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Solar photovoltaics involve directly
generating electricity from sunlight,
when it falls upon devices known
as solar cells. Silicon is the most
common material used to make
these photovoltaic cells, similarly
to its key role in microelectronics,
although several other photovoltaic
materials are being actively
investigated.

AUSIAPV aims to significantly accelerate
photovoltaic development beyond that achievable
by Australia or the US individually. This goal
is to be reached by leveraging development
of “over the horizon” photovoltaic technology,
providing a pipeline of improved technology
for increased performance and reduced
cost. A second aim is to provide high-quality
training opportunities for the next generation of
photovoltaic researchers, particularly through
enhanced collaborations between Australian
and US researchers, with one targeted outcome
being to consolidate Australia’s position as the
photovoltaic research and educational hub
of the Asia-Pacific manufacturing region.

Photovoltaics are destined to provide one of
the lowest cost methods for future electricity
production. In April 2015, Bloomberg forecast
that photovoltaics would account for 35% of new
electricity generation capacity added globally
until 2040, at a value of US$3.7 trillion.

AUSIAPV/ACAP came into being on 1 February 2013
after the signing of a Head Agreement between the
University of New South Wales (UNSW) and ARENA.
During 2013, related Collaboration Agreements were
signed between UNSW and the other ACAP nodes,
Australian National University (ANU), University of
Melbourne (UoM), Monash University, University of
Queensland (UQ) and CSIRO (Materials Science
and Engineering, Melbourne) and additionally with
the ACAP industrial partners, Suntech Research
and Development, Australia (partnership now
transferred to Wuxi Suntech Power Co., Ltd.) , Trina
Solar Ltd, BlueScope Steel and BT Imaging. Our
major international partners include the NSF-DOE
Engineering Research Center for Quantum Energy
and Sustainable Solar Technologies (QESST) and
the US National Renewable Energy Laboratory
(NREL), as well as the Molecular Foundry, Berkeley,
Stanford University, Georgia Institute of Technology
and the University of California, Santa Barbara.

Australia has played a major role in this technology’s
development and is well positioned to benefit
from this greatly expanded role. In his recent
speech to the United Nations Climate Change
Conference in Paris at the end of 2015, Prime
Minister Malcolm Turnbull highlighted that Australian
researchers have “held the world record for solar
cell efficiency for 30 of the last 32 years” and “by
2018 over 60% of the world’s solar cells are to use
technology developed by Australian researchers”.
This is the third annual report of the Australia-US
Institute for Advanced Photovoltaics (AUSIAPV),
involving many of these same researchers,
and supported by the Australian Government
through the Australian Renewable Energy
Agency (ARENA), initially for eight years. The
Institute encompasses the activities of the
locally based Australian Centre for Advanced
Photovoltaics (ACAP) as well as synergistic
activities with US-based partner organisations.

This report covers the period from 1 January to
31 December 2015. Over the past three years,
both AUSIAPV and ACAP have moved quickly
to establish a high profile within the international
research community. Following on from the world
record 24.4% energy conversion efficiency rearjunction cell developed at ANU during 2013, three

This report covers the period from
1 January to 31 December 2015. As well
as setting up the broad framework for
collaboration on an international scale,
both AUSIAPV and ACAP have moved very
quickly to establish a high profile within
the international research community.

additional world records were demonstrated in
2014 and 2015. In late 2014, a system based on
splitting focused sunlight into different colour bands,
designed and fabricated at UNSW with performance
then certified by US partner NREL, became the
first in history to convert sunlight to electricity
with over 40% energy conversion efficiency. In
2015, another world record was achieved with
34% efficiency measured for a standard one-sun
photovoltaic submodule, well above the previously
best value of 24%, with this result since further
increased to 34.5%. Finally, a new record of 20.9%
was confirmed for a cell fabricated at ANU using
low grade, potentially inexpensive silicon wafers.

in the development and characterisation of silicon
solar cells, emphasising once more the worldleading position of AUSIAPV/ACAP researchers.
Finally, I am pleased to be able to report that
AUSIAPV/ACAP has taken another major step
towards attaining its significant long-term objectives
by achieving all third-year milestones, on time and
within budget. We look forward to similar progress
in 2016 and in subsequent years as photovoltaics
become an increasingly large part of our energy mix.

I would like to thank ARENA for ongoing financial
support and also for the very effective involvement
of ARENA personnel in supporting the AUSIAPV/
ACAP program, both informally and via the ACAP
National Steering Committee and the AUSIAPV
International Advisory Committee. I would
additionally like to thank, in particular, all researchers
affiliated with the Institute for their contributions
to the broad range of progress reported in the
following pages. I particularly congratulate
Professor Andres Cuevas from ANU on being
awarded the 2015 Becquerel Prize in Hamburg,
one of the highest honours for researchers in this
field, in recognition of his scientific achievements

