allows us 

to better understand oxygen thermal donor formation mechanisms, 

their recombination activity and the relationship between trapping 

and recombination activity.

Highlights

• Development of  a new technique to image the concentration of  

slow traps in silicon wafers.

• Correlation of  trap concentration and recombination lifetime in 

silicon wafers.

• Identification of  efficiency-limiting defects in solar-grade silicon 

wafers using an innovative technique.

Future Work

• Investigate the relationship between thermal donor concentration 

and species on trapping parameters.

• Unravel the impact of  thermal donor species on recombination 

parameters.
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Funding Support
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Aim

This project aims to understand and control the properties of  defect 

limiting high efficiency silicon solar cells and focuses on oxygen-

related defects. This class of  defects is still poorly understood and 

current defect-engineering techniques are particularly inadequate at 

annihilating such defects. 

Progress

Oxygen-related defects often plague Czochralski-grown wafers. 

Such defects form in concentric rings and limit the efficiency of  

monocrystalline silicon solar cells. Two types of  oxygen-related 

defects limit monocrystalline silicon solar cells, each in significant 

concentrations (Haunschild et al., 2011). The first species, oxygen 

thermal donors are relevant for heterojunction solar cells and can 

be removed by a 650ºC anneal (Wijaranakula 1991). The second 

species are oxygen precipitates, they are relevant for all cell types 

and can only be removed at high temperature, a process called 

Tabula Rasa (Looney et al. 2017). However, the state-of-the-art 

technique, photoluminescence imaging, cannot discriminate 

between oxygen precipitates and thermal donors. It is critical to have 

reliable characterisation techniques to differentiate between thermal 

donor and oxygen precipitates. Such techniques would allow us to 

tailor a defect-engineering process to remove defects selectively.

In this project, we have developed a new technique to image traps 

in silicon wafers using lock-in free carrier emission and absorption. 

This technique allows us to understand the relationship between the 

spatial distribution of  traps and recombination centres in wafers. 

It also allows us to discriminate between oxygen precipitates 

and thermal donors as only thermal donors lead to trapping 

characteristics.

In lock-in thermography, the excess carrier concentration is 

measured using an infrared camera. Free carriers absorb and 

emit infrared photons and the amount of  absorption/emission is 

proportional to the excess carrier density and the minority carrier 
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• Determine the impact of  low-temperature annealing and light- 

and elevated-temperature on oxygen related defects.
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Figure 6.47.1: Optimisation of  perovskite composition and device 
architecture yielded PCEs of  15.6% for best performing cells.

In our previous work, we have successfully used metal grids 

to effectively reduce the sheet resistance (R
sh

) of  transparent 

conducting oxide, enabling fabrication of  large-area monolithic 

cells with spin coated active layers (Hambsch 2016).3 However, 

moving away from spin coating is required for upscaling the device 

dimensions and that process is one of  the main objectives of  the 

current project. To this end, blade-coating was chosen as the 

preferred method of  deposition of  the charge selective layers as well 

as the photoactive layer due to its scalability and simplicity (Zhong 

et al. 2018).

Following up on our previous work, metal grids deposited on ITO 

were prepared as the anode for large-area cells. Considering our 

best laboratory-scale devices used copper as the cathode, copper 

grid lines were deposited onto 25 cm2 ITO substrates, as opposed 

to aluminium in the original work. Conductivity measurements 

indicated effective reduction of  sheet resistance of  the modifi ed 

electrodes, with R
sh

 values as low as 2Ω/square. These electrodes 

were then taken to the CSIRO during a one-month visit by Meera 

Stephen, where blade-coating of  the different layers was undertaken 

in collaboration with Doojin Vak. Several variants of  PEDOT:PSS 

from ClevoisTM were tested for their suitability for blade-coating onto 

the grids as well as having the desired conductivity and optical 

transmittance properties. A specifi c type of  PEDOT:PSS, named 

”HIL-E” was chosen for its apparent superior planarisation properties 

on the metal grids. Thin fi lms of  HIL-E were then optimised with 

respect to blade temperature and speed to provide for (visibly) 

uniform fi lms. Next, a perovskite ink comprised of  the triple cation 

confi guration was hot-processed using a stage temperature of  

130°C to form a good quality perovskite fi lm without anti-solvent 

addition (Deng et al. 2018). Devices were then completed by a 

blade-coated layer of  PCBM as electron transport layer followed by 

vacuum deposited silver as cathode. 

6.47 LOSS-LESS UPSCALING OF 
PEROVSKITE SOLAR CELLS BY 
EMBEDDED METAL GRIDS

Lead Partner
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Funding Support
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Aim

This project aims to develop optimum electrode designs and 

improved formulations for high throughput perovskite solar cells. 

The specifi c objective of  this project is to provide proof-of-principle 

results for high performing 25 cm2 perovskite solar cells.

Progress

The fi rst step in developing the large-area perovskite devices was 

to optimise the perovskite processing formulations on laboratory-

scale (0.2 cm2) devices. Fabrication and optimisation processes 

for small-area devices has been carried out at University of  

Queensland. To start with, inverted planar devices were fabricated 

using methylammonium lead triiodide (MAPI) perovskite as the 

active layer. The perovskite layer was deposited using a one-step 

spin coating process from a solvent mixture of  γ-butyrolactone 

and dimethylsulphoxide followed by toluene solvent annealing 

(Jeon et al. 2014). Devices fabricated with PEDOT:PSS as hole 

transport layer, PCBM as electron transport layer and lithium fl uoride/

silver as cathode yielded average power conversion effi ciencies 

(PCE) of  8.9% (Figure 6.47.1). Higher performing solar cells were 

fabricated with perovskite absorbers made of  a mixture of  three 

cations (caesium, methyl ammonium, formamidinium) sharing 

the A-site of  the ABX
3
 structure and both iodide and bromide 

as halides. The resulting perovskite ink had a composition of  

Cs
0.05

(MA
0.17

FA
0.83

)
0.95

Pb(I
0.83

Br
0.17

)
3 
and is referred to as CsMAFA in the 

rest of  the report. Use of  PTAA as hole transport layer provided an 

improved V
oc

 of  1.08 V compared to 0.88 V for PEDOT:PSS interlayer. 

C
60

 as an electron transport layer was vacuum deposited onto the 

CsMAFA active layer followed by BCP and copper as cathode. The 

best performing devices afforded PCEs of  15.6%. These optimised 

device confi gurations were then used for upscaling experiments on 

25 cm2 substrates for monolithic cells.  

Two critical issues that need to be addressed for monolithic cells are 

the increase in pin holes and other inhomogeneities and the increase 

in series resistance (Kim et al. 2017).
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However, at this stage the current density-voltage measurements of  

the blade-coated devices revealed high leakage currents leading 

to poor photovoltaic performances. Such leaky behaviour could 

possibly arise either from formation of  pin holes in the perovskite 

layer or from a non-conformal coating of  perovskite ink on the metal 

grids. At this point in the project, the blade-coating process requires 

further optimisation to provide pin-hole free fi lms over the active 

area. Additionally, the height of  metal grids relative to the perovskite 

fi lm thickness and conductivity has not yet been optimised in the 

initial study. Future work will involve use of  advanced electrodes from 

CAS based on silver grid lines embedded within the transparent 

conducting oxide (Li et al. 2013). Such ”bump free grids” are 

expected to alleviate the problem of  non-conformal coating of  the 

perovskite layer on the grid electrode and provide better quality 

blade-coated fi lms. 

Highlights

• Optimisation of  small-area inverted perovskite solar cells.

• Large-area ITO electrodes with copper grid lines effectively 

reduces sheet resistance. 

• Obtaining pin-hole free blade-coated perovskite fi lms over large 

areas has been challenging. 

Future work

• Use of  embedded metal electrodes instead of  grid lines on the 

transparent conducting electrode.

• Optimisation of  the blade-coating process on new electrodes 

to provide for better quality fi lms and hence higher performing 

devices. 

Figure 6.47.2: Blade-
coated fi lms of: (a) HIL-E, 
processed at stage 
temperature of  70°C; and 
(b) CsMAFA, processed 
at stage temperature of  
130°C.
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– Printed metal grids with CP layer: Printed metal grids in 

conjunction with CPs are also one of  the popular approaches 

for achieving TCEs at low cost. Although the grid parts block 

light transmission, good conductivities can be achieved with 

this approach. This approach also allows for easy control of  the 

transmittance/conductivity ratio by controlling the aperture/grid 

coverage ratio. The biggest challenge is managing the profile of  

the grids. An embedded grid approach has been popular. However, 

the approach cannot be used on barrier films as the physical 

pattern will create transmission paths for oxygen and moisture into 

the device. The project will use a molecular-precursor-based silver 

ink, in contrast to commonly used particle-based inks, to produce 

smooth profiles with industrial printing methods. The CSIRO team 

and Mr Gram Dancey, the industry partner, have been discussing the 

printing trial using an industrial printer in the manufacturing factory 

of  Norwood Industries. Required specifications of  the inks have 

been identified through meetings and site visits. Discussions will be 

continued through regular meetings in the second project year with 

an aim of  producing TCEs by using Norwood Industries’ industrial 

printing machine. 

– Conductive polymer layer: Thin layers of  CPs can be used 

as TCEs depending on the conductivity requirement of  the 

application. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT:PSS) has been the most popular CP for TCE of  PVs, however 

the material has been used only with small cells due to its limited 

conductivity or used as a composite with metals for large-area 

applications. Therefore, there have been intensive research efforts 

to increase the conductivity of  the CP and the bulk conductivity of  

the CP has now increased to that of  ITO. However, most methods are 

not practical for use in industrial production. Therefore, a practical 

method, dripping a mild chemical solution on the thin film of  CP, was 

chosen and used with an industrial R2R printer located in CSIRO.

The R2R slot-die coated CP films are shown in Figure 6.48.1. 

(The image shows exaggerated darkness. Actual films are more 

transparent and suitable for TCE applications. Coating parameter 

for better uniformity to be optimised.) The slot-die coated films were 

treated with MAI in DMF/water co-solvent which was found to be the 

best in the literature. The literature has shown the effect of  rinsing 

solvents so that various solvents were used to rinse the treated 

PEDOT:PSS films. Water rinsing was found to be problematic when 

the CP was produced on a plastic surface as shown in the figure and 

therefore only the other samples were characterised.

Figure 6.48.2 shows sheet resistances of  PEDOT:PSS films prepared 

using identical conditions with different post treatments. Since 

literature procedures were not suitable for R2R production, no 

identical procedure could utilised. The key aim of  the experiment 

was determining the feasibility of  such treatment in an R2R process. 

Therefore, the treatment solution was slot-die coated on a hot 

PEDOT:PSS film and feasibility of  the hot slot-die coating in the R2R 

system has already been confirmed at CSIRO. The sample with MAI 

in DMF:water (4:1) and methanol rinsing showed sheet resistances 

under 50 ohm/sq, which is the same as CSIRO’s standard flexible 

ITO substrate. The preliminary result shows a great potential for R2R- 

6.48 ITO-FREE PVS PRINTED 
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BARRIER FILMS
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Aim

Printed PV produced by R2R printing is flexible, lightweight and 

semitransparent (in some cases), creating access to new PV 

markets, especially for portable applications. However, some 

materials and process steps are costly and make the technology 

heavier and less flexible. This project aims to produce printed PV 

directly onto barrier films, resulting in lighter weights, improved 

flexibility and lower potential manufacturing costs.

Challenge

Finding printable low-cost transparent conductive electrodes 

(TCEs) to replace commonly used indium tin oxide (ITO) has long 

been of  great interest to the research community and wider flexible 

and printed electronics (FPEs) industry, which includes flexible 

solar cells. Producing practically high conductivities (i.e. low sheet 

resistance) economically while managing surface roughness and 

transparency has been a challenge. 

Progress

The project uses a composite of  metal and conductive polymers 

(CPs) and only industry-compatible methods are used to assist in 

the commercialisation of  the development. 

– Hot roll pressed silver nanowire (Ag NW): Ag NW with a CP 

composite formulation is one of  the most promising candidates for 

a TCE in a printed PV device. The CSIRO team have demonstrated 

fabrication of  a TCE using a commercial formulation using an 

industry-compatible method. In this case, low sheet resistance could 

be obtained, however, at the cost of  a high chance of  “shorting” in 

the resultant PV device. Therefore, hot roll pressing was proposed 

for this project. The R2R-produced TCE films can be planarised by 

a hot roll press, which can be installed in an existing printing line. 

Therefore, a hot roll press has been ordered and will be delivered to 

CSIRO. The system will be used in the second year of  the project.
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produced CP-based TCEs. Further work will be carried out in the 

second project year. A visiting student supported by this project will 

be working on this activity.

The project planned to use CPs as a planarisation layer on top of  

metal grids or Ag NW. Improved conductivity will be beneficial for the 

layer and the developed treatment protocol will also be used for the 

planarisation layer.

Printed-TCE-friendly solar inks: 

Printed-TCEs are typically rougher than commercial vacuum 

deposited TCEs and require robust solutions to produce solution-

processed PV. Recent reports show such solutions can be made 

by a ternary approach, in contrast to the conventional binary blend 

of  a donor and an acceptor. However, such an approach has not 

been used with R2R printing. Therefore, the right combination of  

three components needs to be found, however, there is a huge 

number of  possible combinations, even after finding the right 

materials. Therefore, the in situ blending of  donor:acceptor1 and 

donor:acceptor2 was used in an R2R coater for high throughput 

formulation screening. The concept and produced films are shown in 

Figure 6.48.3.

Figure 6.48.3: (a) Schematic illustration of  in situ blending of  
solar inks: (b) the composition of  solar inks used in 7 m long 
coating; and (c) the organic PV films with gradient composition 
(colour) after cutting into small pieces. 

Through the R2R combinatorial experiment, various combinations 

could be tested in a single experiment. Although no continuous 

testing system was available and the film had to be cut into small 

pieces and each cell tested manually. The trend clearly shows the 

optimum formulation range. After full optimisation, the formulation 

showed a PCE of  up to 8.25%, which is significantly higher than the 

highest PCE (7.32%) among R2R-produced flexible organic PV in 

literature.

Figure 6.48.1: Scanned images of  slot-die coated PEDOT:PSS 
films on flexible substrates after methyl ammonium iodide (MAI) 
treatment and/or rinsing with various solvents.

Figure 6.48.2: Sheet resistance of  PEDOT:PSS films produced in 
a R2R coating run with and without MAI treatment and different 
solvent rinsing conditions.

73

A
C

A
P

 A
N

N
U

A
L 

R
E

P
O

R
T 

20
18



Highlights

• Identification of  a manufacturing-friendly low-cost process to 

produce TCEs with a practical conductivity for printed PV.

• Development of  a printed-TCE-friendly formulation for the photo-

active layer of  organic PV, showing the highest PCE from R2R-

produced flexible OPVs. 

Future Work

• Further optimisation of  PEDOT:PSS-based TCEs and their 

application in PV devices.

• Application of  the high performance ternary formulation onto 

printed TCE.

• Investigation of  Ag NW composite and grid-based approaches 

for large-area cells.

• Demonstration of  printed PV devices on flexible barrier films.
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Figure 6.48.4: (a) Power conversion efficiencies (PCE) and fill 
factor (FF) of  R2R- produced organic PV over 7 m long substrate; 
and (b) J-V curve of  the best R2R-produced organic PV.
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Figure 6.49.2: (a) Shows the secondary electron cut-off  spectrum 
measured on metal carbonates with a gold (Au) reference; (b) 
provides a schematic of  the energy band diagram of  a contact 
with and without carbonate interfacial layers; (c) presents a series 
of  I–V measurements of  samples with 1 nm carbonate interlayer 
between Al and n-type c-Si. A schematic of  the contact resistivity 
test structure is included in the inset: and (d) shows the contact 
resistivity ρ

c
 as a function of  carbonate thickness.
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Aim

Novel, dopant-free silicon heterojunction solar cells, still in the 

early stages of  development, have been shown to provide a good 

efficiency (>20%) at low fabrication cost, thanks to lower processing 

temperatures, more relaxed cleanliness requirements and simpler 

fabrication procedures. In previous collaborations, our research 

groups have explored alkali/alkaline Earth metal salts (i.e. lithium 

fluoride and magnesium fluoride) to form electron-selective contacts 

on n-type c-Si wafers, where both cells have achieved a conversion 

efficiency well above 20%. This project will continue the previous 

collaboration, aiming to (i) survey and trial a large number of  

simple electron-selective contact schemes based on Alkali/Alkaline 

earth metal carbonates and (ii) demonstrate the most successful 

candidates at the level of  full silicon solar cells.

Progress

Six different alkali and alkaline Earth metal carbonates have been 

demonstrated to function as effective and stable electron contacts 

for silicon solar cells, enabling significant gains in performance over 

a control device with Al directly on n-Si. It is further shown that all 

the carbonate/Al contacted solar cells are thermally stable up to 

350°C, and that two of  the carbonate/Al contacts (Cs and Ba) pass 

the standard 1000-hour damp heat test at 85°C and 85% relative 

humidity. The high variety, low temperature deposition, and simple, 

yet effective, electron contact structure of  these materials, pave the 

way for designing and fabricating novel cathodes for low-cost silicon 

solar cells.
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Figure 6.49.1: The core level spectrum of  C1s of  thermally 
evaporated carbonate films measured by X-ray photoelectron 
spectroscopy (XPS) measurements. The spectra are provided for 
four of  the carbonates. Potassium and calcium carbonates are 
not included because of  their poor stability in air and even in a 
nitrogen glovebox.
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Highlights

• Six different alkali and alkaline Earth metal carbonates have 

been demonstrated to function as effective and stable electron 

contacts for silicon solar cells, enabling significant gains in 

performance over a control device with Al directly on n-Si. 

• It is further shown that all the carbonate/Al contacted solar cells 

are thermally stable up to 350°C, and that two of  the carbonate/

Al contacts (Cs and Ba) pass the standard 1000-hour damp heat 

test at 85°C and 85% relative humidity.
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Figure 6.49.3: (a) Shows the silicon solar device schematic with 
full-area rear carbonate electron heterocontacts; (b) presents the 
light J–V behaviour measured under standard one-sun conditions 
for cells without and with ~1 nm carbonate interlayers; and (c) 
shows the detailed electrical parameters (VOC

, J
SC

, FF and PCE) 
for different carbonate films.
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Figure 6.49.4: Thermal and humidity stability of  the carbonate 
contacted photovoltaic cells. The relative changes in electrical 
parameters (V

OC
, J

SC
, FF, and PCE) are plotted as a function of  

annealing temperature and damp heat test time.
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Figure 6.50.2: XRD spectra of  selected NiO
x
 samples.

Progress

At Peking University (PKU), the synthesis of  nanoparticle hole 

transport layers (NiO
x
) has progressed and these will be sent to ANU 

in 2019 for use in perovskite cells and tandem devices. Separately 

at ANU, work has focused on the development of  NiO
x
 by sputtering 

both to serve as a point of  comparison and as an alternative route to 

nanoparticle films. 

An extensive investigation was carried out with the aim of  

determining optimum deposition parameters. In addition, one 

specific aim was to investigate the impact of  the Ni3+ to Ni2+ ratio on 

the film properties and cell performance, as a high ratio is generally 

considered to be important to ensure good doping and good cell 

performance. Another aim was to confirm (or otherwise) literature 

reports of  specific deposition conditions leading to preferred (111) 

growth and with it, a higher Ni3+:Ni2+ ratio. 

Some typical results are shown. Figure 6.50.1, shows the Ni3+:Ni2+ 

ratio determined from RBS data with a variation in the deposition 

pressure (a) and oxygen flow (b). Figure 6.50.2 shows some of  

the XRD spectra that were obtained and Figure 6.50.3 shows the 

corresponding optical data (n and k values). 

Solar cells were fabricated using a standard process to determine 

the impact of  sputter conditions on the cell performance, and to 

attempt to correlate cell performance with measured properties 

(Ni3+:Ni2+ ratio, preferred grain orientation etc.). Figure 6.50.4 shows 

selected solar cell IV curves. 

Major conclusions from this study were as follows: 

• While a significant variation in the Ni3+:Ni2+ ratio was observed, 

we did not find any correlation between this ratio and cell 

performance (albeit based on a small number of  samples).

• It was possible to identify conditions leading to strongly 

preferred (111) grain growth, However, the sample with the 

preferred (111) growth did not display a significantly increased 

Ni3+:Ni2+ ratio nor did it result in better cell performance.

• A significant variation in optical properties (including absorption 

coefficient and visible transparency) was observed. Given the 

importance of  refractive index matching and low parasitic optical 

losses, it is necessary to ensure that films are optimised for both 

optical and electronic properties.

6.50 DEVELOPMENT AND 
IMPLEMENTATION OF INORGANIC 
TRANSPORT LAYERS IN 
THE PEROVSKITE CELLS OF 
PEROVSKITE-SILICON TANDEM 
STRUCTURES

Lead Partner

ANU

ANU Team

A/Prof  Klaus Weber, Mr Yiliang Wu, Ms Nandi Wu

Academic Partner

Peking University: A/Prof  Huanping Zhou

Funding Support

ACAP

Aim

The aim of  the project is to develop hole transport layers that enable 

perovskite-silicon tandem devices with high efficiency and stability. 

Specifically, in the project the partners will:

• further develop the processes for synthesis and application of  

inorganic hole transport layers

• carry out detailed optical characterisation to determine the 

complex refractive index dispersion, and their dependence on 

processing conditions  

• implement optical and electronic modelling as a guide to cell 

optimisation 

• fabricate tandem cells incorporating all inorganic transport 

layers. 

The project will contribute to the goal of  ultimately pushing tandem 

efficiencies to 30% and beyond.

Figure 6.50.1: Ni3+:Ni2+ ratios determined from RBS data for 
various deposition conditions.
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• The best performance was obtained for films that were co-

sputtered from Ni and NiO
x
 targets.

These results provide the basis for further studies. They highlight 

the need to incorporate further doping into the NiO
x
 film in order to 

improve its electronic properties. They also serve as a reminder that 

it is extremely difficult to infer cell lever performance from film level 

properties.  

Highlights

• Detailed investigation of  NiO
x
 films and development of  improved 

films by both nanoparticle synthesis and sputtering.

• Determination of  optimum process parameters. We also found 

a lack of  correlation between cell performance and key metrics 

often used in the literature.

• Demonstration of  good efficiency cells with sputtered NiO
x
 films.

Future Work

Future work will focus on the following:

• Development of  doped sputtered NiO
x
 films.

• Development of  SnO
x
 nanoparticle electron transport layers. 

• Development of  NiO
x
 nanoparticles layers using the 

nanoparticles and processes developed at PKU. 

• Detailed optical characterisation of  the above.

• Fabrication of  perovskite and perovskite/silicon tandem cells 

from these.

Figure 6.50.4: Solar cell I-V curves measured in forward and 
reverse direction for three cells. 

Figure 6.50.3: Refractive index dispersion for the same films as in 
Figure 6.50.2
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J-V characterisation was then performed at ANU. ANU researcher 

Jun Peng also visited SYSU to perform X-ray and UV photoelectron 

spectroscopy (XPS-UPS) measurements and analysis to optimise the 

TiO
2
 nano-patterned layer. 

As seen in Figure 6.51.1, a PCE of  21.88% (measured by reverse 

scan (V
oc

 to J
sc

) at a scan rate of  50 mVs-1) with V
OC

 = 1.206 V, J
SC 

= 23.23 mAcm-2 and FF = 0.781 was obtained for the champion 

cell, where the corresponding forward scan efficiency is 21.73%. A 

steady-state efficiency of  21.8% measured at V
mpp 

= 1.02 V confirms 

the champion cell’s performance. Additionally, the highest V
oc

 for the 

semi-planar perovskite cells is ~1.25 V (data not shown here), which 

is one of  the highest reported to date for the bandgap of  ~1.6 eV 

perovskite cells (Peng et al. 2018; Tan et al. 2018; Saliba et al. 2016; 

Anaraki et al. 2016). 

Figure. 6.51.1: J-V curve of  the best semi-planar perovskite solar 
cell and the corresponding steady-state efficiency measured at 
V

mpp 
= 1.02 V in this project. 

The planar control cell (with a structure of  ITO/compact-TiO
2
/

PMMA:PCBM/Perovskite/Spiro-OMeTAD/Au), exhibited a reverse 

scan PCE of  19.04% (with V
OC 

= 1.183 V, J
SC 

= 22.42 mAcm-2 and FF 

= 0.731), and a forward scan efficiency of  19.20% (data not shown 

here). Thus, the semi-planar perovskite cell with the nano-patterned TiO
2
 

layer shows a significant improvement in all photovoltaic parameters (V
oc

, 

J
sc 

and FF) as compared to the control.