Martin Green
Director

1. Director’s Report

Improvement to cell efficiency, such as
demonstrated by these results, the thrust of a
large cross-section of the ACAP program, is
universally recognised as the most important
strategy for reducing photovoltaic system balance
of system costs that are becoming increasingly
important as module costs continue to decrease.
These and several other key achievements during
2015 are summarised in the highlight pages
immediately following my report. More detailed
results described in the body of this 2015 Annual
Report contributed to making 2015 an extremely
successful year for both ACAP and AUSIAPV.
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34.5% Efficient One-Sun
Minimodule
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The ACAP program achieved yet another significant
efficiency milestone in 2015 with a large increase in
the highest efficiency ever reported for a standard,
flat-plate, one-sun solar module, the type dominating
the commercial market and universally used in
residential photovoltaic systems. Improving such
efficiency is important to ongoing photovoltaic cost
reductions. An authoritative 2015 report by Agora
Energiewende concluded that solar photovoltaics
“will soon be the cheapest form of electricity in many
regions of the world” and that “increasing module
efficiency is the single, most influential factor on
balance system costs” (as ongoing cost reductions
make module costs themselves less critical than
the costs of installing and interconnecting them).
The report further suggests one-sun module
efficiencies in 2050 will lie somewhere between
the present world-record value of 24% and an
aggressively extrapolated value of 35% (circa 50%
relative extrapolation). To provide a firmer basis for
such long-term extrapolations, to ensure that the
future potential of photovoltaics to achieve such high
efficiencies is not underestimated and to identify
practical approaches to obtaining such efficiencies,
ACAP has embarked on a program to substantially
raise the efficiency of the best experimental 800cm2 one-sun module to values well beyond this
extrapolated value. The first phase of this program
has now been completed with encouraging
outcomes. An efficiency of 34% was measured
for a 30-cm2 minimodule in September 2015, with
this subsequently improved to 34.5% (Figure 2.1a),
by far the highest efficiency demonstrated for
unconcentrated sunlight for a device this size.
This large improvement in experimental performance
was obtained by converting four different colour
bands in sunlight by dedicated solar cells, using

the scheme of Figure 2.1b to combine a commercial
triple-junction (MJ) cell with a high performance,
custom-designed silicon cell supplied by ACAP
partner, Trina Solar. This cell design benefitted from
earlier results from the ACAP program, incorporating
the rear junction design that set another world-record
in year 1 of the program, in a joint project between
ANU and Trina Solar. The near-ideal light collecting
properties of the prisms used to optically couple
the cells were a UNSW discovery of the late-1970s.
(a)

(b)

Figure 2.1: (a) 34.5% efficient, 30-cm2 onesun minimodule; (b) Schematic of the scheme
allowing a 3-junction multiple junction (MJ) cell
to be combined with a silicon cell while retaining
high response over a wide range of angles of
sunlight incidence (cell positions were reversed
in the 34.5% minimodule).

Andres Cuevas Receives 2015
Becquerel Prize

High Impact Papers
An additional ten papers published under the ACAP program
in 2015 have already made a large impact at the international
level. These have been classified as “Highly Cited Papers”,
earning a ranking within the top 1% in their field. Seven
of these have earned the additional distinction of being
identified as “Hot Papers”, within the top 0.1% in their field.
This is a disproportionately high number relative to the ACAP
total and brings the total to 23 papers earning the “Highly
Cited” distinction over the first 3 years of ACAP operation.
Eight of the 2015 “Highly Cited Papers” were based on results
generated in ACAP program strand PP2: “Organic and EarthAbundant Thin Film Cells”. The first of these, with lead author
Kuan Sun, affiliated with the University of Melbourne node,
reported a new class of nematic liquid crystal material capable
of providing improved organic solar cell performance, while
also enabling easier roll-to-roll printing of environmentally
friendly, mechanically flexible and potentially cost-effective
photovoltaic devices. The materials reported have formed the
basis of new collaborations with the University of Queensland
node, as well as with US partners NIST and Georgia Tech.
It was one of the papers earning the additional distinction of
being identified as a “Hot Paper”, within the top 0.1% in its
field. A second paper, also on organic photovoltaics and also
earned the “Hot Paper” label. Lead author was Jegadesan
Subbiah, also of the University of Melbourne node, with coauthors from this node as well as the CSIRO node. The paper
reported the synthesis of a high molecular weight donoracceptor conjugated polymer and its use in fabricating a 9.4%
efficient solar cell. A third, another “Hot Paper”, with lead
author Kyeongil Hwang of CSIRO also involving co-authors
from the University of Melbourne node and Gwangju Institute
of Science and Technology, South Korea reported progress in
the scale-up and printing of perovskite solar cells on flexible
substrates. This paper was ranked amongst the top most
accessed papers of the Advanced Energy Materials journal
over the year, with an illustration of the process appearing on
the rear cover of the February 2015 issue (see Figure 2.3).
The fourth “Highly Cited Paper”, with lead author Qianqian
Lin from the University of Queensland node, addressed the
electro-optics of perovskite solar cell. It also earned the
additional distinction of being identified as a “Hot Paper”. The
fifth of these with lead author Yu Han of the Monash University
node, but also involving co-authors from both the University
of Melbourne and CSIRO nodes, reported on the degradation
properties of encapsulated perovskite solar cells, one of the
most important issues determining the future prospects of this

Figure 2.2: Prof Andres Cuevas (right) after receiving
the 2015 Becquerel Prize, together with Prof Joachim
Luther, Chairman of the Becquerel Prize Committee.

Figure 2.3:
Rear cover of the
February 2015 issue
of Advanced Energy
Materials journal.

technology. The sixth with lead author Yasmina Dkhissi of the
University of Melbourne, but also involving co-authors from
Monash University and CSIRO nodes, reported on the low
temperature deposition of perovskites onto flexible polymer
substrates, something that is difficult to achieve with other cell
technologies, giving rise to potentially unique applications.
The seventh, with lead author Rui Sheng of the University of
New South Wales (UNSW) node, involved vapour-assisted
deposition of lead bromide perovskite, of interest as a high
bandgap cell in a double junction bromide/iodide/silicon device.
The eighth “Highly Cited Paper” in this strand, with lead author
Jae Sun Yun from UNSW, but also involving co-authors from
the Monash University node, describes the experimental role
of grain boundaries in improving perovskite cell performance.
The two remaining “Highly Cited Papers” arose from
collaboration between AUSIAPV partners, UNSW and Coloradobased NREL, documenting recent efficiency improvements
in photovoltaics across a range of technologies, including the
recent UNSW 40% sunlight to electricity conversion milestone
and the record 20.8% result for multicrystalline silicon obtained
by ACAP industrial partner, Trina Solar, using Australiandeveloped PERC cell technology (Passivated Emitter and
Rear Cell). Both papers also received the additional “Hot
Paper” distinction, being within the top 0.1% in their field.
One trend apparent in the above collection of 2015 “Highly
Cited Papers” was the increasing number involving close
collaboration between the ACAP nodes and AUSIAPV
partners, applying to seven of the ten (70%).