6.51 HIGH EFFICIENCY SEMI-
PLANAR PEROVSKITE CELLS 
COMBINING NANO-TEXTURED 
ELECTRON TRANSPORT LAYERS 
AND INORGANIC HOLE TRANSPORT 
MATERIALS

Lead Partner

ANU

ANU Team

A/Prof  Thomas White, Jun Peng

Academic Partner

Sun Yat-sen University (SYSU), Guangzhou, China

Funding Support

ACAP

Aim

The objective of  this project is to develop high performance semi-

planar perovskite solar cells incorporating nanotextured TiO
2 
electron 

transport layers (ETLs) and nanoparticle-based NiO
x
 hole transport 

layers (HTLs). These are intended to replace the mesoporous TiO
2
 

and expensive Spiro and PTAA currently used in the best performing 

n-i-p architecture perovskite solar cells. By designing novel 

nanotextured TiO
2
 layers, we hope to precisely control the interface 

between perovskite and ETL to minimise surface recombination 

losses, while maintaining excellent carrier collection efficiency. 

In parallel we will develop novel doping approaches to tune the 

NiO
x
 work function and conductivity to achieve optimal interface 

band alignment and carrier transport properties required for high 

performance perovskite cells and perovskite-silicon tandems.  

Progress 

We have developed a proof-of-concept approach for fabricating 

nanostructured electron transport layers consisting of  arrays of  

TiO
2
 cylinders passivated with an ultra-thin PMMA:PCBM interlayer. 

This semi-planar ETL can reduce non-radiative recombination 

and facilitate efficient extraction and transportation of  electrons 

compared to conventional mesoporous TiO
2
 ETLs or fully-planar 

devices. The detailed device structure is ITO/compact-TiO
2
/TiO

2
 

nano-pattern/PMMA:PCBM/Perovskite/Spiro-OMeTAD/Au, where 

perovskite represents Cs
0.07

Rb
0.03

FA
0.765

MA
0.135

PbI
2.55

Br
0.45

 (Peng et 

al. 2017aand b; Peng et al. 2018). In addition, different periodic TiO
2
 

nano-patterns were also investigated to optimise the TiO
2
 nano-pattern 

design.

The cell fabrication was a joint undertaking of  ANU and SYSU. 

The fabrication of  nano-patterned TiO
2
 layers was performed at 

SYSU; the rest of  the device fabrication, including the deposition 

of  the compact TiO
2
 layer, perovskite active layer, Spiro-OMeTAD 

hole transport layer and gold electrode was performed at ANU. 
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perovskite solar cells improves photovoltaic performance." Science 

354(6309): 206-209. doi:10.1126/science.aah5557.

Tan, H. R., A. Jain, O. Voznyy, X. Z. Lan, F. P. G. de Arquer, J. Z. Fan, 

R. Quintero-Bermudez, M. J. Yuan, B. Zhang, Y. C. Zhao, F. J. Fan, P. 

C. Li, L. N. Quan, Y. B. Zhao, Z. H. Lu, Z. Y. Yang, S. Hoogland and 

E. H. Sargent (2017). "Efficient and stable solution-processed planar 

perovskite solar cells via contact passivation." Science 355(6326): 

722-726. doi:10.1126/science.aai9081.

Although we have achieved a very high efficiency for the TiO
2
 nano-

pattern-based perovskite cells, further work is underway to reveal 

the detailed role of  the nano-patterned layers. The next phase of  

the project will involve further analysis of  the cell performance, and 

development of  NiO
x
 nanomaterials to replace the organic hole 

transport layers in these cells.

Highlights

• Optimised nano-patterned TiO
2
 electron transport layers. 

• Demonstrated the concept of  semi-planar perovskite solar cells 

using nanostructured ETLs. 

• Achieved a very high efficiency of  ~22% and an outstanding V
oc

 

of  1.25 V. 

Future Works

• Understand the role of  the nano-patterned TiO
2
 layer in high-

efficiency perovskite cells.

• Synthesise/optimise NiO
x
 nanomaterials with various dopants.

• Fabricate/optimise the performance of  perovskite cells using 

TiO
2
 nano-patterns (ETLs) and NiO

x
 nanomaterials (HTLs).

• Test the perovskite cell’s stability.
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ACAP’s competitively selected Fellowships, are reported online at 

http://www.acap.net.au/annual-reports.

FELLOWSHIPS
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 F1 TECHNO-ECONOMIC ANALYSIS 
OF PHOTOVOLTAIC CELL 
AND MODULE FABRICATION 
TECHNOLOGIES

Fellowship Holder

Dr Nathan L. Chang

Supervisor

A/Prof  Renate Egan

Funding Support

ACAP Fellowship

Aims

This fellowship has two broad aims. The fi rst is to focus on individual 

technologies that are being developed, and to apply techno-

economic analysis with the expectation that insightful understanding 

will be obtained of  the technology’s particular strengths and 

weaknesses. 

The second is to develop and improve the innovative cost analysis 

methodology so that it is able to analyse each successive technology 

with greater effectiveness. 

This fellowship has its primary focus on contributing to ACAP’s PP4 

Manufacturing Issues, and this report should be read in conjunction 

with the PP4 report.

Progress

A. Analysis of Technologies 

As part of  this fellowship, a number of  technologies were analysed 

using the techno-economic analysis methods developed previously. 

This includes two silicon/perovskite tandem structures, PERC 

variations, plated PERL, crystalline silicon on glass and module 

recycling. Detail on the technologies and outcomes can be found 

in the PP4 Manufacturing Issues chapter of  the 2018 ACAP Annual 

Report. 

B. Cost analysis model development 

The second focus of  the fellowship is the development and 

improvement of  the cost analysis methodology, which will be 

detailed in this report. 

Outline of the methodology 

Manufacturing cost estimation methods are commonly used in 

industry to optimise and incrementally improve performance and 

the cost of  production. In ACAP, we are working on next generation 

technologies, where the processes are less refi ned and the costs 

less well understood. With solar becoming increasingly competitive, 

researchers are motivated to conduct an early assessment of  the 

cost impact of  new technologies to better direct research effort, but 

these assessments need to take into account the relative maturity of  

the emerging technology.

Normal practice in manufacturing costing is to apply a bottom-up 

analysis using commercial software packages. These calculators 

have limited application for new technology developments in 

that they do not take into account uncertainties in the expected 

processes and costs. At an early stage of  development, it can be 

diffi cult to defi ne fi nal processes and challenging to obtain precise 

cost information from equipment and material suppliers.

Within ACAP, we have developed novel methods for use during the 

early stages of  process development (Chang 2017; Chang 2018) 

to identify areas where cost reductions are necessary to bring an 

emerging PV technology to commercialisation and reduce the total 

time to commercialise a technology. The basic cost model data 

sources and outputs are shown in Figure F1.1.

  Figure F1. 1: Cost model overview.

To begin a cost analysis, a manufacturing process sequence is 

derived from consultations with the researchers developing the 

processes. Process sequences are documented that refl ect the 

demonstrated research processes but are scaled to industrial 

throughput. The cost to manufacture is then calculated using a 

bottom-up ”Cost of  Ownership” approach, considering costs such 

as materials, equipment, utilities, labour, building, maintenance and 

overheads. The main materials and suitable manufacturing tools are 

identifi ed for each step, and the best available manufacturing cost 

data are obtained from various sources, such as publications, cost 

reports and price lists. 

To account for uncertainties, for every cost parameter, a ”Nominal”, 

”High” and ”Low” value is determined. These data, together 

with other assumptions (such as factory yield, labour costs 

and depreciation schedules), are used to calculate the module 

manufacturing cost. Monte Carlo analysis is used to assess the 

impact of  the uncertainty in each parameter. Typically, 5000 

scenarios are generated. For each scenario, the value of  each cost 

parameter is generated randomly according to its two half-normal 

distribution, and then the cost calculations are completed using 

these generated values. The distribution of  the cost outputs from the 
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Widening dissemination and use of the methodology

In 2018, the use of  the method within ACAP has spread to additional 

groups within Australia, and internationally. In particular, ANU (see 

PP4.1 section B), HZB (See PP4.1 section D). In addition, other 

groups have begun to use the methodology independently of  ACAP 

(Jean 2018). 

The method has also been expanded to different types of  

technologies. This year, tandem structures have been analysed in 

detail (see PP4.1 section B), and end of  life (module recycling) costs 

have been considered (see PP4.1 section E).  

Improvements in the methodology in 2018

Some additional complexity has been included in the model to 

include the impact of  factory material volume usage on projected 

material costs (used in the analyses described in PP4.1 sections B 

and D). 

New methods of  interpreting and visualising the impact of  key 

variables on the analysis have been developed, as can be seen in 

Figure F1.4. These graphs allow the interrelationship between two 

key uncertain variables to be seen together with their impact on 

the commercial viability of  a technology. This provides insight into 

research and cost targets that must be met in order for a technology 

to become competitive. Examples of  these graphs can be seen in 

the PP4.1 report sections C and E. 

As part of  an increasing dissemination of  this methodology, new 

tools have been developed to allow easier collaboration between 

groups within Australia as well as internationally. First developed 

and tested as part of  the HZB collaboration (discussed in PP4.1 

section D), an online cloud database for structured data entry has 

been developed that interfaces directly to the cost model. Data can 

be collected and entered by one partner in the collaboration, and 

model calculation and results generation are completed by the other 

partner (ACAP). Rapid turn-around time of  analysis followed by 

model and data refi nement provide useful outcomes and insights to 

both parties. 

Highlights

• Techno-economic analysis of  a wide variety of  PV technologies 

at different TRLs. 

• Collaboration with a variety of  institutions in Australia and 

internationally. 

• Improvements to the methodology and methods of  collaboration. 

Future Work

• Analysis of  additional PV technologies and processes. 

• Development of  the methodology as required for new analyses. 

• Continuing dissemination of  the methods via collaboration and 

the creating of  tools to enable effective collaboration. 

5000 scenarios can then be analysed to understand the uncertainty 

of  these cost estimates. Alternative process sequences can then be 

analysed and compared on both a median cost and cost uncertainty 

basis. An example of  such a comparison is shown in Figure F1.2.

Figure F 1.2: Example of  cost distribution curves.

Deeper investigation of  the contributions to the cost can be seen 

using additional methods, such as a Normalised Uncertainty graph, 

shown in Figure F1.3. This categorises cost components by their 

expected cost contribution, as well as their relative uncertainty, and 

can be used to focus both process development and cost estimation 

resources more effi ciently.  

Figure F 1.3: Example of  Normalised Uncertainty graph.

This costing methodology can be used iteratively as processes and 

knowledge develop. With each iteration, the key cost drivers and the 

impact of  the uncertainty from each parameter can be seen and can 

be used to inform research, resourcing and refi ning cost parameters 

to reduce uncertainty. 
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Figure F 1.4: Example of  

a 2-factor impact graph. 

The left side shows 

individual data points 

from a Monte Carlo 

analysis. The right side 

shows an extended fi t to 

this data.

F2 DEVELOPMENT OF PRACTICAL 
HIGH EFFICIENCY PEROVSKITE-
SILICON TANDEM MODULES

Lead Partner

ANU

ANU Team

The Duong

Academic Partner

Peking University: Assistant Prof  Huanping Zhou

UNSW: A/Prof  Anita Ho-Baillie

Funding Support

ACAP

Aim

This project aims to develop complete and practical perovskite-

silicon tandem modules in the mechanically stacked confi guration 

with an effi ciency of  ≥ 25% for a size ≥ 5 cm2 and stability passing 

the damp heat test as described in the IEC-61646 standard.

Progress

In order to improve the overall cell stability, fi rstly the composition of  

the perovskite active layer in the top cell needs to be tuned to 

remove any unstable component. As identifi ed in this work and in 

agreement with literature, the methylammonium (MA) in the A-site 

cations of  the perovskite is intrinsically unstable when exposed to 
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temperatures greater than 85°C. Therefore, a stable perovskite 

composition including formamidinium (FA) and cesium (Cs) is 

developed instead. Secondly, the commonly used hole transport 

layers (HTL) such as Spiro-MeOTAD and PTAA need to be replaced 

by more stable hole transport materials. NiO
x
 is originally considered 

for the application, however the deposition of  this layer on top of  the 

perovskite active layer has shown to be very challenging. This is due 

to the low conductivity of  the NiO
x
 layer because of  insuffi cient 

sintering of  the NiO
x
 nanoparticles and ineffi cient charge extraction 

coming from the unremoved organic ligand in the NiO
x
 fi lm. 

Meanwhile, phthalocyanine metal complexes, especially copper 

phthalocyanine (CuPc), have been used as a p-type semiconductor 

in light-emitting diodes and organic solar cells due to their high 

mobility and excellent stability (both thermal and chemical). 

Therefore, a soluble commercially available derivative of  CuPc, 

copper (II) 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine is 

explored as the HTM in perovskite solar cells (PSCs). It was 

discovered that this solution-processed CuPc layer has abundant 

cracks on the surface which enable direct contact between the top 

metal layer and the perovskite active layer underneath, leading to 

serious shunts and interface recombination in the devices. 

Surprisingly, the shunts and interface recombination are removed to 

a negligible level after the devices are heat-treated at 85oC. It is 

found that the Au particles on the contact rearrange after the heat 

treatment and migrate away from the cracks. In addition, through 

photoemission spectroscopy studies, Au is found to dope the CuPc 

fi lm, and the doping is further enhanced by the heat treatment. As 

the results, effi ciencies of  20.05% (reverse scan) / 18.21% (forward 

scan) and 19.25% (steady state) is achieved after the heat treatment 

F2 DEVELOPMENT OF PRACTICAL 
HIGH EFFICIENCY PEROVSKITE-
SILICON TANDEM MODULES

Lead Partner

ANU

ANU Team

The Duong

Academic Partner

Peking University: Assistant Prof  Huanping Zhou

UNSW: A/Prof  Anita Ho-Baillie

Funding Support

ACAP

Aim

This project aims to develop complete and practical perovskite-

silicon tandem modules in the mechanically stacked confi guration 

with an effi ciency of  ≥ 25% for a size ≥ 5 cm2 and stability passing 

the damp heat test as described in the IEC-61646 standard.

Progress

In order to improve the overall cell stability, fi rstly the composition of  

the perovskite active layer in the top cell needs to be tuned to 

remove any unstable component. As identifi ed in this work and in 

agreement with literature, the methylammonium (MA) in the A-site 

cations of  the perovskite is intrinsically unstable when exposed to 

Figure F2.1: (a) Cross-
sectional SEM image 
of  the perovskite cell 
with the composition 
FA

0.83
Cs

0.17
Pb(I

0.83
Br

0.17
)

3

and CuPc HTL; (b) J-V 
curves of  the champion cell 
in both reverse and forward 
scans, the inset table shows 
the extracted photovoltaic 
parameters of  the device; 
and (c) steady state 
effi ciency monitoring at 
VMPP of  0.93 V for 900 s.
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85°C. This effect seriously impacts the operational stability of  PSCs 

and it might not be detected with the current stress tests defi ned 

in the IEC-61646 standard. To resolve the issue, we developed 

semitransparent perovskite solar cells featuring a semitransparent 

contact MoO
x
/IZO instead of  an Au contact, that is stable for more 

than 160 hours at 85°C under light (Duong, Wu et al. 2018).

In terms of  effi ciency improvement, an open circuit voltage of  1.25 

V has been achieved for perovskite solar cells using an optimised 

bandgap of  1.72 eV (Figure F2.3). This is one of  the highest values 

reported for open circuit voltage in perovskite solar cells with 

similar bandgaps. It is due to an excellent passivation effect of  2D 

perovskite deposited on top of  the active layer. It is expected that the 

V
OC

 can be further enhanced to close to 1.3 V after optimisation.

Figure F2.3: J-V curves in both reverse and forward scans of  
a perovskite solar cell using the 1.72 eV bandgap perovskite 
material with the VOC

 up to 1.25 V.

Highlights

• Achieve an effi ciency of  20.05% (reverse scan) / 18.21% 

(forward scan) and steady state effi ciency of  19.25% for 

perovskite cells with a stable perovskite composition and CuPc 

hole transport layer. The devices are stable at 85oC for more than 

2000 hours in the dark and N
2
 environment.

• Discover the LeTID effect in perovskite solar cells and develop 

semitransparent perovskite cells which are more stable against 

the LeTID

• Achieve an open circuit voltage of  1.25 V for perovskite solar 

cells with a 1.72 eV active material bandgap

Future Work

• Optimise the perovskite cell using a 1.72 eV active material 

bandgap and 2D passivation to improve the V
OC

 close to 1.3 V.

(Figure F2.1(a)–(c)), which is comparable with the effi ciency 

obtained with Spiro-MeOTAD and PTAA. Importantly, the devices are 

stable at 85°C for more than 2000 hours in the dark and N
2

environment. The cell is also stable under light and N
2
 environments 

at 25°C for 100 hours (Duong, Peng et al. 2018).

Figure F2.2: (a) Comparison of  two batches of  cells (11 cells in 
each batch) undergoing thermal tests in dark and under light 
for 16 hours in an N2

 environment. The graphs show the values 
of  V

OC
, J

SC
, FF and PCE after the thermal tests normalised to the 

initial values; (b) PL image of  a device aged under heat; and (c) 
PL image of  a device aged under light and heat. The active area 
is defi ned by the gold contact.

The Light and elevated Temperature Induced Degradation (LeTID) 

effect in perovskite cells is also discovered in the subsequent work. 

As shown in Figure F2.2(a), perovskite solar cells when aged under 

light and heat degrade much more severely than when the cells are 

aged under heat only. We also take photoluminescence (PL) images 

of  the devices before and after the aging tests. Before the aging 

tests, both devices have uniform and comparable PL signals. After 

the aging test, the device aged under heat has a much stronger and 

more uniform PL signal compared to the device aged under light 

and heat (Figure F2.2(b)and (c)), which indicates that signifi cant 

changes happen inside the cell. This LeTID effect is mainly due to 

the fact that light activates the diffusion of  elemental gold from the 

rear electrode through the HTL layer when the device operates at 
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• Scale up the device active area to the scale of  5 cm2 by using 

metal grids in both front and rear sides.

• Integrate the perovskite top cell and silicon bottom cell in the 

tandem configuration.

References
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Phthalocyanine Hole-Transport Material with an Efficiency over 

20% and Excellent Thermal Stability”. ACS Energy Letters 3(10), 

2441–2448.

Duong, T. et al. (2018). “Light and elevated temperature induced 

degradation (LeTID) in perovskite solar cells and development of  
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tunnel oxide layer unaffected by exposure to further oxidation 

growth during unloading as well as exposure to moisture in the 

air. The polysilicon deposited in this work so far has been done 

using silane gas (SiH
4
), deposited at 520ºC and 250 mTorr, with a 

deposited thickness of  approximately 40 nm. The final thickness 

of  the polysilicon is much thinner, typically less than 20 nm, due to 

oxidation during phosphorus or boron diffusion processes.

Phosphorus diffusion is carried out in a standard diffusion furnace 

using a liquid POCl
3
 source, and samples are subsequently 

annealed at 900ºC for 30 minutes in a nitrogen ambient. The samples 

are then sintered within a forming-gas-annealing (FGA) ambient 

containing 5% hydrogen and 95% nitrogen for 30 minutes at 400ºC. 

From TEM images of  the poly-Ox (Figure F3.1), it was observed 

that the samples have approximately 1 nm of  SiO
2
. Notably, the 

tunnel SiO
2
 layer is void of  a clear distinctive boundary and appears 

to merge with the Si and polysilicon on either side. Clear crystal 

formations are also observable in the polysilicon layer indicative of  a 

polysilicon structure at the end of  the process.  

Figure F3.1: TEM image of  phosphorus diffused polysilicon 

(bottom) and low pressure grown SiO
2 
(mid) on FZ Si wafer (top) 

after phosphorus diffusion and 900oC N
2
 anneal for 30 minutes.

The experimental results as presented in Figure F3.2 demonstrated 

excellent surface passivation measuring a J
0
 of  ~1 fAcm-2 for 

samples with oxidation of  750oC and 800oC. The condition for 

excellent passivation appears rather robust, as demonstrated here 

where a J
0
 of  <3 fAcm-2 is measured in at least one sample in each 

series of  phosphorus diffusion temperatures. 

J
0
 measurements were done using transient-mode 

photoconductance-decay (PCD) method, and extracted at an excess 

carrier density, Δn of  3 x 1015 cm3. The presented sheet resistivity, 

R
sheet

 is deduced from the PCD measurement after subtracting the 

wafer bulk resistivity and divided by two to represent the polysilicon 

stack of  a single side. 

F3 TRANSPARENT DOPED LPCVD 
POLYSILICON

Lead Partner

ANU

Fellowship Holder

Dr Kean Chern Fong

Funding Support

ACAP

Aim

LPCVD polysilicon-oxide (poly-ox) passivated contact is among the 

most promising solution towards high efficiency silicon (Si) solar 

cells due to its excellent electrical performance and compatibility 

with standard industrial fabrication processes. Most prominently, the 

potential of  this technology has been demonstrated when applied 

on the rear surfaces of  both IBC and front contact single-junction Si 

cells reaching above 25% efficiencies. 

This technology is typically applied on non-light facing surfaces due 

to its high parasitic optical absorption combined with poor contact 

resistivity. Parasitic absorption is undesirable for obvious reasons, 

while having a high contact resistance makes it incompatible with 

metal fingers which typically cover only 2–5% of  the surface.

This project has the ambitious aim to develop an optically optimised 

poly-ox contact for application on a light facing surface, by having 

a combination of: (1) high optical transparency; (2) anti-reflection 

properties; (3) compatibility with transparent conductive oxides; (4) 

ultra-low contact resistivity; and (5) retains the promising electrical 

qualities of  poly-ox contacts.

The rewards for successfully developing an optically optimised poly-

ox technology is tremendous as it would provide passivation, contact 

and anti-reflection in an extremely elegant process sequence. 

Such a technology is particularly relevant within the near future for 

application in bifacial solar cells, and as a carrier transport layer 

between Si and a top cell in Si-tandem devices.

Progress

One of  the key novelties of  the LPCVD poly-ox process as 

developed by Dr Kean is the use of  low pressure oxidation for the 

tunnel oxide growth. This oxidation process is performed within 

the LPCVD furnace, under pure oxygen ambient, but at a low 

pressure of  600 mTorr, which enables the use of  a higher oxidation 

temperature between 700ºC and 800ºC while achieving a highly 

repeatable growth thickness due to the much slower and better 

controlled oxidation conditions. 

Since the low pressure oxidation is done in situ to the polysilicon 

deposition, the ~1 nm oxide layer is protected from ambient 

conditions by a ~20–40 nm layer of  polysilicon deposited 

immediately after oxide growth. This ensures a highly reproducible 
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Figure F3.3: Doping profile of  n+ poly-ox samples after 800oC 

phosphorus diffusion and 900oC annealing. resistivity below 1 

mΩcm2 at higher oxidation temperatures. 

Figure F3.4: Specific contact resistivity of  phosphorus diffused 
poly-ox samples. 

Figure F3.5 presents the two key electrical properties of  passivated 

contacts, J
0
 and ρ

c
 evaluated in tandem, and compared to other 

n+ poly-ox results in literature. For obvious reasons, it is desirable 

for a passivated contact to exhibit both low J
0
 and low ρ

c
 in order to 

achieve highest device performance, so data points closer to the 

bottom left indicate a higher efficiency potential. It is important to be 

aware that a low ρ
c
 is crucial to allow smaller contact area fraction, 

which makes it compatible for metal fingers such as on bifacial cells 

or mechanical tandem. 

Figure F3.2: J
0
 and R

sheet
 of  poly-ox samples under varying 

phosphorus diffusion and oxidation temperatures. 

It was observed that low pressure oxidation below 750oC for 10 

minutes exhibits poor surface passivation as well as very low 

R
sheet

. The hypothesis for this observation is that the oxide was not 

thick enough to act as a diffusion barrier and electrical isolation 

layer, therefore experiencing the combination of  a high J
0
 and low 

R
sheet

. On the other hand, at temperatures above 700oC a clear 

correlation between the R
sheet

 to the J
0
 is observed, where a high 

R
sheet

 is necessary to keep J
0
 low by limiting the Auger recombination 

occurring with the bulk. 

ECV measurements from a set of  samples with varying oxidation 

temperatures are presented in Figure F3.3. Although all samples 

were subjected to identical phosphorus diffusion of  800oC, and 

900oC annealing, we observed a large change in the diffusion profile 

with the change in oxidation temperatures. This provides further 

confirmation on the role of  the tunnel oxide layer as a diffusion 

barrier. 

The diffused poly-ox structure presented a particular challenge 

in characterisation of  its contact resistance. Due to the highly 

conductive nature of  the top polysilicon layer, contact resistance 

measurement methods such as TLM cannot be employed as 

the current would preferentially flow along the top layer, without 

traversing the tunnel-oxide layer. A modified Cox and Strack 

structure was employed, but with particular attention to the removal 

of  polysilicon layers surrounding the circular metal patterns, to 

avoid the current spreading in the polysilicon layer. The final contact 

resistivity was obtained by iterative fitting using a 3D ohmic model. 

Further details of  the measurement method and analysis are 

presented in a recent publication. The results of  the analysis, as 

presented in Figure F3.4, shows excellent contact resistance has 

been achieved for numerous samples, in particular for samples after 

800oC phosphorus diffusion, which measured a specific contact

89

A
C

A
P

 A
N

N
U

A
L 

R
E

P
O

R
T 

20
18



Fong, K.C., T.C. Kho, W.S. Liang, T.K. Chong, M. Ernst, D. Walter, M. 

Stocks E. Franklin, K. McIntosh and A. Blakers (2018). “Phosphorus 

diffused LPCVD polysilicon passivated contacts with in-situ low 

pressure oxidation”. Solar Energy Materials and Solar Cells, 186, 

236–242. doi:10.1016/j.solmat.2018.06.039.

The final thickness of  the poly-ox stack was measured to be 

approximately 20 nm, among the thinnest and therefore most 

transparent poly-ox stack published in literature to date. 

Figure F3.5: Comparison of  J0
 and ρ

c
 to other recent work on 

poly-ox contacts in literature. 

Highlights

• Novel implementation of  polysilicon-oxide was demonstrated 

utilising low pressure thermal oxidation.

• Excellent surface passivation below 1 fAcm-2 was achieved. 

• Excellent contact resistivity below 1 mΩcm2 was achieved. 

• The combination of  J
0
 and ρ

c
 is among the best compared to 

literature while having among the thinnest polysilicon.

Future Work

• Further optimisation of  the film to reduce polysilicon thickness.

• Development of  boron-doped poly-ox 

• Application of  developed n+ poly-ox to bifacial silicon solar cells.

References
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Figure F4.2 shows parameters of  samples treated on a custom-

built bias annealing station. It can be seen that the control samples, 

which received no thermal treatment, exhibit a significant drop 

in carrier lifetime (as observed using photoluminescence) and 

efficiency due to the formation of  bulk defects. In contrast samples 

with a thermal treatment show vastly decreased degradation in 

bulk lifetime. However, samples annealed with no bias applied also 

exhibit a significant drop in fill factor due to the increase in contact 

resistance. This is mitigated through the use of  a reverse bias. 

Experiments are ongoing to optimise the anneal parameters for best 

performance with the aim of  limiting the relative efficiency loss in the 

degraded state to less than 2%.

Highlights

• This model can also be used to simulate the re-distribution of  

hydrogen towards surfaces during post-firing thermal processes.

• Credible simulation of  processes used to mitigate degradation in 

multicrystalline silicon.

• Ability to optimise the anneal parameters for best performance 

with the aim of  limiting the relative efficiency loss in the 

degraded state.

Future Work

The next goal for improving the accuracy of  simulations is to gain a 

better understanding of  the behaviour of  hydrogen in n-type silicon. 

There is significant debate over the correct value of  diffusivity for 

H-, and the binding energy between H- and P+ donors. Furthermore, 

several authors have noted a lower apparent solubility of  interstitial 

hydrogen in n-type silicon. A range of  experimental studies will 

be carried out using the deuterium isotope alongside data in the 

literature to obtain a set of  values for the formation and binding 

kinetics of  hydrogen dimers and extended defects in silicon. 

References
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Collett, S. Wenham and P.R.  Wilshaw (2018). “Hydrogen induced 
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Wenham (2018). “Modelling of  hydrogen transport in silicon solar 
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Physics, 123(4). doi:10.1063/1.5016854.

F4 HYDROGEN DRIFT AND 
DIFFUSION IN SILICON SOLAR 
ARCHITECTURES AT INTERMEDIATE 
TEMPERATURES

Lead Partner 

UNSW

ACAP Fellow 

Dr Phillip Hamer

Aim

This project aims to create a model for the transport of  hydrogen 

within silicon solar cell structures. This involves both the creation of  

a software program to perform the simulations and experiments to 

obtain more accurate values for some of  the physical parameters 

involved. The understanding gained from the model can then be 

used to develop improved processes for controlling the behaviour of  

hydrogen in solar cells.

Progress

The ACAP fellowship began in late September 2018 however 

significant progress towards the objectives has already been 

reached through the efforts of  project partners. The model for 

hydrogen transport has been transferred from a MATLAB script 

(Hamer, Hallam et al., 2018), which took several days to perform 

simulations on n-p structures and could only handle equilibrium 

conditions, to a Sentaurus Process which can perform the same 

simulations in less than 5 minutes. It can also handle a range of  

temperature ramps and non-equilibrium conditions. Special thanks 

to Dr Pietro Altermatt and Dr Christoph Zechner who performed the 

initial port. 

A bias annealing station has also been set up at the Solar Industrial 

Research Facility (UNSW) to exploit previous investigations (Hamer, 

Chan et al., 2018) on how hydrogen affects contact resistance at 

screen printed contacts, in order to develop improved processes 

for dealing with LeTID in multicrystalline silicon. The current focus is 

on industrial solutions but with only minor changes to the prototype 

it will be possible to perform more detailed examinations on the 

kinetics of  hydrogen redistribution in silicon.

Figure F4.1 presents the output of  simulations using the new 

Sentaurus model, simulating hydrogen distribution in an n-p 

structure after a typical firing process, with a total run-time of  29 

seconds. As with previous simulations an inflexion point is observed 

where the dominant form of  hydrogen transitions from H- to H+. 

This model can also be used to simulate the redistribution of  

hydrogen towards surfaces during post-firing thermal processes, 

such as those used to mitigate degradation in multicrystalline silicon. 

In regions underneath screen-printed silver contacts this has been 

observed to result in an increase in contact resistance. By applying 

a reverse bias across the junction, the redistribution of  hydrogen can 

be suppressed.
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Å-1 corresponds to the PbI
2
 (001) peak. It is worth noting that the 

perovskite fi lm without polymer treatment exhibits a high intensity of  

the PbI
2
 (001) peak. In contrast, the intensity of  the PbI

2
 (001) peak 

in the perovskite fi lm treated with the polymer layer is signifi cantly 

reduced and the intensity of  the perovskite (001) peak enhanced. 

This indicates that the existence of  this polymer capping layer can 

effectively reduce the tendency for perovskite decomposition and 

maintain the high crystallinity of  perovskite fi lm.

Figure F5.2: GIWAXS patterns of  (a) control FAPbI₃ perovskite 
fi lm; and (b) the perovskite fi lm treated with polymer.

The deposition of  this polymer fi lm also infl uences the kinetics of  

the phase conversion of  the perovskite from its intermediate phase 

to the fi nal state. The control perovskite fi lm exhibits a uniform 

scattering intensity of  the perovskite (001) peak, indicating that 

the orientation of  perovskite crystallite is randomly distributed. 

On the other hand, the perovskite crystallites show a preferential 

orientation in the fi lm treated with polymer PTQ10. The polymer 

capping layer slows the solvent evaporation rate, which leads to a 

longer time for perovskite crystallisation into a thermodynamically 

favoured orientation. The combination of  higher crystallinity and 

preferred crystallite orientation, faster charge transport and less 

non-radiative recombination are expected to occur on the perovskite 

fi lm treated with polymer PTQ10. Devices based on the architecture 

of  FTO/SnO
2
/FAPbI

3
/PTQ10/PTAA/Ag achieved a power conversion 

effi ciency (PCE) of  21.2%. The ambient stability of  perovskite solar 

cells treated with polymer also experienced a dramatic improvement. 

In addition to surface treatment by using a thin layer of  polymer, we 

also developed a post-treatment to passivate the surface defects 

by using a large cation tert-butylammonium (tBA). Although large 

F5 CHARACTERISATION OF 
MICROSTRUCTURE FORMATION 
IN SOLUTION-PROCESSED 
PHOTOVOLTAIC PEROVSKITE THIN 
FILMS WITH SYNCHROTRON-BASED 
X-RAY SCATTERING TECHNIQUES

Lead P artner

Monash University

Monash Team

Dr Wenchao Huang, Prof  Christopher McNeill, Prof  Yi-Bing Cheng

Academic Partner

UCLA: Prof  Yang Yang, Dr Lei Meng

Funding Support

ACAP

Aim

The ob jective of  this project is to investigate phase transformations 

during the solution processing of  photovoltaic perovskite thin fi lms 

and to establish a relationship between fi lm microstructure and 

device performance. Based on improved understanding of  fi lm 

formation, new fi lm deposition methods or post-treatments will be 

developed for highly effi cient perovskite solar cells.

Progress

The mo rphology of  perovskite layers plays an important role in 

determining overall device performance. The performance of  

solar cells is expected to be sensitive to the degree of  crystallinity, 

crystallite size and crystalline orientation within the thin fi lm. 

Synchrotron-based grazing incident wide angle X-ray scattering 

(GIWAXS) is a powerful technique to investigate crystal packing 

(Huang et al. 2015). As shown in Figure F5.1, X-rays at an incident 

angle slightly above the critical angle of  perovskite fi lm but below the 

critical angle of  substrate can minimise the scattering signal from 

substrate. In addition, in comparison to measurements using a point 

detector, 2D detectors take advantage of  obtaining many scattering 

peaks simultaneously, avoiding beam damage from prolonged 

X-ray exposure and also providing the information of  crystalline 

orientation. 

The formation of  high quality perovskite fi lm can be achieved via the 

formation of  an intermediate phase. However, due to the instability 

of  organic salts and weak binding in organic-inorganic perovskite 

materials, the escape of  organic cations has been observed during 

heat treatment. In order to suppress this release, a polymeric 

interlayer PTQ10 has been applied to the FAPbI
3
 perovskite 

intermediate phase before the deposition of  hole transport 

layer PTAA (Lei et al. 2018). GIWAXS was used to compare the 

morphology of  perovskite fi lms with and without polymer treatment, 

as shown in Figure F5.2. The scattering peak located at q = 0.9 

Figure F5.1: Schematic diagram of  grazing incident wide angle 
X-ray scattering (GIWAXS) experimental set-up.
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• Develop new methods to control the crystallisation of  perovskite 

fi lms for highly effi cient perovskite solar cells. 
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cations such as n-butylammonium (BA) and phenylethylammonium 

(PEA) are widely used for improving the stability of  perovskite solar 

cells, the formation of  2D perovskite at the interface hinders the 

charge injection (Wang et al. 2017). Here, a post-treatment by using 

tert-butylammonium iodide (t-BAI) solution leads the incorporation 

of  large tBA cations into the 3D perovskite crystal. There were no 

2D perovskite scattering peaks that emerged in lab-based X-ray 

diffraction. The champion solar cell with and without tBA treatment 

are shown in Figure F5.3. The perovskite solar cells without any 

treatment exhibit a power conversion effi ciency of  19.3%. After tBA 

post-treatment, device effi ciency shows an improvement to 20.1% 

with less hysteresis. In the future, we will apply synchrotron radiation 

to compressively understand the phase transformation during large 

cation post-treatment by using GIWAXS.

Figure F5.3: Current density-Voltage (J-V) characteristic of  
perovskite solar cells with and without tBA treatment.

Highlights

• Investigation of  perovskite morphology by using the grazing 

incident wide angle X-ray scattering (GIWAXS) technique and 

understanding of  the relationship between fi lm morphology and 

device performance.

• The introduction of  a polymer interfacial layer signifi cantly 

reduces the loss of  surface organic cation during thermal 

annealing and facilitates the perovskite crystallisation into a 

favourable morphology. 

• The use of  a large cation tert-butylammonium (tBA) passivates 

surface defects and thus improves device performance and 

stability.

Future work

• Investigation of  effects of  large cation post-treatment such as 

BA, PEA and t-BA on the perovskite microstructure.

• Application of  in situ GIWAXS measurement to investigate the 

perovskite phase transformation from the intermediate phase to 

the fi nal state. 
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et al. 2017). During this period a series of  fluorenyl-based materials 

was developed that differed in conjugated length, the positions of  

the electron-withdrawing 3,1,2-benzothiodiazole (BT), the number of  

units in the molecule (e.g. using a hexaphenylbenzene core) and the 

electron withdrawing end group (Figure F6.1). 

Thermogravimetric analysis (TGA) showed that all the materials 

were thermally stable with decomposition temperatures (5% weight 

loss) above 300°C. Differential scanning calorimetry (DSC) showed 

the non-branched materials had glass transition temperature 

(T
gs

) in the range of  50°C while the branched compounds did not 

show any thermal transitions. All the materials underwent more 

than one reduction process with an E
1/2 

of  around -1.2 V versus 

the ferrocenium/ferrocene couple. The absorption spectra of  the 

materials show a difference between solution and the solid state, 

with the latter generally broader and red shifted in terms of  the 

peak and onset. The red shift could arise from planarisation of  the 

chromophores or a degree of  aggregation (Fig. F6.2). 

The dielectric constants of  materials were determined at low 

frequency using impedance measurements and optical frequency 

using a combination of  spectroscopic reflectometry, transmission 

and ellipsometry. Figure F6.3(a) shows the low frequency dielectric 

constant of  the materials to 2 × 106 Hz. The BT-centred material 

is the standout compound at low frequency with a remarkably 

high dielectric constant of  15.0. The optical frequency dielectric 

constants are shown in Figure F6.3(b) and are in the range of  

2.8 to 3.1. Substituting with glycol side chains does not affect 

the dielectric constant at optical frequency unless π-electron 

delocalisation is enabled and the absorption in the near-infrared 

region is further improved. Finally, two of  the materials in the series, 

the dimer and trimer have been made into solution-processed 

homojunction organic photovoltaic devices. Figure F6.4 shows the 

external quantum efficiencies (EQEs) of  the devices with the critical 

result that the onset to the EQE follows closely to the onset of  the 

absorption. That is, excess energy is not required to get some 

degree of  charge separation. 

F6 HIGH DIELECTRIC CONSTANT 
SEMICONDUCTORS FOR 
HOMOJUNCTION ORGANIC SOLAR 
CELLS

Lead Partner

UQ

UQ Team

Dr Wei Jiang, Dr Hui Jin, Prof  Paul Burn

Funding Support

ACAP

Aim

The objective of  this project is to develop glycolated organic 

semiconductors and explore their potential for increasing the 

dielectric constant at both low and high frequencies and minimising 

the energy losses in free charge carrier generation in homojunction 

organic photovoltaic devices.

Progress

It has been proposed that high dielectric constants of  organic 

semiconductors can dramatically lower the exciton binding energy 

and reduce geminate and non-geminate recombination to minimise 

energy losses and lead to improvement in the performance of  

homojunction photovoltaic devices (Koster, Shaheen et al. 2012). In 

principle the efficiency of  organic solar cells could be comparable to 

inorganic and hybrid solar cells. One of  the most common strategies 

developed for high dielectric constant organic semiconductors is 

replacing the alkyl solubilising groups with ethylene glycol groups 

to enhance the dipole polarisability (Donaghey, Armin et al. 2016). 

The flexibility of  glycol side chains can lead to less steric hindrance 

in the C-O bond rotation (Meng, Song et al. 2015) and results in 

closer π-π stacking and thus a higher film density (Armin, Stoltzfus 

Figure F6.1: Molecular 
structures of  the as-
developed glycolated 
materials.
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• Homojunction devices have demonstrated that an EQE can be 

measured near the absorption onset.

Future Work

• Increase the optical frequency dielectric constant by developing 

glycolated materials.

• Improve homojunction device performance by simultaneously 

increasing both the low and optical frequency dielectric 

constants.
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Figure F6.4: EQEs of  homojunction devices comprised of  
homojunction dimer and trimer versus the molar absorption 
coefficients (dashed lines).

Highlights

• A series of  glycolated oligo-fluorenyl materials have been 

developed to investigate the effect of  glycol chains on the 

dielectric constant of  organic semiconductors and organic 

photovoltaic performance.

• The glycolated materials were thermally stable, and the glycol 

solubilising groups did not appear to detrimentally affect the 

optoelectronic properties, but have efficiently increased the 

dielectric constant at low frequency.

• A material with a low frequency dielectric constant of  15 has 

been developed.

Figure F6.2: Solution and 
film absorption of  (a) 
linear compounds; and 
(b) dendrimers. 

Figure F6.3: Dielectric 
constants of  all the 
materials at (a) low 
frequency; and (b) 
optical frequency.
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Our group demonstrated world record conversion effi ciencies using 

spectrum splitting for both concentrated (40.6% CPV submodule) 

and unconcentrated (34.5% one-sun minimodule) sunlight (Green et 

al. 2015a and 2015b; Emery et al. 2016). This particular spectrum 

splitting diverts the 900–1050 nm spectral band from a lattice-

matched (LM) TJSC (schematic structure shown in Figure F7.1(a)) to 

an Si cell by using a custom 150-layer dielectric bandpass or band-

refl ect fi lter (Figure F7.1(b)), respectively. 

The discrete dielectric fi lters are usually quite expensive, and even 

then, the fi lter performance is not ideal. This project investigates an 

alternative approach to spectrum splitting, namely, the integration of  

an intermediate DBR optimised to function as a suitable band-refl ect 

fi lter in a TJSC. This integrated DBR approach could be implemented 

with little additional cost during manufacture of  the TJSC, in contrast 

to the use of  discrete dielectric fi lters. 

The intermediate DBR in the LM TJSC already gives a substantial 

900 nm refl ectance peak at a 45° angle of  incidence (AOI) 

suited to spectrum splitting applications (Figure F7.2(a)). To aid 

understanding and design, the spectral refl ectance of  the DBR 

on a GaAs substrate is modelled as well to reveal the ‘bare’ DBR 

refl ectance (i.e. air interface, no overlying layers) (Figure F7.2(a)).

Assuming no change in the DBR bilayer materials and the number 

of  bilayers, a reasonably effective spectrum splitting band-refl ect 

fi lter designed for 45° AOI is modelled, with results shown in Figure 

F7.2(b). The 16 bilayers in the original design are divided into two 

sets of  8 bilayers to provide a broader refl ection band, each set with 

F7 PRACTICAL 50% EFFICIENT 
SPECTRUM SPLITTING CPV 
RECEIVERS USING INTERMEDIATE 
BRAGG REFLECTORS

Lead Partner

UNSW

UNSW Team

Dr Yajie Jiang, Dr Mark Keevers, Scientia Prof  Martin Green

Industry Partner

Azur Space Solar Power 

RayGen Resources Pty Ltd 

Funding Support

ACAP

Aim

The aim of  this project is to demonstrate the advantages of  the 

distributed Bragg refl ector (DBR) assisted spectrum splitting 

concept compared with discrete dielectric fi lters. We are also 

working towards world record system effi ciency exceeding 50% 

using spectrum splitting between two triple-junction solar cells 

(TJSCs) under standard concentrator photovoltaic (CPV) test 

conditions, including all optical losses.

Progress

Spectrum splitting is recognised as an effective approach to 

improve photovoltaic conversion effi ciencies. It is achieved by using 

dedicated optics such as dichroic fi lters or mirrors, employing 

tandem solar cells consisting of  a (monolithic or mechanical) 

stack of  multiple semiconductors with decreasing bandgap, or a 

combination of  both approaches. 

Figure F7.1: (a) Schematic of  an LM TJSC structure (not to scale); 
and (b) schematic of  spectrum splitting concept. 

Figure F7.2: Modelled specular refl ectance of  an LM TJSC with 
various spectrum splitting DBR designs optimised to refl ect 
900–1050 nm at 45° AOI. The spectral refl ectance of  the various 
DBR designs on a 1-um thick GaAs substrate are included to 
show the ”bare” DBR refl ectance range (without overlying layers). 
A dielectric fi lter and an idealised pillbox band-refl ect fi lter are 
shown for comparison.
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The current densities and effi ciencies of  fi ve TJSC structures 

incorporating various DBR designs discussed above were modelled 

using Solcore (Alonso-Álvarez et al. 2018), a Python-based 

integrated optical and electrical modelling framework for solar 

cells. The optical part of  the simulations, calculating the refl ected 

power and depth-dependent absorption/generation rate, was 

carried out using the built-in transfer matrix method (TMM) optical 

model, using the same optical constants data which we used to 

fi t the refl ectance measurements. The external quantum effi ciency 

(EQE) and light current-voltage (IV) characteristics were calculated 

using the depletion approximation (Nelson 2003) as implemented 

in Solcore. The EQE and effi ciencies calculated for the TJSCs for 

normal incidence matched well with measured values provided by 

the manufacturer when 5% shading loss is assumed.  

To simulate the performance of  an integrated CPV receiver 

consisting of  the LM TJSC and an Si cell, the refl ectance and light 

IV characteristics of  the different TJSC designs were calculated 

assuming an incident AM1.5D spectrum concentrated 800 x incident 

at 45° AOI on the TJSC. Light refl ected from the TJSC is incident 

normally on the Si cell, which is modelled on an Amonix concentrator 

cell (Slade and Garboushian).

The calculated sub-cell photocurrent densities of  the LM TJSC for 

the various DBR designs described above are shown in Table F7.1. 

We reoptimised the AR coating for the 45° AOI of  the spectrum 

splitting receiver, nevertheless, the J
sc

 of  the top and middle sub-

cells in the LM TJSC at 45° AOI are very slightly reduced compared 

with 0° AOI because of  higher front surface refl ection at non-normal 

incidence. For 45° AOI, J
sc

 of  top sub-cell is not affected by the 

various DBR designs. The J
sc

 of  the middle sub-cell is lower for 

the 2 × 8 bilayer DBR due to the reduced number of  DBR bilayers 

covering the spectral range 850–900 nm, as explained above. The 

better spectrum splitting DBR designs have the desired effect 

of  diverting photons away from the Ge bottom sub-cell without 

detriment to the top or current-limiting middle sub-cells. The 

corresponding Si cell effi ciencies and total receiver effi ciencies 

show a clear increasing trend for the more advanced DBR designs. 

The 3 × 16 bilayer design comes closest to current matching 

conditions, but leaves a sensible margin above the limiting current to 

a different bilayer thickness and hence refl ectance band. However, 

with a reduced number of  DBR bilayers covering the spectral range 

between 850 and 900 nm, this approach undermines the original 

DBR benefi t of  boosting the middle sub-cell photocurrent (see Table 

F7.1, where the photocurrent of  the middle sub-cell is reduced 

compared to the original TJSC). 

In our next model, to retain the original function of  the DBR while 

broadening the spectral refl ectance region, an additional 16 

bilayers are included (Figure F7.2(c)). That is, the number of  Bragg 

layers is increased from the original 16 to 32 (2 × 16) bilayers (i.e. 

from 32 to 64 layers). Note that in our design, refl ectance for the 

additional 16-bilayer set is shifted to longer wavelengths to avoid the 

atmospheric absorption band around 950 nm (Figure F7.2(c)). 

For a fi nal model to improve the spectrum splitting DBR refl ectance, 

we use triple the original number of  DBR layers (i.e. 48 = 3 × 16) 

(Figure F7.2(d)). The additional sets of  DBR bilayers progressively 

enhance the refl ectance for spectrum splitting compared with 

the original design. For comparison, the fi gure also includes the 

modelled refl ectance of  the dielectric band-refl ect fi lter we used in 

our one-sun spectrum splitting minimodule. The 48 (3 × 16) bilayer 

DBR design gives comparable performance to a discrete dielectric 

fi lter (Figure F7.2(d)).

Figure F7.3: Modelled EQE of  (a) the original LM TJSC at 0° AOI; 
and (b) the 4-junction spectrum splitting receiver consisting of  the 
modifi ed LM TJSC at 45° AOI with optimised spectrum splitting 
DBR (3 × 16 bilayers) plus the Si cell.

Device structure
J

sc
 top sub-cell 

(mA cm-2)

J
sc

 middle sub-cell 

(mA cm-2)

J
sc

 bottom sub-cell 

(mA cm-2)

Effi ciency

LM TJSC (%)

Effi ciency

Si cell (%)

Effi ciency

Total (%)

Original TJSC (standard 1 × 16 

bilayer DBR) @ 0° AOI
12.5 12.1 17.6 40.7 N/A 40.7

Original TJSC (standard 1 × 16 

bilayer DBR) @ 45° AOI
12.2 11.9 17.8 39.7 2.1 41.8

TJSC with spectrum splitting DBR 

(2 × 8 bilayers) @ 45° AOI
12.2 11.5 15.9 38.4 3.6 42.0

TJSC with spectrum splitting DBR 

(2 × 16 bilayers) @ 45° AOI
12.2 11.9 14.8 39.4 4.1 43.5

TJSC with spectrum splitting DBR 

(3 × 16 bilayers) @ 45° AOI
12.2 12.0 12.9 39.1 5.3 44.4

Table F7.1. Calculated sub-cell photocurrent densities and LM TJSC + Si cell effi ciencies for various DBR designs.
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Slade, A. and V. Garboushian (2005). “27.6% efficient silicon 

concentrator solar cells for mass production”. Technical Digest, 15th 

International Photovoltaic Science and Engineering Conference, 

Beijing.

avoid the Ge sub-cell excessively reducing TJSC fill factor (Meusel 

et al. 2002). Figure F7.3 shows the impact on EQE of  changing from 

the original LM TJSC at 0° AOI to a (4-junction) spectrum splitting 

receiver with LM TJSC at 45° AOI plus an Si cell to capture the 

reflected light. More detailed work was submitted as a full paper to 

Solar Energy Materials and Solar Cells in June 2018.