2. Highlights

In September 2015, Prof Andres Cuevas, from the ANU node
of ACAP, was awarded the prestigious Becquerel Prize in
Hamburg, one of the highest honours for researchers in the
photovoltaic field, and delivered the prize lecture, “The Great
Adventure of Photovoltaics”. The award honours his scientific
achievements in the development and characterization of silicon
solar cells. “The decision of the Becquerel Prize Committee
is based on the outstanding work of Prof Cuevas covering
the design and processing of solar cells, their fundamental
material characterization and the modelling of photovoltaic
energy conversion”. “His superior understanding of the physics
of solar cells has made him to one of the key authorities in the
field. With his engagement and his outstanding presentations
Prof Cuevas has inspired generations of students and
young scientists.” ACAP is fortunate to have researchers
of this calibre distributed distributed around its nodes.

5

Cells Using Low-Cost SolarGrade Silicon Wafers Nudge
21% Efficiency
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Researchers at the Australian National University have
fabricated the world’s first silicon solar cell with a confirmed
efficiency greater than 20% in fact, very close to 21%, using
silicon wafers made with 100% ‘solar-grade’ silicon feedstock
(see Section PP1.1). The n-type silicon wafers were supplied
by industry partners Apollon Solar and FerroPem, and were
grown using Upgraded Metallurgical-Grade silicon material
(UMG Si), a silicon refining process that promises to reduce
both the cost and energy intensity of silicon solar cells. Using
a cell fabrication process that has been specially developed
to maintain high electronic quality in the UMG wafers, an
independently confirmed efficiency of 20.9% was achieved
(measured at Fraunhofer ISE CalLab). In particular, a localised
rear phosphorus diffusion achieved by a novel etch-back
process allows for the effective removal of unwanted impurities
in the UMG wafers. Further innovations in the cell fabrication
sequence and defect deactivation procedures, the latter to
be applied in collaboration with colleagues at UNSW, are
expected to allow efficiencies above 21% in the near future.

6

did not show a pronounced J-V hysteresis. In accordance with
observations obtained using small-perturbation and transient
characterisation techniques, the team hypothesised that CuI,
in comparison to Spiro-OMeTAD, facilitates a faster charge
extraction and consequently a faster relaxation of the polarised
perovskite material at the perovskite/HTM interface (Figure 2.5).
The concept of employing CuI as an HTM in planar perovskite
architectures and the analysis of the interfacial polarisation
were developed under the ACAP PP2 program for organic and
organohalide perovskite solar cells. These findings strengthen
the understanding of charge generation and charge transfer
across different perovskite/HTM interfaces, and promote the
use of inorganic HTMs in perovskite solar cell assemblies.

Figure 2.5: The relative
amount of charges and
strength of polarisation
at the interface upon
the use of SpiroOMeTAD (a) and CuI
(b) as the HTM.

Highest Low-Frequency
Dielectric Constant for Organic
Semiconductors
Figure 2.4: Schematic diagram of the n-type UMG solargrade silicon cell with full front boron diffusion and rear
localised phosphorus diffusion, achieved via an etch-back
process.

Probing J-V Hysteresis in
Planar Perovskite Solar Cells
Research into photovoltaics based on organo-ammonium lead
halides is developing rapidly, and certified efficiency presently
exceeds 22%. However, the relatively poor long-term stability
and high material costs of certain cell components are limiting
the potential commercialisation of these devices. Organic
hole-conducting materials (HTMs) and additives used to
improve charge transport within the HTM layer are the primary
sources of high cell cost and operational instability. Further, as
observed in previous studies, the current-voltage performance
of the conventional (Spiro-OMeTAD) organic HTM-based
devices differed, depending on the scanning direction of the
J-V curve, often denoted as the “J-V hysteresis”. In Monash
University’s work, published in Advanced Functional Materials
in 2015 by Gaveshana Sepalage and colleagues, a power
conversion efficiency of 7.5% was achieved for perovskitebased devices employing a relatively stable and inexpensive
inorganic HTM, copper iodide (CuI) and CuI-based devices

The University of Queensland team has modified non-fullerene
electron acceptors to increase the low-frequency dielectric
constant to 9.8, believed to be the highest yet reported for a
non-metal containing organic semiconductor. The low dielectric
constants of conventional organic semiconductors leads to
poor charge carrier photo-generation in homojunction organic
solar cells due to large exciton binding energies, requiring the
use of high and low electron affinity organic semiconductor
(acceptor and donor) blends in a heterojunction architecture
instead. The team has suggested in Chemical Communications
in 2015 that increasing the organic semiconductor dielectric
constant in both the low-frequency and optical-frequency

Figure 2.6: Chemical structures of the glycolated and
non-glycolated non-fullerene electron acceptors. The glycol
chain is routinely used to improve organic semiconductor
solubility but the presence of electron-rich oxygen atoms in
the chain increases the low-frequency dielectric constant.

regimes could lower the exciton binding energy and facilitate
more efficient free carrier generation and, possibly, also
decrease geminate recombination from the charge transfer
state. To test this hypothesis they designed, synthesised
and characterised a series of model non-fullerene electron
acceptors with and without short glycol chains (see Figure
2.6) to predominantly increase the low-frequency dielectric
constant. Glycolation increased the low-frequency dielectric
constant and, critically, the glycolated and non-glycolated
compounds had similar electronic (energy levels) and
transport properties, lending weight to the proposition that
increasing the dielectric constant can be achieved without
detrimentally affecting other key solar cell material properties.