Highlights

• The internal DBR in LM TJSC is optimised to act as a band-

reflect filter to divert otherwise wasted light (nominally 900–1050 

nm) to an Si solar cell.

• The current densities and efficiencies of  various TJSC structures 

incorporating different DBR designs were modelled using 

Solcore. 

• Simulations show that 4-junction (TJSC + Si) spectrum splitting 

receivers have higher efficiency than the original TJSCs.

Future Work

• Design of  metamorphic triple-junction solar cell utilising internal 

DBR, for spectrum splitting to Si solar cell.

• Fabrication of  the designed TJSC with spectrum splitting DBR (3 

× 16 bilayers).

• Characterisation, including light I-V, of  fabricated TJSCs.

• Investigate angle of  incidence effect of  DBR.
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photoconductance has a higher sensitivity by at least two orders 

of  magnitude. To exemplify this point the time constants were 

determined from a 1 Ω.cm silicon p-type multicrystalline wafer 

with a commercially available transient photoconductance tool 

and is shown in Figure F8.1 in blue as a function of  excess 

carrier density. The sensitivity of  the techniques can be evaluated 

simply by dividing the excess carrier density by the doping of  

the sample: a 1 Ω.cm sample has a doping density of  ~1016 cm-3. 

Thus, the photoconductance system can achieve a sensitivity six 

orders of  magnitude lower than the doping. For reference, the 

sensitivity of  a DLTS system is indicted in a dashed black line. Thus, 

photoconductance may have a higher sensitivity than DLTS.

Figure F8.1: Example of  the high sensitivity (low excess carrier 

density) possible with transient photoconductance measurements 

on a 1 Ω.cm multicrystalline silicon wafer. This was measured with 

an MDPmap from Freiberg Instruments (2019). The dashed line 

represents the lowest excess carrier density at which DLTS can 

typically measure a decay time constant, i.e. four orders lower 

than the doping of  1016 cm-3.

A second limitation of  DLTS stems from it being a junction-based 

technique. This required the sample to have both a junction and 

a contact. This of  course places a restriction on the sample types 

DLTS can measure. This can prove challenging when investigating: 

new materials, for which it may be unknown how to form a junction 

or contacts; partially processed samples, where metallisation is not 

possible; high temperature ranges, as a junction may break down; or 

measurements of  raw bulk materials. Unlike DLTS photoconductance 

measurements do not require contact to be made to a sample nor do 

they require a junction, meaning photoconductance measurements 

can be performed at any stage of  processing. 

A third limitation of  DLTS is that since DLTS is a junction-based 

measurement, all measurements are performed in the presence of  

a high electric fi eld (>106 V m-1) which may impact the measured 

values. While there are specifi c approaches that signifi cantly reduce 

this impact, avoiding such complications is always preferable. 

Photoconductance is usually performed in a low fi eld (<10 V cm-1) 

situation and thus measures the true low fi eld values. 

F8 DETERMINATION OF DEFECT 
ENERGY LEVELS FROM INJECTION 
DEPENDENT TRAPPING

Lead Partner
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Funding Support
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Aim

The objective of  this project is to investigate transient 

photoconductance for measuring defects in semiconductors. This 

project’s focus is to determine the energy level of  a defect, as this is 

what has historically been extracted. 

To aid in the extraction of  these parameters a simulation package 

was developed to determine the impact of  both Sah and Shockley 

and Shockley-Read-Hall defects on the photoconductance. These 

were what they used to calculate if  photoconductance is observed 

in commonly used material.

Motivation

This project looks at the use of  transient photoconductance as an

alternative method to detect and study defects in semiconductors. 

First we will motivate the use of  photoconductance as an alternative 

technique to the currently standard approach to study the electrical 

activity of  defects, being deep level transient spectroscopy (DLTS). 

Following this we will summarise the work so far. This includes the 

construction of  a zero-dimensional simulation program for defects 

in semiconductors and several methods by which electronic defect 

parameters can be determined from transient photoconductance 

data. 

As is true for any characterisation technique, DLTS has some 

limitations that hinder the measurement of  specifi c defect signatures. 

Some of  the specifi c limitations, which can be avoided through the 

use of  transient photoconductance, will now be outlined. It is not 

expected that photoconductance will replace DLTS but it is expected 

to be used in places where DLTS cannot be used.

The fi rst limitation of  DLTS is that it can only measure defects 

with concentrations larger than a sample’s doping divided by 

104. Such a detection limit can be an issue for materials that 

have a very high purity. For example, DLTS can measure defect 

concentrations for p-type solar grade silicon down to a concentration 

of  1012 cm-3, however iron concentration orders below this level 

often impact material quality and device performance. Transient 
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1992). The solution to this second case will now be used to highlight 

the extraction of  defects. The second case is chosen as it is not 

possible to experimentally prevent majority carrier emission but 

is possible to prevent minority carrier capture (by the removal of  

minority carriers at a faster rate than the defect de-populates). The 

time decay (𝜏) measured by photoconductance when there is no 

minority carrier capture is,

where cmj is the capture of  majority carriers and nmj is the majority 

carrier density. This time constant is dominated by the fastest 

(largest) of  the three rates. Interestingly the first two rates are the 

rates measured by DLTS, depending on the majority carriers and the 

type of  “filling pulse” used. The term last related to majority carrier 

capture. This solution can also be written in terms of  a defect’s 

electrical parameters, being the capture cross-section of  electrons/

holes (𝜎𝑒,) and the energy level from mid gap (E
d
):

where v
th
 is the thermal velocity for the appropriate carrier, n

i 
is the 

intrinsic carrier density of  the material, k is the Boltzmann constant, 

and T is temperature. Thus the general decay depends on all three 

defect parameters.

DLTS, the standard for the electricalcharacteriation of  defects, uses 

temperature-dependent measurements to measure the exponential 

temperature dependence of  the emission rate, i.e. the temperature is 

scanned to bring the emission time constant within the measurement 

range of  the tool. However, as photoconductance consists of  several 

rates, this behaviour is not expected to hold. Comparison of  the 

time constants measured by DLTS and transient photoconductance 

as a function of  temperature for a 1 Ω.cm p-type silicon sample 

contaminated with gold is shown in Figure F8.2.  

It is clear that direct determination of  the 𝜎
mj

 can occur at sufficiently 

low temperatures where the capture of  the majority carrier is 

dominant This is because this term is almost independent of  

temperature while the emission time constant decreases strongly 

with a decrease in temperature. As this term only depends on 

measurable quantities and 𝜎
mj 

, 𝜎
mj

 can thus be determined.

Numerical simulations

A numerical simulation package has been developed to simulate the 

steady state and time resolved behaviour of  defects. The program is 

written in Python and is freely available. The program is capable of  

simulating both Sah and Shockley (1958) as well as Shockley-Read-

Hall (Shockley and Read 1952; Hall 1952) defects in steady state as 

well as their time dependence. The governing rate equations for the 

simpler Shockley-Read-Hall defect is given by the well-known system 

of  rate equations (Shockley and Read 1952):

where n
e
 is the free electron concentration, n

h
 is the free hole 

concentration, n
de

 is the electron concentration in the defect, n
dh

 is 

the concentration in the defect, G is the generation rate of  electron-

hole pairs, R is the band-to-band recombination, e
e
 is the probability 

of  emission of  electron from the defect, e
h
 is the probability of  

emission of  hole from defect, c
e
 is the probability of  capture of  

electron by the defect, and c
e
 is the probability of  capture of  holes 

by the defect. These capture and emission rates can also be related 

to the standard capture cross-sections and energy level of  a defect 

(Shockley and Read 1952).

The simulation program has been used to determine the decay 

time constant that would be measured if  these defects were in the 

standard material used to make silicon solar cells, as shown in Table 

F8.1. Note that these time constants are very short compared to a 

surface limited silicon wafer (1 µs) meaning they would not be able 

to be measured. This limitation is discussed later. 

Determining defect parameters

The determination of  defect parameters from transient 

photoconductance measurements, can be understood by looking 

at analytical descriptions that exist for the time constants resulting 

from the de-population of  a defect under certain restrictions. Closed 

form solutions exist for the above system of  equations under two 

situations, being for 1) no majority carrier emission (Hornbeck and 

Haynes 1955); and 2) no minority carrier capture (Blood and Orton 

Defect 𝜎𝜎𝑒𝑒 

(cm3) 

𝜎𝜎ℎ 

(cm3) 

𝐸𝐸𝑑𝑑−𝐸𝐸𝑖𝑖 

(eV) 

n-type time 
constant 

(us) 

p-type time 
constant 

(us) 

Au 8.5×10-17 9×10-15 0.013 0.1 1.3×10-3 

Fe 1.3×10-14 6.8×10-17 -0.19 8×10-4 1.7×10-1 

Ti 1.3×10-13 3.8×10-17 -0.31 8×10-5 2.3×10-1 

 

Table F8.1: Calculated 
time constants that would 
be determined from a 
transient photoconductance 
measurement on both an 
n-type and p-type sample 
with doping density of  
5×1015 cm-3 for the given 
defects. The decay time 
constants are for single 
charge states and taken 
from references (Juhl et al. 
2018).
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Highlights

• Photoconductance is a promising alternative to DLTS as it has: 

an increased sensitivity, can be performed without contacts, and 

measures slightly different time constants. 

• An approach to determine defect parameters from transient 

photoconductance data has been outlined.

• A freeware modelling program has been produced that allows 

the simulation of  such measurements with multi-level defects. 
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With 𝜎
mj

determined the temperature can be increased to where the 

other rates impact the time constants. At these higher temperatures 

the fastest emission rate will dominate, and with a similar analysis to 

DLTS an activation energy and apparent capture cross-section can 

be determined. If  used in combination with “fi lling” pulses of  varying 

width both the real energy level and minority carrier capture cross-

section can be determined. 

As with all techniques, transient photoconductance also has its own 

limitations. The currently perceived largest limitation is that these 

time constants can be measured. This may not always be possible 

as it is both required that a) the minority carriers are depleted 

signifi cantly faster than the de-population of  the defect; and b) such 

time constants can be measured by a system. As the time constant 

depends on both the doping of  the sample and the temperature 

it is possible that certain samples will show no defect signature. 

Take for example a p-type silicon sample with a 1 us lifetime and a 

doping of  1016 cm-3. A signal will only appear in photoconductance 

if  the defects have capture cross-sections smaller than 10-18 

cm2. This is the result of  the very small time constants shown in 

Table F8.1. As capture cross-section can be four times larger, 

and also more than four times smaller than this (J uhl et al. 2018), 

it suggests photoconductance may not be the best technique for 

the study of  defects with large capture cross-sections. Moreover, 

lowering the temperature, as is usually done for DLTS, will not 

result in a signifi cant increase in this time constant as the ionised 

dopant (majority carrier density) does not signifi cantly change 

with temperature. One area of  interest would be in the region of  

temperatures where dopant freeze out occurs, as this would reduce 

this time constant.  

Figure F8.2: Decay time constants from a simulated transient 
photoconductance measurement on a 2 kΩ.cm silicon wafer 
contaminated with substitutional gold accounting for both levels. 
The individual emission components, being carrier emission 
and capture time constants, are shown in blue. The equation 
representing the majority carrier capture is displayed.
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Figure F9.1: (a) TEM image of  a 50 nm ALD Al
2
O

3
 layer on a PSC 

and its corresponding (b) elemental mapping for Al; and (c) 
elemental mapping for oxygen. Al

2
O

3
 deposition was performed 

at 95°C.

Figure F9.2: (a) Normalised averaged PCE of  
(FAPbI

3
)

0.85
(MAPbBr

3
)

0.15
/spiro-OMeTAD/Au/50 nm Al

2
O

3
 solar cells 

before and after ALD of  Al
2
O

3
 at different temperatures; and (b) 

normalised averaged PCE of  perovskite solar cells with different 
HTMs before and after 95°C ALD of  Al

2
O

3
.

Figure F9.3: Cross-sectional SEM images of  (a) spiro-OMeTAD; 

and (b) PTAA-based test devices 2 weeks after storage in 

ambient (75 ± 10% relative humidity) at room temperature. Cross-

sectional SEM images of  (c) spiro-OMeTAD; and (d) PTAA-based 

test devices after 2 weeks of  continuous thermal stress at 65°C in 

inert condition (N
2
).

The crystallisation of  spiro-OMeTAD is accelerated in high 

temperatures, which results in deterioration of  spiro-OMeTAD (Kim 

et al. 201 7). We, therefore, repeated the 95°C ALD of  50 nm Al
2
O

3

on cells that use PTAA instead of  spiro-OMeTAD as HTM. Figure 
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Aim

The objective of  this project is to develop a high performance 

large-area perovskite/Si tandem solar cell. Because of  the nature of  

organic-inorganic perovskite, the instability of  perovskite should be 

resolved to secure the performance. Therefore, in the fi rst year of  this 

project, our team focused on stability aspects and initial results are 

given below. Also, our team is seeking excellent results for effi ciency 

of  a four-terminal perovskite/Si tandem solar cell and publication in a 

prestigious journal is anticipated.

Progress

For perovskite solar cells (PSCs) to be commercially viable, 

instability, which is most severe at elevated temperatures or under 

the presence of  moisture (Noh et al. 2013; Frost et al. 2014; Yan 

et al. 2015; Leijtens et al. 2013), needs to be overcome. However, 

for the most commonly used perovskite material ((HC(NH
2
)

2
PbI

3
)

x
(CH

3
NH

3
PbBr

3
)

y
 ((FAPbI

3
)

x
(MAPbBr

3
)

y
) in state-of-the-art devices, 

the intrinsic instability issue under heat stress is mitigated (Fu et 

al. 2018). The objectives of  this research reported here are: (1) to 

study the effect of  the atomic layer deposition (ALD) processing 

temperature on both PSCs' properties and degradation; (2) examine 

the degradation mechanism during the ALD process; and (3) to 

investigate the long-term stability of  PSCs encapsulated by an ALD 

Al
2
O

3
 moisture barrier fi lm. For this, two kinds of  PSCs are fabricated: 

(a) (HC(NH
2
)

2
PbI

3
)

0.85
(CH

3
NH

3
PbBr

3
)

0.15
/spiro-OMeTAD/Au, and (b) 

(HC(NH
2
)

2
PbI

3
)

0.85
(CH

3
NH

3
PbBr

3
)

0.15
/PTAA/Au. After fabricating solar 

cells, 50 nm Al
2
O

3
 was deposited on PSCs (Figure F9.1) , and then 

the effect of  the ALD operating temperature on both the electrical 

properties and the degradation of  PSCs was examined.

The PCE of  the cells before and after the ALD were measured as 

shown in Figure F9.2a. The PSCs with Al
2
O

3
 deposited at 120°C 

experienced the most dramatic degradation, an average of  35% 

drop in PCE after the ALD process. As the ALD temperature 

decreases, so is the averaged PCE degradation that was reduced to 

16% at 95°C. 
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conducting oxide (TCO) in perovskite solar cells. However, ITO is 

usually deposited by magnetron sputtering, which can damage any 

underlying layers through the high kinetic energy of  the sputtered 

particles, requiring a sputter buffer layer to protect the underlying 

layer. To protect the underlying layer, a bilayer architecture will be 

proposed for n-i-p structured semitransparent perovskite solar cells. 

The cell design and fabrication of  four-terminal perovskite/Si tandem 

solar cells was a joint undertaking of  UNSW and KRICT.

For semitransparent perovskite solar cells, they were fabricated 

using the following basic structure of  glass/FTO/bl-TiO
2
/mp-TiO

2
/

perovskite/PTAA/buffer/ITO/Au fi ngers. ITO was sputtered by DC 

magnetron sputtering at room temperature with sheet resistances 

of  about 15 ohm/sq, followed by thermally evaporating Au fi ngers 

through a shadow mask. For bottom silicon solar cell fabrication, 

the size of  the cells designed for high effi ciency crystalline silicon 

solar cells was 1 cm × 1 cm from a 6-inch-diameter wafer. To 

fabricate passivated emitter and rear cell (PERC)-type cells, p-type 

Czochralski (Cz) wafers with resistivities of  1 Ω cm were processed 

(Green 2015). The top side of  each cell was passivated using 

silicon dioxide, which was formed on silicon at 1050°C in a mixture 

of  trichloroethane/O
2
. Phosphorus diffusion was performed using a 

solid source at ~830°C for 20 minutes. Boron was diffused under the 

Al rear metal contact.

Figure F9.5 shows photocurrent density vs. voltage (J-V) plots 

under one-sun illumination, comparing opaque devices and 

semitransparent devices with different buffer layer types, buffer 1 

and buffer 2. The effect of  anti-refl ective (AR) layers on the device 

performance was also compared for non-transparent devices 

and semitransparent devices. An additional buffer layer (buffer 2) 

improves the PCE of  the semitransparent solar cells, mainly due 

to signifi cant recovery of  the fi ll factor. The fi ll factor drops to 70.2 

± 1.7% for buffer 1 and then recovers to 79.8 ± 0.7% with buffer 

2, which is very close to the fi ll factor of  a regular opaque device, 

80.2 ± 0.7%.  Additional enhancement of  the effi ciency can be 

achieved through adding AR layers to increase short-circuit current 

density (J
SC

), resulting in PCEs up to 19.9 %. It can be seen that the 

conduction band energy level of  the bilayer structure, buffer 2, is 

closer to the Fermi energy level compared to that of  a buffer 1 layer, 

suggesting improved band alignment and a possible doping effect 

with the bilayer architecture (Wang et al. 2017).

Four-terminal perovskite-silicon tandems have been demonstrated, 

comparing the single layer and bilayer buffers for the top 

perovskite cells.  The optical fi lters of  the top perovskite cells were 

mechanically stacked on top of  the silicon bottom cell, and J-V 

measurements of  the fi ltered Si cell were performed comparing the 

unfi ltered and fi ltered Si solar cells. The performance of  the fi ltered 

Si bottom cell improves with the bilayered buffer, while J
SC

 improves 

further with the addition of  AR layers, LiF on top of  the ITO side and 

the AR fi lm on the bottom of  the glass substrate. As summarised in 

Table F9.1, the device performance values of  the fi ltered Si bottom 

cell improved with the bilayer architecture of  the sputter buffer and 

the incorporation of  AR layers. Adding the fi ltered bottom cell with 

the champion top perovskite cell resulted in a four-terminal tandem 

F9.2b shows the change in PCE for PSCs using different HTM before 

and after ALD. A PTAA-based device is more stable than that with 

spiro-OMeTAD experiencing only a 12% drop in PCE after the ALD 

process at 95°C. Further investigation shows that pinholes were 

formed in spiro-OMeTAD after 2 weeks of  thermal stress at 65°C in 

N
2
 (Figure F9.3c). These pinholes further promote moisture ingress 

into the perovskite layer which leads to rapid degradation (Ono et al. 

2015). On the other hand, pinholes are not observed when spiro-

OMeTAD-based test devices are stored in ambient only, as shown 

in Figure F9.3a. It should be noted that PTAA layers remained intact 

whether they went through 2 weeks of  ambient storage (75 ± 10% 

RH) at room temperature or thermal stress (65°C) in N
2,
 as shown in 

Figure F9.3b and d. Therefore, thermal stress is a critical factor for 

the onset of  degradation within the spiro-OMeTAD layer resulting in 

the failure of  the rest of  the device.

Figure F9.4: PCE of  full mesoporous (FAPbI3
)

0.85
(MAPbBr

3
)

0.15
/HTM 

/Au/50 nm Al
2
O

3
 PSCs during storage at room temperature (dark) 

in 50% RH for 7500 h (~ 10 months).

Finally, complete devices encapsulated by ALD Al
2
O

3
 were 

subjected to environmental tests to examine their stabilities 

in terms of  changes in PCE. We fabricated full mesoporous 

(FAPbI3)
0.85

(MAPbBr
3
)

0.15
/spiro-OMeTAD/Au/50 nm Al

2
O

3
 and 

(FAPbI
3
)

0.85
(MAPbBr

3
)

0.15
/PTAA/Au/50 nm Al

2
O

3
 solar cells which were 

then stored at room temperature in 50% RH for 7500 h (~ 10 months). 

The colour of  PSCs did not change regardless of  the type of  HTM 

used. In the case of  PTAA-based devices, the drop in maximum 

power was below 4% (Figure F9.4). Spiro-OMeTAD suffered an 8% 

drop in maximum power under the same conditions. However, it is 

worth noting that these results show better long-term stabilities even 

at 50% RH compared to our previous report (Kim et al. 2017) when

at room temperature under inert conditions. This is likely caused by 

a more stabilised FA-based perovskite as reported before (Jeon et 

al. 2015). These results indicate that the Al
2
O

3
 layer is effective in 

preventing moisture ingress improving the stability of  PSCs.

For light to pass through the perovskite top cell to the underlying 

silicon bottom cell, high transparency of  the perovskite cell is 

crucial. Due to its high conductivity and excellent transparency, 

indium tin oxide (ITO) is the industry’s standard transparent 
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grid incorporation on ITO could be a solution and the details can be 

found in ACS Energy Lett. (2017) 2(9), 1978–1984. The developed 

fabrication processes can be adopted on Si solar cells with a two-

terminal tandem configuration which results in large-area highly 

efficient perovskite/Si solar cells. 
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efficiency up to 27.8%, using a semitransparent perovskite device 

of  19.9% efficiency. It should be noted that such high tandem 

efficiencies were achieved by using an unfiltered Si cell with an 

efficiency of  only 20.5%.

Highlights

• PTAA is more stable than spiro-OMeTAD during the ALD 

process. Pinholes are formed within the spiro-OMeTAD layer 

under thermal stress.

• Encapsulated PTAA-based devices experience less than 4% 

drop after 7500 h of  50% RH at room temperature.

• Design and fabrication of  semitransparent devices of  over 19% 

efficiency with a novel process sequence (buffer 2, sputter 

method) which also leads to better stability. 

• Perovskite-silicon four-terminal tandems up to 27.8% efficiency 

(Si cell efficiency: 20.5%). The result is mainly caused by the 

enhanced fill factor mainly due to improved band alignment.

Future Work

Development of  a large-area perovskite solar cell process for 

achieving large-area perovskite/Si tandem solar cells. A doctor blade 

coater can be utilised with our collaborator. On the other hand, a 

slot-die coater will be installed in KETI. It is planned to be utilise for 

achieving a large-area photovoltaic device under the collaboration 

with UNSW.

Once a large semitransparent perovskite solar cell is developed with 

a technique described in this report (encapsulation, semitransparent 

perovskite solar cell), a metal grid on the ITO side will be required 

for reducing the resistance of  the substrate. In this case, the metal 

Figure F9.5: Current density vs. voltage (J-V) curves under AM 1.5 
G of  semitransparent devices (solid lines) with single (buffer 1) or 
bilayer (buffer 2) buffer layers, and of  opaque devices (dashed 
lines) with Au. Anti-reflection-applied cells are marked with “AR”.
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Table F9.1:  Four-terminal perovskite-silicon tandems. Unfi ltered Si cell and fi ltered silicon solar cells with 

buffer 1, buffer 2 and buffer 2-AR.  The effi ciencies of  the champion top perovskite solar cells (η
top

) for 

each of  the corresponding fi lters, and the resulting effi ciencies of  the perovskite-silicon tandems in the 

four-terminal confi guration (η
4-T

).
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back for reabsorption, in the radiative limit where only radiative 

recombination occurs, the top two cells will have an increase of  

0.067 V in each of  its voltages with a total increase of  0.134 V for 

the tandem device (Lan and Green 2018; Lan and Green 2018; 

Lan and Green 2018). This would give an absolute increase of  

~1.8% in the tandem efficiency. For good real cells with radiative 

efficiencies of  ~30%, the tandem voltage will have an increase of  

~0.08 V, corresponding to an absolute increase of  ~1.1% in the 

tandem efficiency part. Noticeably, the above data are for cells using 

concentrated sunlight and the relative improvements will be larger for 

one-sun modules since each cell operates at a lower voltage but with 

the same absolute improvement.

Second, we noticed that the current band-pass filter directs out 

light from 880 to 1030 nm (1.41 to 1.206 eV) only (Figure F10.2), 

suggesting that the Ge cell is still generating more photocurrent than 

the top two cells hence still dissipating some power. The wavelength 

range for the directed light can be extended further to ~1190 nm 

(1.04 eV) where the Ge cell can generate matched photocurrent, 

unless it has significant defects resulting in too much bend in its 

I-V curve before reaching its maximum power point voltage. Noting 

that silicon has a bandgap of  1.11 eV, corresponding to 1120 nm, 

light of  wavelengths above 1120 cannot be harnessed by a silicon 

cell. Hence, replacing the silicon cell by another high quality cell 

with a 1.04 eV or slightly lower bandgap, such as an InPAs cell, 

may improve the efficiency further. Compared with the old scheme 

where only light from 880 to 1030 nm is directed to the silicon 

cell, the current will be increased by ~85.7% and the voltage will 

be decreased by ~6.3%. This can boost the detached single cell 

efficiency by ~74%, corresponding to an absolute increase of  

~3.3% in the detached cell efficiency part.

Hence, addressing the two power losses identified above can 

increase the overall photovoltaic energy conversion efficiency to 45% 

(40.6% + 1.1% + 3.3%).

Figure F10.2: The actual (solid line) and ideal (shaded) 
transmission spectra of  the band-pass filter in the spectrum 
splitting photovoltaic module shown in Figure F10.1. Note that the 
transmitted light here is the light diverted to the Si cell (Lan and 
Green 2018).
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Aim

The objective of  this project is to find industrially viable methods 

capable to take photovoltaic energy conversion efficiencies to levels 

beyond present worldwide expectations. The project planned to 

assess existing limitations in state-of-the-art solar cell technologies 

(e.g. the world record spectrum splitting modules) and suggest 

improvements on a range of  aspects which include designing 

new cell architectures and using novel materials and advanced 

techniques.

Progress

UNSW holds the current efficiency record for spectrum splitting 

photovoltaics (Green, Keevers et al. 2016). In order to find feasible 

methods capable of  enhancing the efficiency further, we first 

analysed the primary power losses in the existing system (Figure 

F10.1), where an external filter directed a portion of  the sunlight 

normally wasted by commercial InGaP/InGaAs/Ge triple-junction 

cells to a silicon cell. We identified two primary efficiency loss 

mechanisms which are expanded as follows.

Figure F10.1: Schematics of  an over 40% efficient state-of-the-art 
spectrum splitting concentrator photovoltaic module. 

First, we realised that emissions from high- to low-bandgap cells 

are detrimental to the emitting cell’s voltage. This is due to the cell’s 

rear emissions increasing its dark saturation current (Lan and Green 

2014). Our analysis shows that, if  such rear emissions are reflected 
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Figure F10.4: Conceptual design of  a next generation spectrum 
splitting module consisting of  two monolithic cell stacks lattice-
matched to GaAs and InP wafers. Each stack has built-in filters 
and is current-matched (though not necessarily to the same 
value). Colours are indicative only (Lan and Green 2018). 

We evaluated the feasibility of  the above two developments, namely 

application of  built-in filters and generalisation of  concept, as a 

crucial step before eventual fabrication.

For the design of  rear Bragg-type mirrors, current industrial facilities 

can deposit at least 32 optical layers onto the rear of  a cell, which 

is sufficient to make an effective built-in filter. However, provided the 

filters can divide light appropriately, a minimal number of  optical 

layers is desired as this would improve the electrical conductivity 

and lower the potential fabrication cost. This can be realised by 

noting two points. First, the built-in feature allows the requirements 

of  filter properties over some wavelengths to be relaxed compared 

with external ones. Taking the 1.41 eV GaInAs cell in Figure F10.3 

as an example, its rear filter’s reflectivity for wavelengths below 800 

nm would not matter because incident light of  these wavelengths 

is largely absorbed before reaching its rear and the cell does not 

have appreciable self-emissions in this wavelength range. Second, 

instead of  using repeated periods of  optical layers, we may design 

chirped Bragg reflectors by tuning the thicknesses and refractive 

indices of  certain optical layers for more desired reflection patterns.

For the implementation of  dual tandem concept, each cell stack 

is designed to be current-matched, though not necessarily to 

the same value. The first cell stack is lattice-matched to a GaAs 

wafer substrate and the second is lattice-matched to an InP wafer 

substrate. For the cells on the GaAs wafer, bandgaps between 1.40 

and 2.30 eV are accessible using lattice-matched solid solutions 

of  GaAs, GaP, InP, AlP and AlAs (Vurgaftman, Meyer et al. 2001). 

For the cells on the InP wafer, bandgaps between 0.73 and 1.40 eV 

are accessible using lattice-matched solid solutions of  GaAs, InAs, 

InP, AlAs and GaSb (Vurgaftman, Meyer et al. 2001). Figure F10.4 

shows a rather sophisticated 6-cell module that can take photovoltaic 

conversion of  sunlight to efficiency levels beyond present worldwide 

expectations. But a much simpler 4-cell module consisting of  

1.89/1.40 eV cells on the GaAs wafer and 1.041/0.73 eV cells on the 

InP wafer, is predicted to deliver an over 48% efficiency under 500 

suns, which can already beat the current efficiency record for solar 

cells of  any type.

Interestingly, filters with suitable optical windows built into the rear 

of  the cells themselves can address the above two power loss 

mechanisms simultaneously. For instance, as shown in Figure F10.3, 

a filter capable of  reflecting light of  750–1190 nm built into the rear 

of  the 1.41 eV GaInAs cell can both reflect its rear emissions (750–

900 nm) back for reabsorption and direct the extra light (900–1190 

nm) to another cell for additional photovoltaic power production. 

Such built-in filters may be realised through Bragg-type structures 

that are essentially stacked thin-film layers of  alternating high and 

low refractive indices. They use light interference to reflect certain 

wavelengths but transmit others. Key requirements of  these thin-film 

optical layers include transparency to the wavelengths of  interest 

and good conductivity of  electricity.

Figure F10.3: Schematics of  (a) a proposed new spectrum 
splitting system with built-in filters and the silicon cell replaced 
by a slightly lower gap (1.04 eV) cell; and (b) the GaInAs 
electroluminescence and an effective rear filter’s reflectance. 
Colours are indicative only (Lan and Green 2018).

The above concept may be further generalised by having two 

monolithic tandem cells with built-in filters, where a second tandem 

absorbs light directed out from the first tandem (Figure F10.4). 

This can improve the overall efficiency on two counts. First, sunlight 

may be better harnessed with an increased number of  cells of  

appropriate bandgaps. Second, splitting a long cell stack into two 

short stacks can reduce a range of  mismatch issues that limit the 

performance of  series-connected cells. Note that these include more 

than photocurrent mismatching. For instance, the lowest-bandgap 

cell normally has the largest dark saturation current which can move 

the operating points of  the other series-connected cells away from 

their maximum power points. This can have a most severe impact 

on the performance of  the highest-bandgap cell that normally has 

the smallest dark saturation current. Having two electrically separate 

tandems ensures that the lowest-bandgap cell can only lightly 

impact its series-connected medium-bandgap cells instead of  all 

other cells with higher bandgaps. 

Figure F10.4 shows an optimal design using the dual tandem 

concept where two monolithic cell stacks are lattice-matched to the 

GaAs and InP wafer substrates. As one of  our interests is to predict 

its practical performance, we conducted a realistic assessment for 

cells of  ~1 cm2 area based on real data. With the state-of-the-art cell 

technologies, this design was predicted to have a practical efficiency 

of  51.0% at 300 suns and 51.7% at 500 suns, with an absolute 

further improvement of  ~1% possible using built-in filters.
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Notably, the dual tandem approach will not only make better use of  

the solar spectrum but allow more flexibility in the filter design since 

the requirement on the spectral shape of  the directed light can be 

significantly relaxed. In particular, the spectrum of  the light directed 

out from the first tandem no longer needs to be a continuous band. 

It can even be two discrete parts with irregular shapes, which can 

still be well utilised by a second tandem cell with suitable bandgaps 

(Figure F10.5). A more flexible requirement on the reflectance 

spectrum is likely to lead to even fewer optical layers required to 

make an effective filter, which can result in both improved efficiencies 

and reduced fabrication costs. 

Figure F10.5: A schematic example of  a reflected spectrum 

consisting of  two distinct parts (left) that can be well harnessed 

by a two-cell tandem stack (right). Colours are indicative only 

(Lan and Green 2018).

Compared with the monolithic architecture, having physically 

separate cells is also more compatible with future generation 

photovoltaics in the sense that low-cost photovoltaics often involve 

combining materials of  vastly different properties (e.g. silicon and 

perovskites), where the traditional monolithic approach may be more 

restricted in some aspects.

Highlights

• Built-in filters can both divide the sunlight appropriately for sub-

cells and reduce voltage losses due to rear emissions, pushing 

the efficiency to ~45%.

• Two tandem cell stacks can make 50% system efficiency a 

realistic task with state-of-the-art technologies.

• The approach is more compatible with the industry and future 

generation photovoltaics where the choice of  the absorbing 

layers is increasingly flexible.

Future Work

• Study mismatch-related losses which are increasingly important 

to consider in designing multi-junction photovoltaic systems as 

the cell number increases.

• Investigate the property and suitability of  perovskites as 

promising absorbing layers for future generation multi-junction 

photovoltaics (where novel materials are used to realise a 

number of  desirable features).
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Progress

A wide range of  PECVD SiN
x
 films, from both industrial- and 

laboratory-scale PECVD systems, were investigated to examine 

the gettering effectiveness. The findings show that similar gettering 

effects are achieved despite the film properties, which indicates that 

the gettering effect is likely a common property of  the PECVD SiN
x
 

films used in silicon solar cells.

Figure F11.1: Interstitial Fe (Fei
) concentration in the silicon 

wafer bulk with respect to the cumulative annealing time. The 
Fe-contaminated FZ silicon wafers were annealed at 400oC with 
different SiN

x
 films coated on both sides. The SiN

x
 film properties 

cover the range that is used in silicon solar cells. Similar Fe gettering 
effectiveness is observed.

F11 NEW IMPURITY REMOVAL 
TECHNOLOGIES FOR LOW-COST, 
HIGH EFFICIENCY SILICON SOLAR 
CELLS

Lead Partner

ANU

ANU Team

Dr AnYao Liu, DrYimao Wan, Dr Chang Sun, Dr Hang Cheong Sio, 

Dr Di Yan, Dr Sieu Pheng Phang, Prof  Andres Cuevas, Prof  Daniel 

MacDonald

ACAP Partner

UNSW: Dr Ziv Hameiri

Academic Partner

Department of  Electronic Materials Engineering, Research School of  

Physics and Engineering, ANU: A/Prof  Jennifer Wong-Leung, Dr Li Li

Industry Partner

Jinko Solar, China: Dr Xinyu Zhang, Dr Hao Jin

Funding Support

ACAP, ARENA, ARC DECRA (Dr Ziv Hameiri), Access to NCRIS 

facilities, Australian National Fabrication Facility (ANFF) ACT node, 

the Heavy Ion Accelerator Capability, and the Australian Microscopy 

& Microanalysis Research Facility at the Centre of  Advanced 

Microscopy, at the Australian National University.

Aims

The related aims of  this work are: (1) To investigate the correlation 

between film properties and gettering effectiveness; (2) to study the 

gettering of  metals in industrial-standard p-type high performance 

(HP) mc-Si, by PECVD SiN
x
 films and by phosphorus diffusion; and 

(3) to identify the gettering layers in polysilicon passivating contact 

structures. This project contributes to topics PP1.1 and PP1.2b

Figure F11.2: [Fe
i
] reduction time constants, extracted from fitting an exponential decay curve to the [Fe

i
] kinetics shown in Figure 

F11.1, are plotted against the various SiN
x
 film properties – refractive index, Si-N, Si-H, N-H bond densities, and hydrogen content. The 

gettering effectiveness, as reflected by the reduction time constants, is found to have no clear correlation with the SiN
x
 film properties.
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Figure F11.5: SIMS depth profiles of  the Cu, Ni, Fe and Cr 
concentrations in the SiN

x
/Si samples. The Si wafer substrates 

were from near-bottom, middle, near-top, and top red-zone 
regions of  an HP mc-Si brick. After coating with SiN

x
 films on both 

sides, the SiN
x
/Si samples were annealed at 700°C for 90 minutes 

to enable the gettering of  metals to the surface regions. The SIMS 
metal detection limits (DL) are included as dashed lines.

Figure F11.6: Gettered Cu, Ni, Fe and Cr concentrations along an 
HP mc-Si ingot, estimated by integrating the SIMS metal profiles 
of  the SiNx gettered wafers (Figure F11.5). The as-cut dissolved 
Fei concentration and the boron dopant concentration in the 
bulk of  the HP mc-Si wafers are also included in the figure. The 
dashed lines represent fitting by Scheil’s segregation model. The 
solid lines connecting the symbols are guides tforthe eyes only. 

The work towards the third aim investigated the underlying gettering 

mechanisms of  polysilicon passivating contact structures by directly 

monitoring the impurity redistribution during the contact formation 

and subsequent processes, via a combination of  secondary ion 

mass spectrometry, transmission electron microscopy and carrier 

lifetime techniques. This enabled a clear identification of  the 

respective gettering layers in P- and B-doped polysilicon passivating 

contacts: for P-doped polysilicon, impurities are relocated from the 

silicon wafer bulk to the heavily P-doped polysilicon layer; whereas 

The concentration and distribution of  metallic impurities (Cu, Ni, 

Fe and Cr) in industrial-standard p-type HP mc-Si wafers (from 

Jinko Solar, China), that were gettered to the surface layers, were 

measured by secondary ion mass spectrometry. The surface 

gettering layers include both the conventional phosphorus diffused 

silicon region, and the newly developed PECVD SiN
x
 films. 

Results show that both techniques are capable of  removing large 

quantities of  metals from HP mc-Si wafers, accompanied by lifetime 

improvements in the silicon wafer bulk. This confirms that the PECVD 

SiN
x
 films can getter other metals in addition to Fe. The findings 

also help us better understand the metallic impurities in this new 

generation of  HP mc-Si materials.

Figure F11.3: PL images of  the excess minority carrier density 
in a top red-zone wafer before and after SiNx

 gettering. The 
PL images were taken under the same 808 nm laser excitation 
intensity of  5 x 1016 cm-2s-1, 0.2 suns). Note that the colour bar for 
the carrier density is on a logarithmic scale. 

Figure F11.4: SIMS depth profiles of  the Cu, Ni, Fe and Cr 
concentrations in a PSG/P-doped Si/Si sample. The Si substrate 
was an HP mc-Si wafer from the top red-zone region of  the ingot. A 
phosphorus diffusion at 810°C was carried out to getter the metals 
to the surface regions. An ECV depth profile of  the electrically 
active phosphorus dopant concentration is shown as well. The 
SIMS metal detection limits (DL) are included as dashed lines.
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Future Work

• To study the gettering effectiveness of  Al
2
O

3
/SiN

x
 stacks, and 

through boron or phosphorus doped layers.

• Perform similar study for Al
2
O

3
 fi lms. 

• Possibly use microscopic techniques to study the underlying 

gettering reaction.

• Understand the metal distribution on the surface SiN
x
 gettering 

regions.

• Apply polysilicon gettering to various silicon substrates, e.g. HP 

mc-Si, UMG-Si.

for the B-diffusion-doped polysilicon, the boron-rich layer (a silicon-

boron compound) accounts for the majority of  the gettering action. 

Microscopic features of  the diffusion-doped polysilicon contacts 

were also studied.

Highlights

• A journal paper is submitted to IEEE JPV: “Gettering effects 

of  silicon nitride fi lms from various plasma-enhanced chemical 

vapour deposition conditions”. Manuscript ID JPV-2018-07-

0439-R, currently under review.

• A journal paper is submitted to Journal of Applied Physics: 

“Gettering of  transition metals in high-performance 

multicrystalline silicon by silicon nitride fi lms and phosphorus 

diffusion”. Manuscript ID JAP18-AR-04447, currently under 

review.

• A journal paper is published in ACS Applied Energy Materials: 

A.Y. Liu, D. Yan, J. Wong-Leung, L. Li, S.P. Phang, A. Cuevas and 

D. Macdonald, “Direct Observation of  the Impurity Gettering 

Layers in Polysilicon-Based Passivating Contacts for Silicon Solar 

Cells”. ACS Applied Energy Materials 1 (5), 2275–2282, 2018.

• A conference paper partly based on this work is published in 

this year’s WCPEC-7/IEEE PVSC-45 conference proceedings: 

A.Y. Liu, D. Yan, J. Wong-Leung, L. Li, S.P. Phang, A. Cuevas and 

D Macdonald, “Impurity Gettering by Diffusion-doped Polysilicon 

Passivating Contacts for Silicon Solar Cells”, proceedings of  the 

WCPEC-7/IEEE PVSC-45 conference, Hawaii, USA.

• An oral presentation at the WCPEC-7/IEEE PVSC-45, for which 

the conference abstract was invited to be submitted to the IEEE 

Journal of Photovoltaics.

Figure F11.7: TEM and HR-TEM images of  the POCl
3
-diffused 

polysilicon contact: (a) a structure overview; (b) PSG/poly-Si 
interface; (c) middle of  the poly-Si layer; and (d) poly-Si/ thin SiO

x

interlayer/ c-Si Si interface.

Future Work

• To study the gettering effectiveness of  Al
2
O

3
/SiN

x
 stacks, and 

through boron or phosphorus doped layers.

• Perform similar study for Al
2
O

3
 fi lms. 

• Possibly use microscopic techniques to study the underlying 

gettering reaction.

• Understand the metal distribution on the surface SiN
x
 gettering 

regions.

• Apply polysilicon gettering to various silicon substrates, e.g. HP 

mc-Si, UMG-Si.

Figure F11.8: SIMS Fe and P concentrations (top) and 
uncalibrated O signal (bottom) in POCl

3
-diffused polysilicon 

passivating contact layers and the near-surface silicon substrate, 
for samples with and without an initial bulk Fe contamination of  
1014 cm-3 p rior to the contact formation.

Figure F11.9: TEM images of  the BBr3
-diffused polysilicon contact 

with different remaining surface layers: (a) BSG/BRL/poly-Si, i.e. 
the full structure; (b) BRL/poly-Si; and (c) poly-Si. Note that the 
three images are from different positions of  the same wafer, and 
therefore the small features (e.g. interface shapes) are different.
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Figure F11.10: SIMS Fe and B concentrations in BBr
3
-diffused 

polysilicon passivating contact layers and the near-surface 
silicon substrate, for samples with and without an initial bulk Fe 
contamination of  1014 cm-3 prior to the contact formation. Note 
that the position of  the BSG/BRL and BRL/poly-Si interfaces is 
indicative only, as the boundaries are inter-mixed (particularly at 
the BSG/BRL interface).

Figure F11.11: Fe
i
 concentrations in the silicon wafer bulk at 

three different stages: before processing, after forming BBr
3

diffusion-doped polysilicon contacts (slightly different gettering 
effects that arose from different diffusion temperatures), and after 
further post-diffusion oxidation with different surface layers being 
present.
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A-B type monomers have been carefully designed. These novel 

asymmetric monomers have been successfully synthesised and 

the corresponding homopolymers have been prepared. These 

homopolymers will be joined to provide a superior block copolymer 

product, free from multiblock contaminants which can stabilise 

disordered morphologies. Additionally, the novel monomer design has 

incorporated oxygenated side-chains into the donor block to generate 

amphiphilic block copolymers. This amphiphilic design was previously 

shown to enhance phase separation in fi lms and solubility in 

industrially relevant solvents (Mitchell, Gann et al. 2017). This work on 

amphiphilic fully-conjugated block copolymers was recently presented 

at the 2019 Asia-Pacifi c International Conference on Perovskite, 

Organic Photovoltaics and Optoelectronics in Kyoto, Japan.

The key benefi t of  the block copolymer design is the morphological 

control it affords. In order to probe this morphological behaviour, 

X-ray scattering techniques using synchrotron radiation are often 

required. It is key for the success of  this project that expertise in 

synchrotron techniques is developed. Recently, Dr Mitchell was 

fortunate to be awarded a scholarship from the Australian Nuclear 

Science and Technology Organisation to attend the Asia/Oceania 

Forum for Synchrotron Radiation Research at the Pohang Accelerator 

Laboratory in South Korea. Here, she was introduced to advanced 

synchrotron techniques by international experts. During this period 

Dr Mitchell has also been awarded two sessions (48 hours and 72 

hours) of  beamtime at the Australian Synchrotron to investigate OPV 

active layer morphology.

Figure F12.2: Polycondensation of  AA/BB type monomers and 
A-B type monomers. 

F12 BLOCK COPOLYMERS FOR 
HIGH PERFORMANCE, THERMALLY 
ROBUST ORGANIC PHOTOVOLTAIC 
DEVICES VIA AN INDUSTRIALLY 
RELEVANT PRINTING PROCESS

Lead Partner

UoM

UoM Team

Dr Valerie Mitchell, Dr David Jones, Mr Gagandeep Ahluwalia

Academic Partners

Melbourne Energy Institute 

University of  Bayreuth: Prof  Mukundan Thelakkat  

Monash University: A/Prof  Chris McNeill 

CSIRO Manufacturing Flagship, Victoria: Dr Mei Gao

Funding Support

ACAP

Aim

The objective of  this project is to increase the industrial viability of  

organic photovoltaics through the design, synthesis and application 

of  amphiphilic donor/acceptor block copolymers. This will be 

accomplished by the development of  new synthetic routes which are 

capable of  incorporating high performance polymers into diblock 

copolymers in a controlled and reproducible manner. Upon their 

successful synthesis, these new materials will then be optimised in a 

large-scale printing process of  high effi ciency organic photovoltaic 

devices with enhanced thermal stability and reproducibility.

Progress

The fi rst stage of  this work has focused on the identifi cation and 

synthesis of  the target materials. The high performance donor 

and acceptor polymers reported in literature are most frequently 

produced through polycondensation reactions, in which two 

symmetric bifunctional monomers (A-A and B-B, Figure F12.2) are 

cross-coupled in a random step-wise fashion. The products of  

these reactions are polymers with broad molecular weight ranges 

and at least three different reactive end-group compositions. 

Because the reactive end-group is employed to generate the 

block copolymer, this leads to multiple block copolymer products 

which are detrimental to morphological control and reproducibility 

(Figure F12.1). In contrast, an A-B type polymerisation employs 

heterobifunctional monomers to produce polymer species with 

identical end-group composition and a potential for chain growth 

polymerisation, ideal for further block copolymer synthesis (Figure 

F12.2).

The drawback of  the A-B type synthesis lies in the diffi culty 

associated with synthesising the asymmetric monomers effi ciently. 

In this project, high performance polymers have been identifi ed 

from the literature and synthetic routes to heterobifunctional 

Figure F12.1: AFM image of  a donor acceptor block copolymer 
thin fi lm reported by the Jones research group (Mitchell, Gann et 
al. 2017).
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Highlights

• Successful design and synthesis of  asymmetric monomers for 

the controlled polymerisation of  high performance donor and 

acceptor materials.

• Successful preparation of  donor and acceptor homopolymers.

• Presentation of  research at the 2019 Asia-Pacific International 

Conference on Perovskite, Organic Photovoltaics and 

Optoelectronics in Kyoto, Japan.

• Attendance at the Asia/Oceania Forum for Synchrotron Radiation 

Research at the Pohang Accelerator Laboratory in South Korea.

• Successful application for two sessions of  beamtime at the 

SAXS/WAXS beamline of  the Australian Synchrotron.

Future Work

• Optimise polymerisation conditions to achieve molecular weight 

control.

• Incorporate the donor and acceptor materials into block 

copolymers.

• Characterise and optimise the block copolymer film morphology.

• Scale-up of  block copolymer synthesis and device fabrication.

References

Mitchell, V.D., E. Gann, S. Huettner, C.R. Singh, J. Subbiah, L. 

Thomsen, C.R. McNeill, M. Thelakkat and D.J. Jones (2017). 

"Morphological and Device Evaluation of  an Amphiphilic Block 

Copolymer for Organic Photovoltaic Applications”. Macromolecules 

50(13): 4942–4951.

Figure F12.3:  Dr Mitchell (back, centre) at the Asia/Oceania 
Forum for Synchrotron Radiation Research at the Pohang 
Accelerator Laboratory in South Korea. 
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spectroscopy (μ-PLS) map in Figure F13.2(c). A combination of  two 

images (F13.2a and F13.2b) allows the team to relate the material 

optical bandgaps to EL intensities, as shown in Figure F13.2(d). The 

degraded signal is strongly correlated with the optical bandgap 

shift. However, this optical bandgap shift is not obvious until the cell 

is severely degraded (more than one order of  magnitude reduction 

in EL intensities). This storage-induced optical bandgap shift is 

consistent with a recent report (Segovia et al. 2018) where the 

authors also observed a red-shift in PL spectra after they had stored 

their samples in a humidity-controlled environment for several weeks. 