James Cook Medal and Ian
Wark Medal and Lecture for
Martin Green

Towards Fully Printed
Perovskite Solar Cells
CSIRO has developed a mini slot die coater (see Figure 2.8(a))
based on a 3D printing platform as a ‘lab-to-fab’ research tool
for solution processed solar cells. After validating the concept
of such a tool for thin-film deposition in 2014, the mini slot
die coater was used to produce printed flexible perovskite
devices in 2015. The process, initially developed as a batch
method, has been transferred to a roll-to-roll process as
shown in Figure 2.8(b). New, robust and reliable formulations
have been developed using the printer and they showed
promising processability while maintaining efficiency.
Some of the outcomes of these activities have been published
in Advanced Materials journal, earning high recognition
as a potential solution for large scale fabrication of flexible
perovskite solar cells. The success of our mini slot die printer
has also attracted media and commercial interest from industry
players who see the mini slot die coater as a potentially viable
solution for commercial fabrication of thin-film materials.
In addition to activity on the photo-active layer, the CSIRO
has been developing printable electrodes to produce fully
printed perovskite solar cells using only low-cost solution
processes. Working devices with printed electrodes have
been demonstrated with preliminary results indicating
energy conversion efficiencies higher than 6%.

Figure 2.7: James Cook medal awarded to Prof Martin
Green by the Royal Society of New South Wales.

Figure 2.8 (a):
Mini slot die
coater allowing
accelerated
translation from
batch to roll-toroll compatible
printed processes
and (b) Roll-toroll production of
perovskite layer
via soaking-free
sequential slot die
coating.

2. Highlights

ACAP Director Prof Martin Green was awarded the prestigious
James Cook Medal by the Royal Society of New South
Wales in May 2015, joining a list of luminaries including Sir
Frank M. Burnet, Sir Ian Clunies Ross, Albert Schweitzer, Sir
Marcus L. Oliphant and Sir Gustav Nossal. The James Cook
Medal was established in 1947 and is awarded periodically
by the Royal Society of New South Wales for outstanding
contributions to science and human welfare in and for the
Southern Hemisphere. In November, the Australian Academy
of Science announced that Prof Green had been awarded
the 2016 Ian Wark Medal and Lecture. The award recognises
research which contributes to the prosperity of Australia.
“Professor Green is an acknowledged world-leader in the
field of photovoltaics. He has published extensively and
influentially, made many highly significant contributions to the
knowledge base of the field, and successfully established
a world-class research hub that is responsive to Australian
needs in the photovoltaics industry. Several generations of his
group’s technology have been successfully commercialised
including, most recently, the Passivated Emitter and Rear Cell
(PERC) that produced the first 25% efficient silicon cell in 2008
and accounted for the largest share of new manufacturing
capacity added worldwide in 2014. His fundamental and
applied research has led to, and will continue to lead to,
significant economic benefits both in Australia and worldwide.”
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Julius Award for Early Career Development at CSIRO
Dr Doojin Vak is a research scientist with the Manufacturing
business unit. After completing his PhD on developing
optoelectronic materials in GIST (Korea), he joined the University
of Melbourne as a KRF fellow and expanded his research on
scalable fabrication processes for organic solar cells as a
key participant in the Victorian Organic Solar Cell Consortium
(VICOSC) project. Since joining CSIRO as a research scientist
in 2010, he has been working on developing industrial printing
processes for the manufacturing of next generation solar cells.

he has also developed a strong publication record with ~40
publications, over 1,300 citations and an H-Index of 22.
The 2015 Julius Award will enable Dr Vak to attend key
conferences to interact with leading scientists as well as
to attract talented researchers to CSIRO and to grow his
expertise and reputation in “lab-to-fab” translation of printed
solar cells via international collaborations. This award
will enable him to exploit existing linkages and build new
connections to other international groups via exchange visits.

Dr Vak’s recent research focuses on translating lab-scale
advances in printed solar cells to manufacturing-scale
processes (lab-to-fab translation). With recent groundbreaking
developments in a new class of “solar ink” based on organicinorganic perovskites, efficiency of lab-based solar cells has
been rapidly increasing and record efficiencies of over 21%,
comparable with that of commercialised silicon solar cells,
have been reported internationally. With market competitive
efficiencies for lab-based solar cells, “lab-to-fab” translation
will be a key challenge in the field. Dr Vak developed a new
printing platform based on 3D printers as a tool for “labto-fab” translation and has been making rapid technical
progress on an industry-friendly fabrication process for the
new class solar technology. The process has already been
adopted by an Australian company, Dyesol. Dr Vak has filed
two patent applications on this emerging technology as a
first inventor. While working on industry-focused research,

Figure 2.9: Dr Doojin
Vak, recipient of the
2015 Julius Award

ACAP Researcher Named a Rising Star
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Dr Xiaojing Hao of the UNSW node was named as one of
twenty “Rising Stars” at the university by Senior Deputy ViceChancellor and Vice-President, Prof Les Field. Prof Field
said, “Each is on a trajectory to make an enormous impact in

8

Figure 2.10: Dr Xiaojing Hao, one of twenty “Rising
Stars”.

their chosen field, whether that’s developing next-generation
batteries to enable a clean energy future, improving mental
health outcomes for refugees, or designing measures to
prevent corporate fraud, which is estimated to cost the
global economy trillions of dollars annually. Their work will
improve lives and have an enormous impact on our world.
Dr Hao is developing a promising, low-cost alternative
using copper, zinc, tin and sulfide (CZTS) – all of which are
abundant, non-toxic materials. One of the benefits is that
the cells could find deployment in countries where chemical
regulations have traditionally posed barriers. She expects
her group to exceed 10% efficiency by early 2016, and has
a target of achieving a new world record for CZTS solar cells
of 15% within three years – a milestone she says will prompt
“a lot of interest from industry”. “We think we have developed
the lift-off technology needed to take this new solar cell to
the next level,” she says. “I believe we can make this solar
cell much better. It could have a big future in the rooftop
PV market and in building integrated PV, and it could make
a huge difference to people’s lives around the world.”