They attributed the shift to the incorporation of  H
2
O molecules in the 

crystal lattice (Segovia et al. 2018).

This new method can also provide information on the mechanisms 

of  degradation taking place under various conditions (temperature, 

voltage, light, storage, etc.) across a broad type of  samples, 

from large-area PSCs to cell precursors. For example, the optical 

bandgap variation should relate to a change in material composition. 

However, in Figure F13.2(d), the EL intensity reduction does not 

necessarily correlate to the optical bandgap variation unless the 

sample is severely degraded. As EL emission can be strongly 

affected by the current injection (and extraction) efficiency, 

the initial degradation suggests that the interface between the 

perovskite layer and the transport layer and/or the transport layers 

themselves are likely to be degraded before the absorber during 

the storage. Therefore, combining both luminescence intensity and 

optical bandgap images could be useful for the study of  how the 

degradation happens (e.g. in the absorber or at interfacial layers).

F13 MULTISCALE AND DEPTH-
RESOLVED SPECTRAL 
PHOTOLUMINESCENCE FOR 
CHARACTERISING SOLAR CELLS

ACAP Fellow

Dr Hieu Nguyen, ANU

Academic Partner

National Renewable Energy Laboratory (NREL), UNSW

Funding Support

ACAP

Aim

The objective of  this project is to develop a class of  novel spectral 

photoluminescence (PL) mapping and imaging techniques to 

identify and characterise important properties of  various materials 

and structures employed in photovoltaics (PV) with ultra-high spatial 

resolution.

Progress

The first topic was to develop a fast, non-destructive, camera-based 

method to capture optical bandgap images of  perovskite solar cells 

(PSCs) with micron-scale spatial resolution. This imaging concept 

utilises well-defined and relatively symmetrical band-to-band 

luminescence spectra emitted from perovskite materials, whose 

spectral peak locations coincided with absorption thresholds and 

thus represented their optical bandgaps, as shown in Figure F13.1. 

The technique was employed to capture relative variations in optical 

bandgaps across various PSCs, and to resolve optical bandgap 

inhomogeneity within the same device due to material degradation 

and impurities. Degradation and impurities were found to cause 

optical bandgap shifts inside the materials. The team confirmed their 

results with other independent optical-based techniques including 

absorption and photoluminescence spectroscopy. The development 

opened opportunities for this imaging concept to become a 

quantified, high spatial resolution, large-area characterisation tool 

of  perovskite materials and devices. This could be significant for the 

study of  various degradation mechanisms, morphology homogeneity 

and reproducibility improvements, or process monitoring on large-

area cells and precursors. This research was published in Advanced 

Energy Materials (Chen et al. 2018).

As one example, the team applied the technique to investigate the 

implications of  PSC instability on the optical bandgap by measuring 

a PSC degraded after a long period of  storage in a nitrogen 

environment without humidity control (>2 months). Figure F13.2(a) 

and F13.2(b) show electroluminescence (EL) intensity and extracted 

optical bandgap images of  this solar cell, respectively. From the 

figure, the edge region is severely degraded and the perovskite 

optical bandgap energy decreases around the cell edges. The 

bandgap non-uniformity is confirmed by the μ-photoluminescence 

Figure F13.1: Comparison of  optical bandgaps obtained from 
Tauc plots (red colour) and photoluminescence (PL) spectra (blue 
colour) for the perovskite film. The optical bandgap obtained from 
the Tauc plot is the intersection of  the straight fitting line to the 
energy (horizontal) axis. The optical bandgap obtained from the 
PL spectrum is simply the spectral peak position, indicated by the 
blue dashed line.
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the difference between the two spectra (continuous black curve) 

represents the emission from the near-surface layer. Moreover, the 

intensity of  this broad peak increases with increasing thicknesses of  

the doped poly-Si film (Figure F13.3(c)), confirming that it originates 

from the poly-Si layer. Also, the intensity of  this peak reduces nearly 

one order of  magnitude from 80 K to 300 K, thus we hardly detect 

any emission from the poly-Si film at room temperature. Figure 

F13.3(d) shows a strong PL quenching rate with temperature for the 

doped poly-Si film.  The fact that the wavelengths of  the doped poly-

Si PL emission stretch from the c-Si peak to very long wavelengths 

(Figure F13.3(b), solid black curve) suggests that this doped poly-Si 

layer contains radiative defects whose energy levels stretch from the 

band edges to deep levels inside the doped poly-Si bandgap.

Figure F13.3: (a) Cross-sectional TEM image of  the n+ poly-
Si/SiOx

/c-Si structure reveals both amorphous and crystalline 
phases in the poly-Si layer; (b) normalised PL spectra with 
various excitation wavelengths at 80 K; (c) integrated PL intensity 
from poly-Si films vs. their thicknesses; and (d) temperature 
dependence of  the poly-Si film’s PL intensity.

Employing the luminescence signal from doped poly-Si/SiO
x
 

structures, the team also investigated free-carrier transport 

behaviours in these layers. Figure F13.4(a) shows the dependence 

of  the intensity of  the poly-Si PL peak on oxide thickness. Both cases 

of  1.3 nm (standard thickness in passivating-contact applications) 

and 4 nm (no tunnelling effects) thick oxides yield approximately 

the same PL intensity. Moreover, Figure F13.4(b) shows a strong 

dependency of  the poly-Si PL intensity on laser excitation power, 

which clearly indicates that the poly-Si PL intensity is strongly 

dependent on the density of  excess carriers generated within the 

film, rather than being saturated. Therefore, the results in Figure 

F13.4(a) indicate that the excess carrier density must be similar 

between the cases of  1.3 nm and 4 nm oxides. In other words, very 

few carriers photo-generated inside the poly-Si film have moved 

across the 1.3 nm oxide layer. However, when no oxide layer is 

present (zero oxide thickness, Figure F13.4(a)), the emission from 

the poly Si film is reduced drastically.

Figure F13.2: (a) EL intensity image of  a degraded perovskite 
solar cell; (b) extracted optical bandgap image from the EL 
intensity image; (c) optical bandgap map extracted from μ-PLS 
scans, confirming the results from the EL-imaging method; and 
(d) peak locations (i.e. optical bandgaps) vs. EL intensities.

The second topic was about the discovery of  luminescence 

phenomena from phosphorus-doped polycrystalline silicon (poly-

Si) films in passivating-contact solar cells. The doped poly-Si films 

were found to emit a strong and broad luminescence peak at low 

temperatures, stretching from the crystalline silicon (c-Si) peak 

position to much longer wavelengths. This suggested that the doped 

poly-silicon layers contained radiative defects whose energy levels 

stretched from the band edges to deep levels inside the doped poly-

Si bandgap. In addition, the carrier populations photo-generated in 

the poly-Si films were found to vanish when the films were placed 

directly on the c-Si substrates. However, with the presence of  an 

ultrathin oxide inter-layer, there was a significant carrier build-up 

in the films but these carriers could not move into the substrate. 

This demonstrates that there is no free-carrier coupling in practical 

passivating-contact solar cells. This research was published in ACS 

Applied Energy Materials (Nguyen et al. 2018a).

Figure F13.3(a) shows a cross-sectional transmission electron 

microscopy (TEM) image of  the investigated n+ poly-Si/SiO
x
/c-

Si sample. The doped poly-Si film contains both amorphous 

and crystalline phases. The diffraction pattern also shows 

concentric rings with some discrete points. Figure F13.3(b) shows 

normalised PL spectra from the sample at 80 K at various excitation 

wavelengths. The sharp peak located at ~1130 nm corresponds 

to the band-to-band emission from the c-Si substrate (Nguyen et 

al. 2018). The spectrum measured with a 405 nm excitation light 

(dashed-dotted blue curve) also contains a very broad peak at 

wavelengths longer than the emission from the c-Si substrate. 

With increasing excitation wavelength, the laser light penetrates 

more deeply into the substrate, and the resulting PL spectrum 

contains mainly the emission from c-Si (dashed red curve). Thus, 
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Nguyen, H.T. (2018c). “Luminescence from poly-Si fi lms and its 

applications in Si PV”. 5th Asia-Pacifi c Solar Research Conference, 

Sydney, December 2018.

Segovia, R., G. Qu, M. Peng, X. Sun, H. Shi and B. Gao (2018). 

“Evolution of  Photoluminescence, Raman, and Structure of  

CH₃NH₃PbI₃ Perovskite Microwires under Humidity Exposure”. 

Nanoscale Research Letters. 13(1):79.

Figure F13.4: Dependence of  integrated poly-Si PL intensity on 
(a) oxide thickness; and (b) laser excitation power. Phosphorus 
diffusion temperatures are 820oC and 780oC. T = 80 K, λ

exc
 = 405 

nm.

Highlights

• Development of  a fast, non-destructive, camera-based method 

to capture optical bandgap images of  perovskite solar cells with 

micron-scale spatial resolution.

• Discoveries of  luminescence phenomena from doped 

polycrystalline silicon fi lms in passivating-contact solar cells.

• Publication of  two high-quality journal papers (Chen et al. 2018; 

Nguyen et al. 2018a).

• Two oral presentations at international conferences (Nguyen et 

al. 2018b, 2018c).

Future Work

• Investigation of  effects of  hydrogenation on luminescence 

properties of  doped poly-Si fi lms.

• Exploration of  hydrogenation inside poly-Si fi lms to improve their 

surface passivation quality.

• Development of  a fast, contactless, non-destructive 

luminescence-based method to extract doping profi les of  

localised heavily doped regions in silicon solar cells at room 

temperature.
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F14 OVERCOMING THE MATERIAL 
LIMITATIONS OF CAST-GROWN 
MULTICRYSTALLINE AND 
MONO-LIKE SILICON FOR HIGH 
EFFICIENCY SOLAR CELLS
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Funding Support
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Aim

The objective of  this project is to provide a holistic assessment of  

the material quality, cell potential, and stability of  different types of  

cast-grown silicon materials, including both p-type and n-type high 

performance multicrystalline silicon (HP mc-Si) and mono-like Si, 

and correspondingly develop solutions to improve the effi ciency and 

reliability of  solar cells from a material perspective.

Progress

Understanding bulk recombination mechanisms in multicrystalline 

silicon (mc-Si) is crucial to determine its potential and limitations 

for solar cell applications. However, localised grain boundaries and 

dislocations introduce strongly inhomogeneous lifetime distributions 

in mc-Si wafers, which pose a challenge for characterisation and 

simulation. In this project, a method (Sio et al.) was developed, in 

conjunction with AF simulations, to model large-area multicrystalline 

materials using Quokka3, based on artifi cially generated lifetime 

images created by combining injection-dependent intra-grain 

lifetimes and defect recombination velocity maps extracted from 

photoluminescence-based lifetime images (Sio et al. 2017).

Through collaboration with Jinko Solar, we have performed a 

comprehensive comparison of  the electrical properties of  industrial-

grown p-type and n-type HP mc-Si and mono-like Si, in terms of  

their as-grown properties, their ingot position dependence, their 

responses to cell fabrication and their cell potential. The material 

quality is assessed based on their bulk lifetimes, the density and 

recombination velocity of  crystal defects within the materials, 

and their implied V
OC 

derived from carrier lifetime measurements. 

Different bulk recombination losses in the materials are evaluated 

and compared quantitatively using Quokka3, to identify the key 

performance limiting factor of  the materials.

Figure F14.1: Summary of  measured material properties: (a) 
overall lifetime; (b) average intra-grain lifetime; and (c) median 
S

defects
, for the studied p-type and n-type samples. Harmonic 

mean is used to represent the overall lifetime. P, B, and H denote 
phosphorus-diffused, boron-diffused and hydrogenated samples 
respectively.
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industrial texturing typically applied on HP mc-Si. This has led to a 

slightly higher intrinsic efficiency limit for the studied mono-like Si 

solar cells.

For the p-type PERC solar cells, bulk recombination (crystal defects 

and intra-grain regions) contributes to around 0.6%
 abs

 efficiency 

loss for middle wafers, and 1.2–1.3%
 abs

 efficiency loss for the top 

and bottom wafers. For top wafers, recombination at crystal defects 

dominates the total bulk recombination loss, due to the large density 

of  dislocation clusters in the wafers. For the bottom wafers, in addition 

to crystal defects, recombination at intra-grain regions contributes 

considerably to the overall efficiency loss. In fact, the efficiency 

loss due to carrier recombination at intra-grain regions is at least 

comparable, and in some cases (in the bottom and middle wafers) 

even greater than that caused by recombination at crystal defects. 

Since the intra-grain lifetimes are mainly limited by metal impurities, 

our result implies that metal contamination control remains very 

important for p-type HP mc-Si for use in high efficiency solar cells. 

For the n-type HP mc-Si PERT solar cells, bulk recombination (crystal 

defects and intra-grain regions) contributes to around 0.7%
 abs

 

efficiency loss for middle wafers, and 1.2–1.4%
 abs

 efficiency loss for 

the top and bottom wafers. Bulk recombination loss is dominated 

by recombination at GBs and dislocations, whereas only a small 

percentage of  loss is through recombination at intra-grain regions.

For the p-type mono-like Si PERC solar cells, bulk recombination 

(crystal defects and intra-grain regions) contributes to around 0.7% 

abs efficiency loss for middle wafers, and 1.5–3.1%
abs

 efficiency 

loss for the top and bottom wafers. Wafers towards the ingot top are 

strongly limited by dislocation clusters, which solely contribute to a 

massive 2.8%
 abs

 efficiency loss. Despite the absence of  dislocations, 

wafers towards the ingot bottom also show lower cell potential 

compared to wafers from the middle, owing to their low intra-

grain lifetimes. These two effects combined introduce a very large 

efficiency variation of  up to 2.4%
 abs

 efficiency among the p-type 

mono-like Si ingot, as compared to the 0.7% observed in p-type HP 

mc-Si samples.

For the n-type mono-like Si PERT solar cells, bulk recombination 

(crystal defects and intra-grain regions) contributes to around 0.4%
 

abs
 efficiency loss for middle wafers, 0.1%

 abs
 efficiency for the bottom 

wafers, and 1.3%
 abs

 efficiency for the top wafers. The losses are 

dominated by recombination at dislocation clusters, which remain as 

a severe performance-limiting factor for n-type mono-like Si material 

particularly for wafers from the ingot top, although their impacts are 

less detrimental in n-type mono-like Si than in p-type mono-like Si 

(1.2% vs. 2.8%). Surprisingly, wafers from the ingot bottom show 

the highest cell potential among the ingot, due to the absence of  

dislocations and the dramatic lifetime improvement in the intra-grain 

regions after boron diffusion.

All the cast-grown Si materials studied here show simulated cell 

potential well above 21%, based on p-type PERC and n-type bifacial 

PERT cell structures. The results demonstrate the potential of  cast-

grown Si materials for low-cost high efficiency solar cells. Comparing 

the four materials, it is found that the performance of  p-type HP 

mc-Si is affected by both recombination at crystal defects and in the 

Figure F14.1 compares the key material quality metrics of  the 

studied p-type and n-type HP mc-Si and mono-like Si. Apart from 

the top wafers, all other n-type samples show considerably higher 

average lifetimes compared to the p-type samples, owing to the 

significantly higher lifetimes in the intra-grain regions. The higher 

intra-grain lifetimes in the n-type samples could be due to the higher 

tolerance of  metal contamination in n-type silicon (Macdonald et 

al. 2004). Regarding crystal defects, a distinct behaviour between 

HP mc-Si and mono-like Si is found. While we do not observe any 

substantial variation in the recombination velocity of  crystal defects 

between the p-type and n-type HP mc-Si samples, we observe 

almost one order of  magnitude difference in the median S
defects 

between the p-type and n-type mono-like Si samples. There is also 

a noticeable smaller reduction in S
defects

 in the p-type mono-like Si 

than the other samples studied in this work after hydrogenation. 

The underlying reasons for the extraordinarily high S
defects

 value in 

the studied p-type mono-like Si samples remain unclear. The results 

could suggest a different recombination mechanism for dislocation 

clusters in mono-like Si and HP mc-Si.

The influence of  boron diffusion in n-type mc-Si is worth noting, 

given that it is required to form the p-n junction in n-type solar cells. 

It has been reported that the higher temperature used in boron 

diffusion can lead to thermal degradation in mc-Si (Geerligs et al. 

2007; Jourdan et al. 2009; Phang et al. 2013). Our results show 
that boron diffusion is mainly detrimental for crystal defects. 
Nevertheless, the negative impact of  the boron diffusion can 

be effectively offset by subsequent phosphorus gettering and 

hydrogenation. In fact, for mono-like Si, boron diffusion is not 

necessarily detrimental, but can be beneficial for the materials 

in some cases. N-type mono-like Si wafers from the bottom of  

the ingot respond very well to boron, phosphorus diffusions and 

hydrogenation, featuring the highest lifetimes (up to 6 ms at 1 × 

1015 cm-3 measured by the WCT-120 lifetime tester) of  all the ingots 

after processing. In contrast, bottom wafers from the p-type mono-

like Si ingot show inferior properties compared to wafers from the 

middle of  the ingot. There is only a marginal lifetime improvement 

in those p-type samples after phosphorus diffusion in comparison 

with the dramatic lifetime increase in the n-type equivalents after 

boron diffusion. This could be an advantage for n-type mono-like 

Si, allowing the possibility of  using more wafers from the bottom 

red zone to improve the overall ingot yield, given that those wafers 

feature high intra-grain lifetimes after processing and do not normally 

contain dislocations.

Figure F14.2 shows the simulated cell potential and the associated 

bulk efficiency losses in the studied p- and n- HP mc-Si and mono-

like Si materials. Simulations for p-type materials are based on a 

PERC structure with selective front doping. Simulations for p-type 

materials are based on a bifacial PERT structure, with floating 

busbars. Device parameters are estimated based on previously 

published works and adjusted slightly to obtain similar intrinsic cell 

efficiency for the p-type PERC and n-type PERT solar cells, to allow 

a direct comparison of  their material-related cell potentials. A slightly 

higher generation rate was used for the mono-like Si solar cells to 

reflect the optical benefit of  alkaline texturing as compared to the 
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Highlights

• Develop a method to model large-area multicrystalline materials 

accurately using Quokka3.

• Evaluate the impacts of  phosphorus diffusion, boron diffusion 

and hydrogenation on p-type and n-type industrial grown HP 

mc-Si and mono-like Si.

• Comprehensive comparison of  the electrical properties and cell 

potential of  p-type and n-type industrial-grown HP mc-Si and 

mono-like Si.

• Report LeTID behaviour on p-type float-zone Si, n-type float-zone 

Si, p-type mono-like Si, n-type mono-like Si, p-type HP mc-Si and 

n-type HP mc-Si after certain processing conditions.

Future Work

• Solar cell fabrication using n-type mono-like Si.

• Develop processes to improve the material quality of  cast-grown 

Si materials.

• Identify the correlation between silicon nitride and LeTID 

behaviour.

• Identify the root causes for LeTID.

intra-grain regions. N-type HP mc-Si shows a slight advantage over 

p-type HP mc-Si in the intra-grain regions. The advantage of  p-type 

mono-like Si over p-type mc-Si mainly comes from optical gains due 

to alkaline texturing, but the material exhibits large performance 

variations along the ingot of  up to 2.4% absolute. N-type mono-like 

Si shows the most promising material properties, featuring less 

performance variation along the ingot than p-type mono-like Si, and 

the highest efficiency potential among the four studied materials.

Another focus of  the project is Light and elevated Temperature 

Induced Degradation (LeTID) behaviour in cast-grown Si materials. 

We explored LeTID behaviour in different silicon materials and 

investigated their dependence on silicon nitride films deposited prior 

to contact firing. LeTID behaviour was found on p-type float-zone 

Si, n-type float-zone p-type mono-like Si, n-type mono-like Si, p-type 

HP mc-Si and n-type HP mc-Si after certain processing conditions. 

This demonstrates the importance to consider LeTID in solar cell 

fabrication. A comparison between the LeTID behaviour in p-type 

mono-like Si and n-type mono-like Si is shown in Figure F14.3(a). 

It was found that the rate and the magnitude of  the degradation in 

n-type mono-like Si is much slower and smaller than that in p-type 

mono-like Si. This observation could provide some insights to 

pinpoint the origin of  LeTID defects. Moreover, the dependence of  

LeTID on silicon nitride films was also studied. As shown in Figure 

F14.3(b), SiN
x
 films deposited with different tools and recipes show 

drastically different behaviours, inconsistent with the work by Vargas 

et al. (2018).

Figure F14.2: Simulated cell efficiency and corresponding efficiency losses in (a) p-type HP mc-Si Si PERC solar cell; (b) n-type HP mc-
Si PERT solar cell; (c) p-type mono-like Si PERC solar cell; and (d) n-type mono-like Si PERT solar cell. The black bar refers to the Auger 
efficiency limitation of  the chosen device structure. The red and blue bars correspond to efficiency loss associated with recombination 
at intra-grain regions or crystal defects respectively. The pink bar refers to efficiency loss due to the combined influences of  
recombination at intra-grain regions and crystal defects. Note that bottom mono-like Si wafers do not contain crystal defects, and 
hence the actual cell potential is represented by the red bar.
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Figure F14.3: Changes in NDD during light soaking for (a) p-type 
mono-like Si and n-type mono-like Si; and (b) p-type mono-like Si 
coated with various SiNx films. NDD is defined as:  
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However, the quality and coverage of  the buffer also need to be 

maintained while reducing its thickness. The J
SC

of  a device with a 

thinner CdS like 65-8 is obviously higher than those of  the devices 

with a thicker buffer, while the effi ciency of  this sample is even lower 

than those of  samples with a thicker CdS like 70-6. Finally, a device 

with a CdS buffer deposited at 75°C for 8 minutes demonstrates a 

better performance. 

In addition, the quality and coverage of  the CdS layer is also related 

to the roughness of  the underneath CZTS absorber. In the next 

step of  this part, the buffer thickness will be further reduced by 

optimising the roughness of  CZTS.

Figure F15.1: (a) Effi ciency and (b) JSC
 distribution of  CZTS devices 

based on CdS buffer layer deposited with different recipes. (The 
label of  the samples consists of  deposition temperature before the 
dashed line and time after the dashed line.)
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Aim

The objective of  this project is to develop the specifi c device 

architecture for Cu
2
ZnSnS

4
 (CZTS) solar cells to enhance the device 

performance. The project planned to optimise the optical design 

of  the window/buffer layer, conduct interface engineering of  the 

heterojunction and explore Cd free buffer alternatives.

Progress

Buffer layer optimisation 

In order to improve the short circuit current density (J
SC

) of  the 

CZTS solar cell, the optical design of  the top layers of  the device 

architecture needs to be optimised. In the fi rst step of  this part, 

the thickness of  the CdS buffer layer was carefully controlled and 

studied to effectively reduce the short wavelength absorption. 

The thickness of  the CdS layer was controlled by adjusting 

the deposition temperature and time during the chemical bath 

deposition (CBD) process. The standard deposition recipe for CdS 

is 75°C for 8 minutes (75-8), which is set as reference in this part. 

The thickness of  the obtained CdS will change with the deposition 

temperature and time, generally a higher temperature and longer 

time generating a thicker layer.

Figure F15.1 shows the effi ciency and J
SC

 dist ribution of  the devices 

based on the CdS buffer deposited under different conditions. It is 

evident that the effi ciency follows a similar trend with the J
SC

, which 

demonstrates that the buffer thickness is more relative to the J
SC

. 

This is more apparent when fi xing the deposition temperature. For 

example, when comparing samples deposited at 65°C only, both the 

J
sc

 and effi ciency decrease with the increase of  the deposition time 

(i.e. the thickness). In principle, thinning the top layers of  the devices 

like the CdS buffer will contribute to as high as 10% improvement of  

J
sc

, especially in wide bandgap CZTS considering its larger fraction 

of  loss in the UV part of  the incident light (Winkler, Wang et al. 2014). 
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mainly attributed to the reduced ideality factor and saturation current 

in the device. This is a strong indication that the recombination at 

the interface has been greatly reduced due to the aforementioned 

ultrathin ZnS passivation layer. With this ZnS layer, excess charge 

carriers are kept away from contact between ZnCdS and CZTS 

at which the recombination rate should be theoretically high if  no 

passivation. Therefore, the absorber surface is passivated by this 

dielectric layer, which leads to the reduction of  the detrimental 

charge carrier recombination at the p-n junction – one of  the 

most important positions for performance loss in CZTS solar cells. 

Consequently, the V
OC

 and the FF increase as well as the cell 

efficiency.

Heterojunction engineering

Absorber/buffer interface recombination is one of  the important 

factors that limit the V
oc

. In order to mitigate the recombination, an 

ultrathin ZnS passivation layer at the heterojunction interface was 

introduced by controlling the absorber composition when buffered 

with ZnCdS in this part. ZnS is a good dielectric material, with a 

resistivity of  1010-1012 Ω cm (Abdel-Kader and Bryant 1986) and 

similar crystal structure and lattice parameters to CZTS, which is an 

ideal passivation material for a CZTS heterojunction. However, the 

morphology of  the ZnS layer needs to be well controlled to allow 

carrier transport when inserted between CZTS and buffer.

The formation of  the ultrathin ZnS layer can be examined by high 

resolution TEM as shown in Figure F15.2. Atomic resolution HAADF–

STEM image (Figure F15.2(a)–(c)) was taken at the interface to 

verify the formation of  the ZnS layer. The intensity of  atomic columns 

in the HAADF–STEM images is approximately proportional to the 

mean square atomic number (Z2) of  the constituent atoms. So the 

intensity profile (Figure F15.2(b)) of  the cations from top to bottom 

in the area as marked by the red rectangle in Figure F15.2(a) can 

clearly present the distribution of  different elements. In the region 

corresponding to the CZTS bulk, Sn and Cu/Zn (Cu or Zn) columns 

are easy to be picked up since the value of  Z2
(Sn) 

is more than twice 

of  the values of  Z2
(Cu)

and Z2
(Zn)

. In the interface area in direct contact 

with the CZTS bulk, columns of  almost similar intensity (with slightly 

higher background compared to the CZTS bulk due to the interface 

effect) to that of  Cu/Zn are observed. No column such as Cd whose 

intensity should be double that of  Zn is detected in the immediate 

vicinity, confirming the formation of  the ZnS layer.

Following careful analysis of  the elemental distribution at the 

interface by EDS mapping in the TEM images at the left of  Figure 

F15.2(d) shows that the Zn signal illustrates a distinct sufficient 

content of  width less than 5 nm at the immediate vicinity interface. 

This confirms the formation of  the ultrathin ZnS intermediate layer at 

the heterojunction. 

ZnS has a similar crystal structure and lattice parameters to 

CZTS, showing only ~0.33% mismatch (Mendis, Goodman et al. 

2012; Song, Li et al. 2014). The rather small lattice mismatch will 

improve the epitaxial growth from CZTS to ZnCdS. Better epitaxial 

growth will help decrease interface defect density and associated 

interface recombination. In addition, this ZnS layer can also act as a 

passivation layer because of  its wide bandgap insulating property. 

Moreover, the obtained layer is sufficiently thin (less than 5 nm) 

to permit the tunnelling of  photo-excited electrons, enabling the 

transport of  electrons into the buffer layer.

The formation of  the nanoscale ZnS interface layer greatly improves 

the associated device performance. The current density-voltage 

(J-V) curves of  the typical CZTS solar cells applying a ZnCdS buffer 

layer with or without this ZnS passivation layer are shown in Figure 

F15.3. Devices fabricated with a ZnS passivation layer at the hetero-

interface (Zn/Sn = 1.1), show higher V
OC

 and FF, reaching 735.25 

mV and 62.53%, respectively. The obvious enhancement in V
OC

 is 

Figure F15.2: (a) Atomic resolution HAADF image taken at the 
interface region; (b) the histogram of  a raw of  cations columns at 
the interface marked by the red rectangle in (a); (c) HAADF image 
of  selected area in (a); (d) Energy dispersive X-ray spectroscopy 
(EDS) mapping of  the interface region from CZTS devices 
buffered with ZnCdS.
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CdS (Eg = 2.4 eV) buffer layer. Consequently, the overall power 

conversion efficiencies (PCEs) of  all CZTS/ZTO cells was improved 

due to the contribution from a higher J
sc

 and V
OC

. Devices using a 

Zn:Sn ratio of  2:1 and 3:1 both demonstrate a higher performance 

than the control devices.

Figure F15.4: Efficiency distribution of  CZTS devices based on 
ZTO buffer layers with (a) different Zn:Sn ratios; and (b) different 
thicknesses.

In addition to varying the ZTO composition, the effect of  the 

buffer layer thickness on the CZTS/ZTO cells’ performance is also 

examined as shown in Figure F15.4(b). A ZTO thickness in the 10–50 

nm range was investigated by changing the number of  ALD cycles 

while keeping the Zn:Sn pulse ratio constant at 3:1. The results 

indicate that a thicker ZTO buffer layer does not necessarily result 

in a better performance. The general trends of  V
oc

 and J
sc

 show no 

significant difference for ZTO buffers of  10, 20 or 30 nm thickness 

from their statistical parameters. However, those parameters drop 

rapidly when the thickness of  the ZTO layers was increased to 

50 nm. The decline of  J
sc

 for thicker ZTO buffer layers could be 

Figure F15.3: Current density-voltage (J-V) curves of  devices 
applying ZnCdS buffer with and without ultrathin ZnS passivation 
layers.

Exploration Cd-free buffer alternative

Expecting the scale-up potential of  the kesterite single-junction as 

well as the Si-based tandem multi-junction solar cells, the Cd-free 

process is an inevitable trend. The ZnSnO (ZTO) as an alternative 

first buffer and (Zn,Mg)O as a second buffer will enable the fully Cd-

free non-toxic process of  the device. The combination of  these wide 

bandgap buffer layers could well address the absorber/buffer and 

buffer/window interfaces issues. In this part, atomic layer deposition 

(ALD) was applied to prepare a ZTO buffer because ALD enables 

precise control of  ZTO stoichiometry, atomic level uniformity as well 

as a conformal coverage over large-scale areas.

Previous research of  ZTO buffer layers in CIGS devices revealed 

that the position of  the conduction, as well as the valence band, 

could be modified by changing the stoichiometry of  the ZTO film 

(Kapilashrami, Kronawitter et al. 2012). However, few investigations 

have focused on the effect of  the ZTO stoichiometry on pure-

sulphide CZTS cell performance. In this part, application of  ZTO with 

various compositions and thicknesses as the buffer layer for CZTS 

devices was explored. 

Figure F15.4 shows the efficiency distribution of  CZTS solar cells 

fabricated with a ZTO buffer of  different ZnO/SnO
x 
(Zn:Sn)

 
ratios 

and different thicknesses. As shown in Figure 15.4(a), a strong 

dependence of  the V
OC

 on the buffer composition is observed. For 

the devices with a Zn:Sn pulse ratio of  4:1, the V
oc

 was comparable 

to the CdS reference. With increasing incorporation of  Sn, the V
OC

 

started to increase. A champion V
OC

, 50 mV higher than the CdS 

control device, was found for a Zn
0.73

Sn
0.27

O buffer layer which was 

grown using a Zn:Sn pulse ratio of  2:1 during the ALD process. 

In addition, the CZTS/ZTO devices typically yield a higher J
sc

 

than the CZTS/CdS control device. This is mainly due to a higher 

transparency of  the ZTO (E
g
=3.3 eV) film compared to the reference 
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attributed to optical losses in the 400–450 nm range as is evident 

from the EQE measurement which is not shown here. Specifically, we 

note that the FF value, as well as the PCE, decreases gradually as 

the ZTO buffer layer thickness increases, likely due to the increased 

series resistance.

Finally, the highest solar cell efficiency using a ZTO buffer layer 

which was grown using a Zn:Sn ratio of  3:1 and had a thickness 

of  10 nm is obtained. For a CZTS/ZTO device, it shows a total-

area efficiency of  8.2% without an anti-reflection coating (ARC) 

and a record 9.3% efficiency with evaporated 110 nm MgF2 ARC, 

which, to the best of  our knowledge, is the highest efficiency for 

a Cd-free pure sulphide CZTS solar cell. The J
SC

, V
OC

 and FF of  

this champion device were measured to be 20.5 mAcm-2, 720 mV 

and 63.5% respectively. The V
OC

 of  a CZTS/ZTO device without an 

ARC is significantly increased by 56 mV compared to the control 

CZTS/CdS reference. This enhancement can be attributed to the 

more favourable ‘spike-like’ CBO at CZTS/ZTO interface as well as 

interface defect passivation.

Highlights

• Optimisation of  the CdS buffer layer by controlling the deposition 

condition.

• Passivating the heterojunction by introducing an ultrathin ZnS 

dielectric layer.

• Exploration of  a ZnSnO alternative buffer deposited with atomic 

layer deposition.

Future Work

• Optimisation of  the CZTS absorber roughness to further reduce 

the buffer thickness.

• Exploration of  additional doping for the CdS and ZnCdS buffers 

to improve the device performance.

• Exploration of  a second buffer like ZnMgO to match ZnSnO to 

reduce the top interface recombination.
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The key question we seek to address is: what factors of  a perovskite 

solar cell are infl uential when ionic defects are free to move in this 

fashion? Our key observation so far is that the primary mechanism 

of  a wide range of  transient responses in PSCs is the infl uence 

of  mobile ions on the distribution of  electrons and holes and 

subsequently the rate of  non-radiative recombination modelled after 

Shockley-Read-Hall statistics. By rigorously accounting for these 

interactions in computational models, we have replicated counter-

intuitive behaviours that elsewhere in the literature have led to exotic, 

and as we show, unnecessary, explanations.

For example, J-V hysteresis can take many unusual forms, including 

the “hump-like” feature shown in Figure F16.1. This feature had 

previously been ascribed to a capacitive effect in the perovskite 

or its transport layers. As we see, our model replicates this 

response and suggests that it is instead the result of  changes in 

bulk recombination rates within the perovskite as a result of  ion 

movement. In this case, this characteristic J-V hysteresis suggests 

that the traps have highly asymmetric capture cross-sections 

(σ
p
=300 × σ

n
).

Figure F16.1: Experimental J-V hysteresis exhibiting “hump” 

feature (left), is replicated by our model (right). This suggests 

that this unusual feature is the result of  a bulk defect with highly 

asymmetric capture cross-sections.

In addition, hysteretic features can manifest during the stabilisation 

of  the PSC at fi xed operating conditions, e.g. at open-circuit voltage. 

In Figure F16.2, we present four different characteristic responses 

we observed in PSCs in our laboratory after abrupt illumination at 

open-circuit voltage. As the cells approach the new steady-state, 

the cell voltage can vary non-monotonically, a particularly interesting 

observation as the cells are under fi xed illumination with no current 

extraction. We show that rather than these responses representing 

different, or even multiple competing processes occurring within the 

cell, they are instead different manifestations of  ion-electron/hole-

SRH coupling. Response types 1 and 2 are indicative of  dominant 

bulk recombination, while response 3 is consistent with dominant 

interface recombination. Response 4 is predicted to occur in devices 

with very low recombination overall, consistent with its measurement 

on high voltage cells incorporating polymer-based interface 

passivation.

F16 COMPREHENDING CHARGE 
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Funding Support
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Aim

This project aims to comprehend the complex nature of  charge 

transport in perovskite semiconductors, and its infl uence on the 

performance of  perovskite solar cells (PSCs). The project is building 

rigorous numerical device models that explore the coupling between 

ionic and electronic motion, which is key to explaining the slow 

transient response (a.k.a. hysteresis) of  PSCs. Understanding 

charge transport will be critical to the rational design approach 

necessary to develop high performance perovskite and silicon-

perovskite tandem solar cells.

Progress

Time-resolved measurements of  perovskite solar cells continue to 

be challenging to interpret. The main feature is a slow relaxation 

to steady-state – on the order of  seconds to hours – following a 

change in operating conditions. This is most obviously observed 

in the infamous J-V hysteresis (Snaith et al. 2014), which is the 

result of  the properties of  the perovskite changing on a time-scale 

similar to the rate of  change of  the bias voltage. It is highly probable 

that a primary cause of  slow relaxation is at least one population 

of  slow-moving ionic defects in the perovskite crystal. However, 

we are still at the early stages of  understanding the implications 

of  ionic movement for the interpretation of  electronic and optical 

measurements of  PSCs.

Therefore, in this work we treat perovskite semiconductors as direct 

bandgap, mixed conductors of  ionic defects and electrons (and 

holes). We have constructed numerical drift diffusion models of  

ion-electron conduction in multi-layer PSCs to rigorously evaluate 

how ions and electrons couple within the perovskite. We have 

incorporated multiple ionic defect species (e.g. cations and anions) 

of  varying concentrations and/or mobilities, and capacitive charge 

accumulation in the transport layers (Fell et al. 2017; Walter et 

al. 2018a, 2018b). Ionic defects are treated as mobile electric 

charges, which interact with the rest of  the semiconductor only 

through their electronic charge, but which undergo no generation or 

recombination. Currently, they do not serve as recombination centres 

for electrons and holes.
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Finally, we have also observed how stabilisation of  perovskites over 

periods of  hours to days can be the result of  a relatively slow moving 

ionic defect. Often, it is assumed that substantial changes in power 

output over long periods is the result of  perovskite degradation. 

However, we have shown that a slow-moving ion, in the presence 

of  SRH recombination, can cause a slow, but repeatable change in 

power output, as shown in Figure F16.4.

Figure F16.4: Open-circuit voltage transients over prolonged 
periods. In top fi gure, a slow-moving ion replicates the open-
circuit voltage change over 2000 s for type 1 transient of  Figure 
F16.2. In the bottom fi gures, our model predicts multiple turning 
points over a period of  2 days for the type 2 transient of  Figure 
F16.2. Experimental measurements of  cells (bottom right) 
replicated this prediction until a fi nal drop of  voltage, which may 
be the result of  material degradation.

Highlights

• Creation of  a one-dimensional computational device model 

of  ionic-electronic perovskite solar cells, which is built upon 

the Quokka 3 software tool. It is consequently available to all 

perovskite researchers.

• Our model allows for a rigorous assessment of  ion-electron/

hole coupling in a semiconductor system, and through this 

reveals that many unusual features of  PSC hysteresis are likely 

to be different expressions of  the infl uence of  ion movement on 

recombination within the perovskite.

• We have therefore demonstrated the powerful insights that 

can come from a rigorous exploration of  the coupling between 

ions and electrons, taking a fi rst step towards clearer-eyed 

characterisation of  perovskite materials and solar cells.

Figure F16.2: Experimental transient voltage responses (left) 
come in many different forms. However, we show that each 
refl ects a different expression of  the same ion migration-
recombination interaction (right), albeit under different conditions 
of  ion concentrations and mobilities, and distribution and 
concentration of  recombination-active traps.

To better explain how ions and electrons/holes interact in the PSC, 

Figure F16.3 plots the net ionic charge (that is, the concentration 

difference between cations and anions), the electron/hole 

populations, and the local rate of  SRH recombination. Because it 

is only the electric charge of  the ionic defects that is infl uential in 

our model, it is the local net ionic charge that is relevant. We see 

that at this point in the stabilisation of  the PSC, an asymmetry in the 

mobility of  the anions and cations has produced an effective n-type 

doping in the perovskite. A large majority-minority carrier imbalance 

suppresses recombination rates through the bulk traps. At the 

interfaces, however, band bending induced by the heterojunctions 

accumulates strong positive charge at the hole transport layer, and 

negative charge at the electron transport layer. The balance of  

these forces produces regions in the perovskite where the electron-

hole populations converge and the local rate of  recombination 

signifi cantly increases. This shows how the movement of  the ions 

has a major impact on the local distribution of  recombination.

Figure F16.3: Snapshot of  net ion, electron and hole 
concentrations and the corresponding distribution of  SRH 
recombination. The recombination rate is determined by the ion 
population’s infl uence on electron and hole distributions.
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Future work

It is certain that this framework is not a complete picture. Future work 

will explore other mechanisms of  ion generation and recombination, 

taking hints from literature that indicate a strongly light-dependent 

ionic mobility and or concentration in perovskite materials, in 

addition to experimental measurements that cannot be replicated 

by the model. Nonetheless, it is fascinating to observe the extent to 

which such a straightforward conceptualisation of  ionic defects can 

replicate so many experimental observations, when their interaction 

with electrons is rigorously assessed through computational 

modelling.
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pass a standard 1000-hour damp heat test, with >95% of  their 

initial performance maintained. The temperature and humidity 

stable electron heterocontacts based on alkali and alkaline Earth 

metal carbonates show a high potential for industrial feasibility and 

longevity for deployment in the field.

Figure F17.1: Temperature and humidity stable alkali/alkaline-
Earth metal carbonates as electron heterocontacts for silicon 
photovoltaics.

2. Tantalum oxide electron-selective heterocontacts for silicon 

photovoltaics and photoelectrochemical water reduction

Crystalline silicon (c-Si) solar cells have been dominating 

the photovoltaic (PV) market for decades, and c-Si based 

photoelectrochemical (PEC) cells are regarded as one of  the most 

promising routes for water splitting and renewable production of  

hydrogen. In this work, we demonstrate a nanoscale tantalum oxide 

(TaO
x
, ~6 nm) as an electron-selective heterocontact, simultaneously 

providing high quality passivation to the silicon surface and 

effective transport of  electrons to either an external circuit or a 

water splitting catalyst. The PV application of  TaO
x
 is demonstrated 

by a proof-of-concept device having a conversion efficiency of  

19.1%. In addition, the PEC application is demonstrated by a 

photon-to-current efficiency (with additional applied bias) of  7.7%. 

These results represent a 2% and 3.8% absolute enhancement 

over control devices without a TaO
x
 interlayer, respectively. The 

methods presented in this paper are not limited to c-Si based 

devices and can be viewed as a more general approach to the 

interface engineering of  optoelectronic and photoelectrochemical 

applications.

F17 DOPANT-FREE SILICON 
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Aim

This project aims to systematically investigate transition metal 

oxides (TMO) as dopant-free carrier selective contacts, advancing 

the fundamental understanding and technological development 

and leading to the next generation of  silicon solar cells. The overall 

objective of  this project is to develop an alternative to traditional 

dopant-based solar cell contact regions, by replacing them with 

dopant-free transition metal oxide heterocontacts (TMOH). To 

achieve this, the specific project objectives are to: 

1. Synthesise and characterise the transition metal oxides as 

carrier-selective heterocontacts for silicon solar cells.

2. Advance the understanding of  the physical mechanisms 

underneath the carrier-selective properties of  those TMOH and 

develop novel material engineering technologies to improve 

them.

3. Integrate the optimised TMOH contacts into complete devices.

Progress

1. Temperature and humidity stable alkali/alkaline-Earth 

metal carbonates as electron heterocontacts for silicon 

photovoltaics

Nanometre scale interfacial layers between the metal cathode 

and the n-type semiconductor play a critical role in enhancing the 

transport of  charge carriers in and out of  optoelectronic devices. 

As shown in Figure F17.1, a range of  nanoscale alkali and alkaline 

Earth metal carbonates (i.e. potassium, rubidium, caesium, calcium, 

strontium and barium) are shown to function effectively as electron 

heterocontacts to lightly doped n-type crystalline silicon (c-Si), which 

is particularly challenging to contact with common metals. These 

carbonate inter-layers are shown to enhance the performance of  

n-type c-Si proof-of-concept solar cells up to a power conversion 

efficiency of  ~19%. Furthermore, these devices are thermally 

stable up to 350°C and both the caesium and barium carbonates 
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implied open circuit voltage above 720 mV in both cases. The result 

demonstrates that surface passivation quality provided by ALD ZrO
x
 

is consistent with the requirements of  high efficiency silicon solar 

cells.

Highlights

• Six different alkali and alkaline Earth metal carbonates have 

been demonstrated to function as effective and stable electron 

contacts for silicon solar cells, enabling significant gains in 

performance over a control device with Al directly on n-Si. It is 

further shown that all the carbonate/Al contacted solar cells are 

thermally stable up to 350°C, and that two of  the carbonate/Al 

contacts (Cs and Ba) pass the standard 1000-hour damp heat 

test at 85°C and 85% relative humidity. 

• Demonstrated a hydrogenated TaO
x
 (~6 nm) electron-selective 

heterocontact that simultaneously provides high quality 

passivation of  the silicon surface (i.e. lifetime ~650 μs) and 

effective transport of  electrons (i.e. contact resistivity ~0.35 Ω 

cm2). We have achieved a solar-to-electricity efficiency of  19.1% 

and a solar-to-hydrogen efficiency of  7.7%, which corresponds 

to a 2% and 3.8% absolute enhancement, respectively, over the 

control devices without a TaO
x
 interlayer.

• Thermal stability of  the electron selective contacts can be 

improved by introducing a protective metal oxide interlayer, such 

as TiO
x
, between the a-Si:H passivation layer and the low work 

function LiF
x
 / Al metallisation. This second-generation DASH 

cell has been proven to maintain >95% of  its performance after 

1000 hours of  damp heat. Importantly, the improved stability 

does not come at the expense of  performance. On the contrary, 

a conversion efficiency of  20.7% has been demonstrated, which 

represents an important milestone in the evolution of  the DASH 

solar cell concept.
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Figure F17.2: Tantalum oxide electron-selective heterocontacts for 
silicon photovoltaics and photoelectrochemical water reduction.

3. Stable dopant-free asymmetric heterocontact silicon solar 

cells with efficiencies above 20%

In this work we have addressed a significant obstacle for the use 

of  dopant free asymmetric heterocontact (DASH) solar cells in 

photovoltaic applications: their damp heat stability. We have found 

that the thermal stability of  the electron selective contacts can be 

improved by introducing a protective metal oxide interlayer, such as 

TiO
x
, between the a-Si:H passivation layer and the low work function 

LiF
x
 / Al metallisation. This second-generation DASH cell has been 

proven to maintain >95% of  its performance after 1000 hours of  

damp heat. Importantly, the improved stability does not come at the 

expense of  performance. On the contrary, a conversion efficiency 

of  20.7% has been demonstrated, which represents an important 

milestone in the evolution of  the DASH solar cell concept. These 

developments in efficiency and stability pave the way for the DASH 

cell design to become a viable contender for high performance, low-

cost silicon PV.

4. Zirconium oxide surface passivation of crystalline silicon 

This work reports effective passivation of  crystalline silicon (c-Si) 

surfaces by thermal atomic layer deposited zirconium oxide (ZrO
x
). 

The optimum layer thickness and activation annealing conditions 

are determined to be 20 nm and 300°C for 20 minutes. Cross-

sectional transmission electron microscopy imaging shows an 

approximately 1.6 nm thick SiO
x
 interfacial layer underneath an 18 

nm ZrO
x
 layer, consistent with ellipsometry measurements (~20 nm). 

Capacitance–voltage measurements show that the annealed ZrO
x
 

film features a low interface defect density of  1.0 × 1011 cm−2eV-1 

and a low negative film charge density of  −5.8 × 1010 cm-2. Effective 

lifetimes of  673 μs and 1.1 ms are achieved on p-type and n-type 

1 Ω cm undiffused c-Si wafers, respectively, corresponding to an 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

30

35

40

45

50
PV PEC

  Without TaOx
 With TaOx

Ph
ot

oc
ur

re
nt

 d
en

si
ty

 (m
A/

cm
2 )

Voltage (V)

131

A
C

A
P

 A
N

N
U

A
L 

R
E

P
O

R
T 

20
18



Yan, D., A. Cuevas, A.,S.P. Phang, S. P.,Y.M. Wan, Y. M., & and D. 

Macdonald, D. (2018). “23% effi cient p-type crystalline silicon solar 

cells with hole-selective passivating contacts based on physical 

vapor deposition of  doped silicon fi lms”. Applied Physics Letters, 

113(6). doi:10.1063/1.5037610.

Yang, X. B., E. Aydin, H. Xu, J. X. Kang, M. Hedhili, W. Z. Liu, Y. M. 

Wan, J. Peng, C. Samundsett, A. Cuevas and S. De Wolf  (2018). 

"Tantalum Nitride Electron-Selective Contact for Crystalline Silicon 

Solar Cells." Advanced Energy Materials 8(20). doi:10.1002/

aenm.201800608.

Zhang, T., C. Y. Lee, Y. M. Wan, S. Lim and B. Hoex (2018). 

"Investigation of  the thermal stability of  MoOx as hole-selective 

contacts for Si solar cells." Journal of  Applied Physics 124(7). 

doi:10.1063/1.5041774.

Wan, Y. M., J. Bullock, M. Hettick, Z. R. Xu, C. Samundsett, D. Yan, 

J. Peng, J. C. Ye, A. Javey and A. Cuevas (2018). "Temperature and 

Humidity Stable Alkali/Alkaline-Earth Metal Carbonates as Electron 

Heterocontacts for Silicon Photovoltaics." Advanced Energy Materials 

8(22). doi:10.1002/aenm.201800743.

Wan, Y., P. C. Hsiao, W. Zhang, A. Lennon, Y. Chen, Z. Feng, P. 

Verlinden, C. Samundsett, J. Cui, D. Yan and A. Cuevas (2018). 

"Laser-Patterned n-Type Front-Junction Silicon Solar Cell With 

Tantalum Oxide/Silicon Nitride Passivation and Antirefl ection." Solar 

RRL 2(2). doi:10.1002/solr.201700187.

Wan, Y. M., S. K. Karuturi, C. Samundsett, J. Bullock, M. Hettick, D. 