IEEE PVSC Young Professional Award to Bram Hoex

Figure 2.11:
Dr Bram Hoex,
recipient of the
PVSC Young
Professional Award.

In late news, Dr Bram Hoex, based at the UNSW node, will
be presented at the 2016 IEEE Photovoltaics Specialists
Conference (PVSC), to be held in Portland, Oregon, for
the sought-after PVSC Young Professional Award. The
Award recognizes people who have made significant
contributions to the science and technology of photovoltaic
energy conversion, including work on PV materials, devices,
modules, and/or systems. Additionally, the award recipient
has demonstrated significant promise as a leader in the field.
Bram is an example of the next generation of Australianbased solar researchers whose careers are benefitting from
the support and international linkages provided by ACAP.
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Organisational
Structure and
3. Research Overview
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The Australian Centre for Advanced Photovoltaics
(ACAP) coordinates the activities of the Australian
partners in the Australia–US Institute for Advanced
Photovoltaics (AUSIAPV), established to develop the
next generations of photovoltaic technology and to
provide a pipeline of opportunities for performance
increase and cost reduction. The Australian partners
in ACAP are UNSW, ANU, University of Melbourne,
Monash University, University of Queensland and
CSIRO, plus our industrial partners Suntech Power,
Trina Solar, BlueScope Steel and BT Imaging. PV
Lighthouse has formally become a new industrial
partner and inclusion of two other Australian
companies is in train. AUSIAPV links ACAP with
US-based partners, specifically the National Science
Foundation-Department of Energysupported
Engineering Research Center for Quantum Energy
and Sustainable Solar Technologies (QESST),
based at Arizona State University, the National
Renewable Energy Laboratory, Sandia National
Laboratories, Lawrence Berkeley National
Laboratory, Stanford University, Georgia Institute
of Technology and University of California,
Santa Barbara. These national and international
research collaborations provide a pathway for
highly visible, structured photovoltaic research
collaboration between Australian and American
researchers, research institutes and agencies,
with significant joint programs based on the clear
synergies between the participating bodies.
AUSIAPV/ACAP is driving significant acceleration of
photovoltaic development beyond that achievable
by institutes acting individually, with significant
leveraging of past and current funding. This program
is supported by the Australian Government through
the Australian Renewable Energy Agency (ARENA).
The Australian Government, through ARENA, is
supporting Australian research and development in
solar photovoltaic and solar thermal technologies
to help solar power become cost competitive with
other energy sources. ACAP was established to
leverage past and current funding, ACAP commits

resources to providing the infrastructural support
required to maintain state of the art facilities and in
support of existing programs, some of which benefit
from supplementary funding from ARENA and
others. In addition, resources are used to incubate
new programs and initiatives coordinated by ACAP.
The AUSIAPV/ACAP organisational chart is shown
in Figure 3.1. The international activities of AUSIAPV
are coordinated by an International Steering
Committee with membership drawn from ARENA,
the US Department of Energy (DOE), ACAP and the
ACAP National Steering Committee, QESST and
NREL. The International Steering Committee is also
charged with identifying opportunities for synergistic
photovoltaic research initiatives between Australia
and the US and for facilitating staff and student
exchanges. Some examples of current international
activities are reported in Section 6 of this report.
As well as these collaborative activities, the major
partners in AUSIAPV, specifically ACAP, QESST
and NREL, conduct their own largely independent
research programs meeting the specific research
and training objectives of their major supporters
and sponsors. In the case of ACAP, research is
milestone driven with annual milestone targets
established under the Funding Agreement with
ARENA. ACAP is managed by a Management
Committee, which consists of the node directors or
delegates from each of the nodes. The Management
Committee takes advice from the National Steering
Committee, with an independent Charter, but with
membership including a representative of ARENA
and NREL, the ACAP and QESST Directors, and
other members drawn from industrial partners.
As indicated in Figure 3.1, the ACAP program is
organised under five Program Packages (PP1–PP5),
each supported by multiple nodes. PP1 deals
with silicon wafer-based cells, by far the dominant
photovoltaic technology commercially and likely to
remain so for at least the next 10 years. Here the

Australia-US Institute for Advanced Photovoltaics (AUSIAPV)
International
Steering Committee
Australian Centre for
Advanced Photovoltaics (ACAP)

QESST

PP2: Organic and EarthAbundant Inorganic Thin Film Cells

UNSW

Monash

Melb

UCSB

SNL

Stanford

LBNL

PP4: Manufacturing Issues

CSIRO

UNSW

CSIRO

UQ

PP1: Silicon Cells

ANU

Georgia Tech

National Steering
Committee

Management Committee

UNSW

NREL

PP5: Education, Training
and Outreach

PP3: Optics/Characterisation

UQ

UNSW

ANU

UNSW

ANU

Melb

Monash

UQ

CSIRO

Figure 3.1: Organisational chart

PP2 involves collaborative research into a range of
organic, organic/inorganic hybrid cells and “earth
abundant” thin-film materials, including Si and
Cu2ZnSnS 4 (CZTS), as well as more futuristic “third
generation” approaches. Recently, the relatively
new photovoltaic material, the organic/inorganic
perovskites, has been included within the scope.
The program has the overall goal of demonstrating
efficiency above 15% for these new thin-film cells
of above 1 cm2 area and of demonstrating the
feasibility of costs below the SunShot targets.
PP3, optics and characterisation, targets experimental
demonstration that theoretical conversion limits can
be increased by the use of structures that have a high
local density of optical states, with particular emphasis
on thin-film organic and inorganic solar cells.
PP4, manufacturing issues, aims at delivery
of a substantiated methodology for assessing
manufacturing costs of the different technologies
under investigation by ACAP. The overall cost
target is to undercut the US Government’s SunShot
targets, for one or more of the technologies, in at
least one major SunShot targeted application, as
deduced by a substantiated costing methodology.
Additional targets for PP1–4 relate to the established
academic measures assessing research performance,
specifically the number and quality of publications,
with strong collaboration being encouraged by
placing emphasis on publications involving authors
from multiple nodes within the Australian-based
Centre or the Australia–US Institute, on invited
keynote and plenary presentations, on patent
applications and on indicators of commercial interest,

such as the number of projects jointly supported
by industry, with active commercialisation of key
developments for at least one technology by Year 8.
PP5 involves education, training and outreach. ACAP
has specific targets for the number of researchers in
different categories benefiting from the infrastructural
support it provides and for the quality and number
of researcher exchanges. Additionally, a significant
number of major outreach events are targeted for each
year. As well as major events such as those reported
in the PP5 section of this annual report, other outreach
activities include public lectures on material relevant
to ACAP activities, newspaper and magazine articles,
responses to governmental calls for submissions,
visits by policy developers and their advisors,
information papers prepared and presentations
to both policy developers and their advisors.

3. Organisational Structure and Research Overview

challenge is to continue to reduce manufacturing
costs, while maintaining or preferably, improving,
energy conversion efficiency. PP1 focuses on three
main areas: cells made from solar-grade silicon,
rear contact cells and silicon-based tandem cells,
both monolithic and mechanically stacked.
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Green, Martin (Centre Director)
Corkish, Richard (Centre
Chief Operating Officer)
Egan, Renate (Node Leader)
Abbott, Malcolm
Bagnall, Darren
Barnett, Allen
Bremner, Stephen
Campbell, Patrick
Conibeer, Gavin
Edwards, Matthew
Ho-Baillie, Anita
Huang, Jialiang
Huang, Shujuan
Keevers, Mark
König, Dirk
Lennon, Alison
Mehrvarz, Hamid
Mitchell, Emily
Perez-Wurfl, Ivan
Shrestha, Santosh
Sproul, Alistair
Teal, Anthony
Trupke, Thorsten
Uddin, Ashraf
Varlamov, Sergey
Watt, Muriel
Wen, Xiaoming
Wenham, Stuart
Young, Trevor
ECR and Postdoctoral Fellows
Chan, Catherine
Cui, Hongtao
Edwards, Matthew

Hao, Xiaojing
Ishwara, Thilini
Feng, Yu
Hallam, Brett
Hameiri, Ziv
Huang, Jialiang
Johnson, Craig
Kampwerth, Henner
Karuturi, Siva
Lee, Sammy
Liu, Fangyang
Lu, Pei Hsuan
Mai, Ly
Mitchell, Bernhard
Ouyang, Zi
Patterson, Robert
Pillai, Supriya
Puthen-Veettil, Binesh
Rao, Jing (until Mar 2015)
Tayebjee, Murad
Wang, Xi
Wen, Xiaoming
Yang, Yang
PhD Students
Abdullah, Taufiq Mohammad
Ahn, Chaho
Al Masouri, Ibraheem
Allen, Vincent
An, Xin Rui
Borojevic, Nino
Cao, Wenkai
Chan, Kah Howe
Chang, Nathan
Chen, Ran
Chen, Sheng
Chen, Weijian
Chen, Zihan
Chung, Daniel
Chung, Simon
Colwell, Jack Killian

Concha Ramon, Bruno Gustavo
Conrad, Brianna
Cui, Jie
Dai, Xi
Deng, Xiaofan
Diaz, Martin
Disney, Claire
Dumbrell, Robert
Evans, Rhett
Fan, Hua
Fung, Tsun Hang
Guangqi, Xu
Gupta, Neeti
Hamer, Phillip
Han, Jianshu
Hsiao, Pei-Chieh
Hsieh, Andy
Htoo, Thwin
Hu, Yicong
Hungerford, Soe Yoko
Jia, Xuguang
Jiang, Yajie
Jiang, Yu
Juhl, Mattias
Jung, Miga
Kim, Jincheol
Kim, KyungKim
Kim, Taehyun
Kotulak, Nicole
Lambert, Daniel
Lan, Dongchen
Lau, Cho Fai Jonathan
Lee, Chang-Yeh
Li, Dun
Li, Hongzhao
Li, Yang
Li, Zhongtian
Liao, Anqi
Liao, Yuanxun
Limpert, Steven
Lin, Dong
Lin, Rui