Yan, J. Peng, P. R. Narangari, S. Mokkapati, H. H. Tan, C. Jagadish, 

A. Javey and A. Cuevas (2018). "Tantalum Oxide Electron-Selective 

Heterocontacts for Silicon Photovoltaics and Photoelectrochemical 

Water Reduction." Acs Energy Letters 3(1): 125-131. doi:10.1021/

acsenergylett.7b01153.

Figure F17.3. Stable 
dopant-free asymmetric 
heterocontact silicon 
solar cells with 
effi ciencies above 20%.

Figure F17.4: Zirconium oxide surface passivation of  crystalline 
silicon.
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the efficiency to 11%, certified at NREL (non-standard cell size). The 

certified curve is demonstrated in Figure F18.2. A standard cell with 

an area larger than 1 cm2, was also certified to be over 10%, setting 

two new world records for UNSW’s CZTS solar cells. All these record 

efficiencies are summarised in Efficiency table version 51-53.

Figure F18.1: Statistical performance parameters of  the CZTS 
devices without and with HT at 270°C, 300°C and 330°C, 
respectively.

Figure F18.2: Certified J–V curve (left), EQE curve (right) for the 
highest efficiency Cu2

ZnSnS
4
 device using the HT process.

In order to investigate the underlying mechanism that enabled 

the efficiency increase from 8% to 11%, time-resolved 

photoluminescence (TRPL) measurements on CZTS devices with 

and without heat treatments and using two excitation wavelengths 

(470 nm and 640 nm) have been conducted (Figure F18.3 (a) 

and (b)). The excitation by the 470 nm laser generates carriers 

mostly at the p–n junction interface and in the very top region of  

the CZTS absorber, whereas the 640 nm laser generates carriers 

more uniformly through the bulk. CZTS with heat treatment 

shows a significantly slower decay compared to that without heat 

treatment by using excitation of  a 470 nm laser. By contrast, these 

decay curves are very similar if  a 640 nm laser excitation is used. 

This suggests that the heat treatment significantly affects the 

recombination in the heterojunction region rather than deep in the 

CZTS bulk.
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Aim

Cu
2
ZnSnS

4
 (CZTS), a quaternary compound containing non-toxic 

and Earth-abundant material, is the most promising absorber for 

low-cost, environmentally friendly, high efficiency, stable and flexible 

photovoltaics. The high bandgap nature and its tunability enable 

a huge potential for high efficiency CZTS/Si tandem solar cells. 

Despite the fact that the power conversion efficiency has increased 

rapidly in recent years, still CZTS needs a much higher efficiency to 

fulfil its great promise. The aim of  this project is to significantly boost 

the efficiency of  CZTS solar cells towards a level that will enable 

commercialisation by reducing its V
OC

 deficit and non-radiative 

recombination. This will be realised by reducing non-radiative 

recombination in the CZTS through defect engineering and band 

grading engineering through heterojunction heat treatment.

Progress

Currently, the efficiency and V
OC

 deficit is limited by severe non-

radiative recombination while the interface and p-n junction 

recombination is dominated by the recombination process. Hence 

we developed a heterojunction heat treatment process in order 

to form a Cd elemental grading in CZTS and Zn grading in CdS. 

Our earlier publication confirmed Cd incorporation into CZTS can 

reduce the non-radiative recombination for the absorber, whereas 

the Zn incorporation into CdS can elevate the conduction band 

minimum, suppressing the interface recombination. Therefore we 

aimed to create the elemental grading with corresponding band 

grading to reduce the interface recombination and recombination at 

the top CZTS layer within the space charge region (SCR). The heat 

treatments were conducted right after the heterojunction formation. 

The heating temperatures were carefully studied, see Figure F18.1. 

The V
OC

 and efficiency were boosted significantly after the heat 

treatment. The FF peaked at 270°C treatment temperature, leading to 
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Figure F18.5: (a) XPS elemental profiles of  heterojunction with 
and without the heat treatment (HT) process; (b) bright-field TEM 
cross-sectional image of  CZTS device with the HT process, with the 
corresponding device structure schema shown left; (c) filtered atomic 
resolution HAADF image taken at the region near the CdS/CZTS 
interface; and (d) the intensity profile in a row of  cations is marked by the 
red rectangle showing the cation exchange (Cd occupying Cu/Zn site).

To provide insight into the impact of  heat treatment on the band 

structure due to induced element inter-diffusion and grading, XPS 

measurements including core-level spectroscopy and valence 

band (VB) spectroscopy were conducted. Figure F18.6(a) shows 

the XPS VB data of  bulk CdS and CZTS, from which the valence 

band maximum (VBM) positions can be readily estimated. Without 

heat treatment, the VBM positions relative to Fermi energy (EF) for 

CdS and CZTS resulted to be −1.48 eV and −0.36 eV, respectively, 

assuming the binding energy below EF is negative. After the heat 

treatment, the VBM positions relative to EF for CdS and CZTS 

changed to −1.40 eV and −0.27 eV, respectively. Also, the Fermi level 

of  CZTS moves close to its VBM, suggesting the doping level of  the 

CZTS had increased.

If  the bandgaps of  bulk CdS and CZTS are assumed unchanged, 

with the band bending (V
bb

) estimated from the core-level energy of  

each element at the interface as well as in bulk CdS and CZTS, the 

CBO without and with heat treatment can be estimated at −0.13 eV 

and −0.04 eV, respectively (Figure F18.6(b) and (c)). This implies 

a more favourable band alignment after treatment. However, the 

heat-treatment-induced Zn diffusion into CdS, forming a Zn grading, 

would increase its bandgap by elevating the CBM of  the buffer near 

interface with conduction band grading, while heat-induced Cd 

diffusion into CZTS, forming a Cd grading, decreases its bandgap 

by downwardly shifting both the CBM and VBM. Therefore, upon 

heat treatment, the CBO at heterojunction is expected to take the 

form of  a “cliff”, shallower than −0.04 eV, or even correspond to flat 

band conditions (Figure F18.6(c)). 

Figure F18.3: Normalised time-resolved photoluminescence 
decay at excitation wavelengths of  470 nm (a) and 640 nm (b) for 
the device with and without the heat treatment (HT) process.

With a significant recombination reduction within the heterojunction 

region, it is interesting to understand what dominates device 

performance loss in our CZTS cells. We conducted temperature-

dependent current–voltage measurements to obtain activation 

energy E
A
 by extrapolating the V

OC
 to a temperature of  0 K. As shown 

in Figure F18.4, the CZTS device with heat treatment shows an E
A
 

of  ~1.25 eV, close to its optical bandgap of  1.5 eV, whereas the 

device without heat treatment gives a significantly lower E
A
 of  ~0.9 

eV, far below its optical bandgap of  1.51 eV. This strongly suggests 

that interfacial recombination has been greatly reduced after the 

treatment process, which again echoes the findings from TRPL 

measurements.

Figure F18.4: Temperature-dependent open circuit (VOC
–T) 

measurement of  the devices with and without HT process. Eg 
shows the bandgap of  CZTS. Solid lines are linear fits at high 
temperature (>240 K). The activation energy E

A
 can be obtained 

from the value of  the intercept with the y-axis (T = 0 K).
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Future Work

• Optimising the band alignment and/or applying interface 

passivation with high bandgap dielectric materials are feasible to 

further reduce the hetero-interface recombination.

• Absorber engineering by understanding band tail origins and 

defect properties.

• Cation substitutions and band grading will be carefully 

investigated to further reduce V
OC

 deficit and boost efficiency.
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This more favourable band alignment caused by the elemental 

grading may effectively reduce the hetero-interface recombination, 

likely contributing to higher E
A
. This agrees with the aforementioned 

TRPL analysis that the reduced recombination mainly takes place 

within the SCR. The cliff-like or flat-band CBO, together with the 

fact that E
A
 is still smaller than the bandgap, suggests the current 

recombination may still be interface-dominated.

Figure F18.6: (a) XPS valence band data for bulk CdS and CZTS 
with and without HT. The solid lines show the linear extrapolation 
lines for XPS data closed to valence band maximum; and (b) and 
(c) band schema drawn by XPS measurements with and without 

the HT process.

The solar cell fabrication process including sputtering precursor and 

window layer, RTP processing, contact and ARC evaporations are 

conducted at UNSW. Electrical characterisations were conducted by 

our collaborators at NREL and APT measurements were achieved 

via collaboration with the University of  Sydney. The record CZTS 

efficiencies and relevant work has been published at Nature Energy 

3, 764–772 (2018).  

Highlights

• Fabrication of  two certified world record efficiency CZTS solar 

cells, including 11% in area of  0.23 cm2 and 10% in area of  1.1 

cm2. These record CZTS cells were achieved by heterojunction 

heat treatments.

• The mechanism for the heterojunction heat treatment was 

carefully investigated and revealed. This treatment enables 

elemental inter-diffusion, leading to a Zn grading within CdS 

with a conduction band grading at buffer side and a Cd grading 

within CZTS with bandgap grading at absorber side, as well as 

an Na accumulation and local Cu depletion at the heterojunction. 

Thus, a more favourable band alignment is achieved and the 

recombination at the heterojunction region is significantly 

reduced. 
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Further, under illumination, high-magnifi cation PFM amplitude and 

phase maps (Figure F19.1(c) and (d)) resolve the presence of  

stripe domains for the grains in the polycrystalline sample. Another 

noticeable phenomenon is that the domains start to emerge clearly 

as stripes under illumination only (Figure F19.1(c) and (d)). However, 

under dark conditions these domains fade away (Figure F19.1(d) 

and (e)). These results imply that the light illumination can induce 

signifi cant increase in piezoresponse and are possibly associated 

with the large density of  domains and walls. The spacing between 

the domains ranges from about 40 nm to 350 nm. 

Figure F19.1: Light-induced piezoresponse signal enhancement 
and appearance of  stripe domains in MA-FA perovskite. (a) 
Schematic illustration of  photo-assisted scanning probe 
microscopy (SPM) with a perovskite fi lm on compact-TiO2

/
mesoporous-TiO

2
/FTO test structure under illumination; (b) 3D 

piezoresponse amplitude map (out-of-plane) with and without 
illumination; (c) out-of-plane amplitude map in PFM under light 
condition;, (d) the corresponding out-of-plane phase map; (e) 
out-of-plane amplitude map in PFM in dark condition; and (f) the 
corresponding out-of-plane phase map (Kim,  Yun et al. 2019).

Figure F19.2 (a) to (c) shows representatively topographic images 

in contact mode after applying +7 V and -7 V. Figure F19.2(d) 

shows the corresponding height profi les of  the black, blue and 

red regions in the topography images of  Figure F19.4 (a) to (c). As 

for domain patterns, it is worth noting that stripe patterns appear 

strongly with positive bias showing 10–30 nm of  height difference. 

However, such patterns almost disappeared when negative bias was 

applied, although slight corrugated structures are still seen in Figure 

F19.2(d). We investigated structural variations of  the surface when 

higher biases were applied but degradation at grain boundaries 

occurs as can be seen in Figure F19.2(c) under -7 V voltage bias. 

Also, there is a new hump generated. We think that observed 

structural changes can have signifi cant impact on charge collections 

and device performance. Here, we propose a mechanism illustrated 

in Figure F19.2(e). When a positive voltage is applied to the top 

surface or sweeping the I-V from the positive voltage, formation 

of  the domains can enhance the charge carriers (holes) to be 
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Aim

In this project, we aim to probe photovoltaic properties of  nanoscale 

defects such as grain boundaries in potential large bandgap 

semiconductors (halide perovskite and Cu
2
ZnSn(S, Se)

4
 (CZTS) 

using scanning probe techniques. 

For halide perovskite solar cells, the objective is to investigate 

photovoltaic properties of  twin domains that exist within the grains, 

which are modulated under the external stimuli such as light 

and bias. For this purpose, we employed complementary spatial 

nanoscale imaging techniques, specifi cally piezoelectric force 

microscopy (PFM), Kelvin probe force microscopy (KPFM), and 

atomic probe force microscopy (AFM).

For CZTS solar cells, the project planned to unravel the role of  

hydrogen from atomic layer deposited (ALD) Al
2
O

3
 passivation layers 

in CZTS solar cells. To identify morphology-dependent surface 

chemistry, nanoscale spatial surface potential mappings would 

be required. For this purpose, KPFM measurement under the dark 

condition is performed.

Progress

HALIDE PEROVSKITE

Figure F19.1(a) schem atically illustrates the experimental set-

up for the scanning probe microscope measurements. Figure 

F19.1(b) shows an out-of-plane amplitude map under dark and light 

conditions. It was measured up to the centreline in dark condition, 

and the light was turned on from halfway (slow scan axis is from 

bottom to top). In dark, the amplitude map shows a rather low 

response with average value in the range of  900 to 1000 arbitrary 

units (a.u.). As soon as the light is turned on halfway through 

the measurement, the signal is greatly enlarged up to 2100 a.u. 
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different. First, average CPD is shifted when NH
4
OH treatment 

is performed. The reference sample shows initial average CPD 

of  14 mV (see Figure F19.3(d)). In contrast, average CPD of  the 

NH
4
OH treated CZTS reference greatly shifted to 470 mV while 

the NH
4
OH treated CZTS‐3 cycles sample only slightly shifted to 

89 mV. This clearly indicates that surface properties between the 

NH
4
OH treated CZTS reference and NH

4
OH treated CZTS‐3 cycles 

are completely different. More interestingly and importantly, CPD 

distribution between these two samples is significantly different. The 

NH
4
OH treated CZTS reference shows a grain boundary–dependent 

profile where the potential of  grain boundaries is now 30–140 mV 

lower compared to the grain interior. In contrast, the NH
4
OH treated 

CZTS‐3 cycles presents rather a smooth CPD profile which is not 

severely varied at the grain boundaries. The grain boundaries have 

0–12 mV lower CPD compared to the grain interior and overall CPD 

shows a much narrower distribution. Our results show uniform and 

conformal CPD distribution all over the surface including with grain 

interiors and grain boundaries for the NH
4
OH treated CZTS‐3 cycles. 

If  hydrogen passivates only the grain boundaries, it would still show 

a difference in CPD between grain interiors and grain boundaries. 

This could be interpreted by the effect of  hydrogen passivation of  

the CZTS surface by curing dangling bonds throughout the entire 

surface including grains and grain boundaries. Different from the 

traditional belief  of  kesterite grain surface by alkaline element, 

hydrogen might provide a new route for the CZTS grain surface 

passivation. 

Highlights

• Structural variations of  the perovskites induced by light and 

bias are found using scanning probe microscopy techniques. 

Periodically striped ferroelastic domains, spacing between 

40 and 350 nm, exist within grains and can be modulated 

significantly under illumination as well as by electric bias.

• Our findings point to potential origins of I–V hysteresis in halide 

perovskite solar cells.

transported to the hole transport material (HTM) by providing higher 

surface area which is illustrated in Figure F19.2(e). Conversely, 

negative voltage will push the organic cations to the top surface and 

cause damage at the perovskite/HTM interface, thus, increasing the 

recombination of  the charge carriers as shown in Figure F19.2(e). 

We believe that the observed structural variations are also one of  

the significant causes for the I-V hysteresis in halide perovskite solar 

cells.

CZTS

In order to improve V
OC

 of  CZTS / CdS–based devices where 

an unfavourable CBO exists, an ultrathin wide bandgap atomic 

layer deposited (ALD)-Al
2
O

3
 layer is applied, which is believed to 

effectively reduce interfacial recombination by reacting with the 

surface defects. We performed KPFM to observe spatial surface 

potential mappings of  the associated CZTS films in order to 

confirm whether hydrogen is effectively involved in the surface 

passivation. Note that the measurement is performed in a complete 

dark condition in order to exclude any side effects arising from 

light illumination. The AFM operating laser wavelength is 1300 nm 

which is beyond the absorption range of  the CZTS film. Spatial 

mappings of  topography and the CPD of  three CZTS samples, 

i.e. a CZTS reference, CZTS reference treated by NH
4
OH, and 

CZTS‐3 cycles treated by NH
4
OH are shown in Figure F19.3. The 

CZTS reference (Figure F19.3(a)) contains columnar grains sized 

between 300 and 600 nm. The grain boundaries have lower CPD 

40–65 mV compared to grain interiors. A higher surface potential 

was observed at the grain boundaries on CZTS and CZTSSe film 

when measured under light illumination (650 nm wavelength laser 

light that generates electron–hole pairs) which was explained by 

segregation of  impurities at the grain boundaries such as Na. It is 

notable that, upon surface treatment with NH
4
OH, the morphology 

is changed for both CZTS reference (Figure F19.3(b)) and CZTS‐3 

cycles (Figure F19.3(c)). The grain size is 80–120 nm and the 

surface becomes rough for both samples. Despite the similar 

morphology of  the etched samples, CPD mapping results are clearly 

Figure F19.2: Effect of  bias on structural variation of  the surface. (a) 3D topography in non-contact mode 
in the dark; (b) after positive bias, + 7V; (c) after negative bias – 7V; (d) line profiles for the black, blue, and 
red regions in (a) to (c); and (e) forward bias (+1.1V to -1.1V) and reverse bias (-1.1V to +1.1V) I-V curves 
measured at a rate of  0.1V/s. Inset shows schematic illustration of  perovskite surface when positive bias 
and negative bias are applied to the top surface (Kim, Yun et al., 2019).
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• Hydrogen passivation provides a smooth CPD profile which 

is not severely varied at the grain boundaries compared to 

that of  the reference CZTS. Thus, it can be concluded that the 

dangling bonds at the grain surface of  CZTS grains have been 

passivated.

Future Work

• Investigate charge separation and ion migration properties at the 

domains and domain walls in halide perovskite solar cells.

• Perform light wavelength and intensity dependent KPFM on 

the hydrogen passivated CZTS solar cells in order to study 

morphological-dependent charge generation and separation 

properties.
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The drop-casting method used for preparing 2D perovskite films 

on glass is illustrated in Figure F20.1. The film formation process 

comprises four main steps: (a) the precursor solution is deposited 

onto the centre of  a preheated glass substrate; (b) the solution 

spreads isotropically on the substrate; (c) the solvent evaporates 

from the disc of  precursor solution; and (d) a dark-brown film disc 

forms upon evaporation of  the solvent. The patterned 2D perovskite 

film can also be prepared using the same self-assembly method 

controlled by a non-wetting boundary, which can be a thin straight 

or curved line or any shape, to further stop solution spread (e)–(f).

Figure F20.2: Time-lapse photographic images of  the formation 

of  a 2D perovskite film on a 5 cm x 5 cm substrate heated at 50°C 

on a hotplate in air.

The 2D perovskite film formation process is presented in time-lapse 

photographs in Figure F20.2, in which a 60 μL aliquot of  perovskite 

precursor solution is deposited onto a 5 cm × 5 cm glass substrate 

that has been preheated to 50°C. As can be seen from Figure 

F20.2(e), the solution spreads to form a disc of  approximately 5 

cm diameter in around 40 seconds. The wet film then initially starts 

drying from the edge, with perovskite crystallisation resulting in 

the dark rim at the edge of  the disc (Figure F20.2(f)). Drying and 

crystallisation then propagate rapidly throughout the remainder of  

the disc, and the process is complete within 70 seconds (Figure 

F20.2(h)). This process was performed in air without humidity 

control, so it is very suitable for upscaling.

The results of  optical absorption analysis of  a drop-cast 2D 

perovskite film prepared on a 2.5 cm × 2.5 cm glass substrate is 

shown in Figure F20.3. The thickness distribution of  the films can 

be obtained by using the optical absorbance mapping. As seen 

in Figure F20.3, apart from the disc extremities, there is very little 

variation in absorbance across the entire film, indicating that the 

films have a highly uniform thickness.

To study the crystal orientation of  the films, synchrotron-based 

grazing incidence wide-angle X-ray scattering (GIWAXS) was 

performed. In 2D GIWAXS patterns (Figure F20.4a), a ring-like 

diffracted intensity indicates randomly oriented crystals whereas the 

appearance of  well-defined spots indicates preferential orientation 

of  crystals. The 2D GIWAXS pattern from the sample prepared by 

the drop-casting method shows highly concentrated Bragg spots 
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Aim

The objective of  this project is to develop semitransparent flexible 

perovskite solar cells for laminated perovskite/silicon tandem cells. The 

project focuses on how to create semitransparent flexible perovskite 

solar cells using scalable methods – either slot-die coating or a roll-to-

roll (R2R) continuous process. Ultimately, the semitransparent cells will 

be integrated to form perovskite/silicon tandem cells.

Progress

The traditional spin coating method is not suitable for scaling 

up. Attempts to develop spin coating free methods to prepare 

perovskite films have been made. The primary progress this year 

was developing a novel and simple drop-casting method to prepare 

2D perovskite films. Slot-die coating and roll-to-roll processing were 

also investigated.

Figure F20.1: Illustration of  the formation process for a drop-cast 
2D perovskite film. (a) The 2D perovskite solution is dropped onto 
the heated substrate; (b) the solution spreads on the substrate; 
(c) a wet film forms, accompanied by solvent evaporation; (d) 2D 
perovskite crystallisation occurs progressively throughout the film 
once the local solution concentration reaches a critical point; (e) 
patterned wet film controlled by a non-wetting coating; and (f) 
shape-controlled 2D perovskite film. 139
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layer with a thickness comparable to the optimum found using the 

drop-cast method. Perovskite solar cell devices comprising the same 

ITO/PEDOT:PSS/2D-perovskite/PC
61

BM/PEIE/Ag cell layout as the 

drop-cast method described above, were successfully produced 

using batch slot-die and R2R slot-die processes to deposit the 

perovskite layer, with the results summarised in Table F20.1. The 

”champion” cells produced using batch slot-die and R2R slot-die 

displayed PCEs of  12.5% and 8%, respectively, which are lower than 

that of  the ”champion” device produced by drop-casting. 

Figure F20.5: (a) Device structure of  the 2D perovskite solar cells; 
(b) J-V curves for the ”champion” cell under reverse and forward 
scan.

Figure F20.6: (a) Batch slot-die coating of  2D perovskite film. The 
slot-die head is moved across a stationary glass substrate on a 
heated plate; (b) R2R slot-die coating of  a 2D perovskite film. 
Flexible substrate moves on a curved hot plate and perovskite 
solution is coated by a slot-die head and dried on the hot plate.

with almost no azimuthal spreading of  diffracted intensity indicating 

the near-perfect vertical orientation of  the 2D perovskite crystals 

to the substrate (Figure F20.4b). Such a highly ordered vertical 

orientation is desirable as it promotes charge transport allowing the 

photo-generated charge carriers to move from the bulk perovskite to 

the charge-transport layers, thereby improving device performance.

The performance of  drop-cast 2D perovskite layers in solar cells 

was investigated using devices comprising ITO/PEDOT:PSS/2D-

perovskite/PC
61

BM/PEIE/Ag (Figure F20.5), which were fabricated 

completely in air. The preparation conditions (substrate temperature, 

solution concentration, and thermal annealing time) were optimised. 

The J-V curves obtained under different scan direction are nearly the 

same. A best PCE of  14.9% was obtained. 

Slot-die coating of  the 2D perovskite films was then investigated. 

A schematic diagram of  the slot-die coating processes developed 

in the present work is presented in Figure F20.6. The film formation 

conditions for slot-die deposition were optimised at the same 

substrate temperature of  50°C, but a more concentrated precursor 

solution (0.7 M) was found to be needed to produce a perovskite 

Figure F20.3: (a) Photograph; (b) optical absorbance image; and 
(c) optical absorbance profile corresponding to the white line in 
(b) of  a drop-cast 2D perovskite film.

Figure F20.4: (a) 2D GIWAXS pattern of  a drop-cast 2D 
perovskite films annealed at 50°C showing near-perfect vertical 
orientation of  2D perovskite crystals; and (b) illustration of  the 
vertically oriented 2D perovskite crystal.
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Table 6.6.1. Performance of  champion 2D perovskite solar cells 
prepared using drop-casting, slot-die and R2R slot-die deposition 
of  a perovskite layer.

Method V
oc

 [V] J
sc

[mAcm-2] FF [%] PCE [%]

Drop-casting 1.14 18.8 69.5 14.9

Slot-die 1.06 16.6 70.9 12.5

R2R 1.02 13.6 57.8 8.0

Highlights

• A simple and scalable method was developed to prepare 

smooth, uniform and highly oriented 2D perovskite films, without 

spin coating. 

• A PCE of  14.9% was obtained, which is the highest for 2D 

perovskite solar cells fabricated by a spin coating free method. 

• PCEs of  12.5% and 8% were achieved for batch slot-die and 

R2R slot-die processes, respectively.

Future Work

• Prepare semitransparent perovskite solar cells by using 2D 

perovskite or 3D perovskite layer.

• Improve the performance of  semitransparent perovskite solar 

cells by optimising the preparation conditions.

• Investigate the effect of  semitransparent electrodes on 

photovoltaic performance of  perovskite solar cells.
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