Wang, Lu
Wang, Pei
Wang, Qian
Wang, Sisi
Wang, Xi
Wenham, Alison
Western, Ned
Woo, Sanghun
Wright, Matthew
Wright, Matthew
Wu, Lingfeng
Wu, Qiyuan
Xia, Hongze
Xu, Cheng
Xu, Xiaoqi
Xue, Chaowei
Yan, Chang
Yang, Chien-Jen
Yang, Jianfeng
Yao, Yao
Yao, Yu
Ye, Qilin
Yi, Chuqi
Yuan, Lin
Yun, Jae Sung
Zafirovska, Iskra
Zhang Tian
Zhang, Haixiang
Zhang, Pengfei
Zhang, Qiuyang
Zhang, Yi
Zhang, Zewen
Zhang, Zhilong,
Zhao, Jing
Zhao, Xin
Zhou, Zibo

Masters students
Kobamoto, Naoya
Lin, Ye
Wang, Li
Wilkinson, Ben
Zhang, Zhilong
Zhou, Fangzhou
Honours students
Azumi, Khairul
Carlaw, Raymond
Chan, Kai-Yuen Kevin
Chen, Daniel
Choi, Helen Na Eun
Choi, Tae
Chung, Ellie
Fung, Tsun
Gong, Sihong
Huang, Wister
Kim, Jiyun
Kim, Moon Yong
Kwok, Aaron
Lee, Minwoo
Lei, Ting
Li, Hongxue
Liang, Brian
Lin, Wenguang
Liu, Dunkang
Phua, Benjamin
Rim, Hyun
Shin, Suk
Sun, Heng
Sun,Tian
Wang, Xu Ying
Zhou, Yuchao
Zhu, Jinyi

Australian
National
University
Academic Staff and
Senior Researchers
Blakers, Andrew
(Node Leader)
Bi, Qunyu
Catchpole, Kylie
Chern Fong, Kean
Chowdury, Dibakar
Cuevas, Andres
Fell, Andreas
Franklin, Evan
Lal, Niraj
Macdonald, Daniel
Rougieux, Fiacre
Samundsett, Christian
Stocks, Matthew
Weber, Klaus
White, Tom
Zin, Soe
ECR and Postdoctoral
Fellows
Baker-Finch, Simeon
Ernst, Marco
Grant, Nick
Hargreaves, Stuart
Yang, Xinbo
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Lin, Shu
Lin, Ziyun
Liu, Xiaolei
Lu, Doris
Lu, Zhong
Lunardi, Marina Monteiro
Ma, Qingshan
Mahboubi Soufiani, Arman
Mahmud, Md Arafat
Nampalli, Nitin
Noh, Shinyoung
Nomoto, Keita
Pakhuruddin, Mohd
Park, Jongsung
Pu, Aobo
Qi, Fang
Rodriguez, John
Shen, Chao
Sheng, Rui
Shi, Lei
Smyth, Suntrana
Soeriyadi, Anastasia
Song, Lihui
Song, Ning
Soon, Matthew
Sun, Kaiwen
Teng, Peinan
To, Alexander
Upama, Mushfika Baishakhi
Vargas Castrillon,
Carlos Andre
Wang, Bo
Wang, Dian
Wang, Hongfeng
Wang, Kai
Wang, Li
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Allen, Thomas Gerald
Barugkin, Chog
Bullock, James
Cong, Jin Jin
Lim, Siew Yee
Liu, Anyao
Kho, Teng Choon
Nguyen, Hieu
Osorio Mayon, Yahuitl
Phang, Pheng
Phang, Sieu
Qiaoke
Ratcliff, Thomas
Sio, Hang Cheong
Sun, Chang (since Jul 13)
Zhang, Xinyu
Zheng, Peiting

CSIRO (Materials
Science and
Engineering,
Melbourne)
Academic Staff and
Senior Researchers
Wilson, Gerry (Node Leader)
Scholes, Fiona (Node Leader)
Chantler, Regine
Faulks, Andrew
Fell, Chris
Gao, Mei
Ramamurthy, Jyothi
Vak, Doojin
ECR and Postdoctoral Fellows
Qin, Tianshi
Sears, Kallista
Weerasinghe, Hasitha

University of
Melbourne
Academic Staff and
Senior Researchers
Ghiggino, Ken (Node Leader)
Holmes, Andrew
Jones, David
Wong, Wallace
ECR and Postdoctoral Fellows
Kumar, John
Lai, Yuying
Lu, Shirong
Subbiah, Jegadesian
PhD Students
Banal, James
Belic, Ognjnen
Dkhissi, Yasmina
Farooq, Umer
Gao, Can
Geraghty, Paul
Hong, Quentin
Lee, Calvin
Lovel, Mathew
Mitchell, Valerie
Novakovic, Sacha
Saker-Neto, Nicolau
Schwartz, Kyra
Song, Aaron
Masters Students
Kartika, Monica
Vu, Khuyen
Wang, Hao-Tian
Zhang, Bolong

Honours students
Hibbert,Paul
Hui, Nicholas

Monash University
Academic Staff and
Senior Researchers
Cheng, Yi-Bing (Node Leader)
Bach, Udo
Spiccia, Leone
ECR and Postdoctoral Fellows
Li, Feng
Lu, Jian-Feng
Meyer, Steffen
Pascoe, Alexander
PhD Students
Benesperi, Iacopo
Jiang, Liangcong
Lin, Xiongfeng
Milhuisen, Rebecca
Pai, Narendra
Rothmann, Mathias
Sepalage, Anuradha
Xiao, Manda
Honours student
Huang, Heqing

Academic Staff and
Senior Researchers
Burn, Paul (Node Leader)
Meredith, Paul (Node Leader)
ECR and Postdoctoral
Fellows
Armin, Ardalan
Clulow, Andrew (until
October 2015)
Donaghey, Jenny
Fang, Yuan
Hambsch, Mike
Jin, Hui
Stoltzfus, Dani
Pandey, Ajay (until
September 2016)
Shaw, Paul
PhD Students
Chandrasekharan, Ajeesh
Jiang, Wei (Larry)
Kim, Il Ku (Benjamin)
Li, Xin
Lin, Qianqian
Stolterfoht, Martin
Yazmaciyan, Aren
Zhang, Shanshan
Honours Student
Sassejappie, Robert

Arizona State
University
(QESST)
Bertoni, Mariana
Bowden, Stuart
Cotter, Jeff
Fraser, Matthew
Gerasimenko, Stanislau
Goodnick, Stephen
Holman, Zachary
Honsberg, Christiana
Husman, Jenefer
Mitchell, John
Williams, Joshua

National
Renewable Energy
Laboratory
Arvizu, Dan
Basore, Paul
Emery, Keith
Friedman, Dan
Geisz, John
Kopidakis, Nikos
Moriarty, Tom
Osterwald, Carl
Ottoson, Larry
Reese, Matthew
Rumbles, Garry
Steiner, Myles
Stradins, Paul
Teeter, Glenn
Wilson, Gregory
Yang, Mengjin
Young, Mathew
Zhu, Kai

Molecular
Foundry
Chen, Teresa
Neaton, Jeffrey

Stanford
University
Dauskardt, Reinhold
McGehee, Mike

Georgia
Technology
Institute
Jradi, Fadi
Kippelen, Bernard
Marder, Seth
Reichmanis, Elsa
Samuel, Graham

Wuxi Suntech
Power Co. Ltd.
Zhou, Min
Chen, Rulong

Trina Solar
Verlinden, Pierre
Yang, Yang
Zhang, Xueling

BT Imaging
Bardos, Robert
Maxwell, Ian
Trupke, Thorsten

BlueScope Steel
Nolan, David

University of
California, Santa
Barbara
Bazan, Gui
Nguyen, Quyen
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University of
Queensland

15

5. Research Reports
Program Package 1 Silicon Cells
Australian Centre for Advanced Photovoltaics – Annual Report 2015

Overview

16

Silicon solar cells constitute about 90% of the
worldwide solar electricity market (photovoltaic
+ thermal). This share is unlikely to change much
over the next five years. In 2015, new silicon PV
and wind electricity generation capacity was
installed at a greater rate than the sum of new
fossil and nuclear generation capacity combined.
Reasons for silicon’s dominance include silicon
abundance, moderate cost, low toxicity, high and
stable cell efficiency, robustness, bankability, highly
advanced and widespread knowledge of silicon,
and extensive and sophisticated supply chains.
This Program Package (PP1) addresses silicon
wafer-based cells and has efficiency targets,
increasing over the eight-year period, for cells
formed from solar-grade silicon, all-rear contact
cells and tandem structures that include silicon.
PP1.1a: Solar-grade silicon (ANU lead)
Solar-grade silicon feedstocks offer a low-cost
alternative to the standard electronic-grade
feedstocks used today. There is a potential cost
reduction from US$20/kg to US$10/kg for silicon
material, leading to a 10% reduction in module
production cost. The research into forming cells from
wafers of low-cost upgraded metallurgical-grade
(UMG) silicon wafers has been carried out within a
strong and close collaboration between ANU (cell
fabrication), UNSW (defect hydrogenation) and
Apollon Solar (solar-grade silicon supplier). The aim
is to demonstrate that the use of less pure solargrade silicon does not reduce cell efficiency. The
key outcome in 2015 was a world-first demonstration
of a solar cell above 20% efficiency for a device
made from 100% solar-grade silicon. UMG silicon

from Apollon Solar was used in the cell. A specially
developed fabrication sequence to maintain wafer
quality during thermal processing was used. The
best cell achieved was 20.9% efficient, compared
with 21.9% for a co-processed cell using electronicgrade silicon. The next step is to demonstrate
efficiency above 23%, taking advantage of the
UNSW process for optimised defect hydrogenation.
PP1.1b: LID in boron-doped Cz silicon (UNSW lead)
Solar cells degrade under sunlight (light-induced
degradation [LID]). The mechanism for this has
been poorly understood, and current passivation
techniques for eliminating LID are slow and relatively
ineffective. An understanding of the defect and
a method for accelerating boron-oxygen (B-O)
defect formation has been developed, which allows
complete elimination of B-O-related LID in p-type
silicon in a treatment that lasts for 10 seconds.
The treatment efficacy has been demonstrated on
industrial solar cells, and methods for integrating
the process into industrial tools are being
developed. Typical absolute efficiency gain on
industrial cells is 1% absolute (5–6% relative).
PP1.2a Rear contact cells (ANU lead)
Work continued on improving interdigitated back
contact (IBC) silicon solar cells, with collaboration
and support from PV Lighthouse, ACAP and
Trina Solar. Improved bulk and surface quality
allowed lifetimes of 50 ms to be obtained. Careful
analysis of optical losses allowed improved
understanding of remaining losses. A path to
25–26% efficiency has been identified. Cells with
all laser doping reached 23%, and cells formed
using ion implantation reached 24%. These
approaches offer cost reduction pathways.

Several methods for passivating the metal/
semiconductor contacts required to connect to
all silicon solar cells were investigated, thereby
eliminating phosphorus and boron diffusions.
Ideally, these selective contacts should permit
the passage of one type of charge carrier while
perfectly blocking the other. This work has included
the development of a novel scheme for passivation
and contact of metal/silicon interfaces by ultrathin,
tunnelling dielectric layers, the demonstration of
high quality surface passivation by molybdenum
oxide and the successful development of polysilicon
contact technology. Cells above 20% efficiency
were achieved with several passivating methods.
PP1.3a Monolithic silicon-based
tandem cells (UNSW lead)
Tandem cells offer realistic efficiencies above
30% even in non-concentrator applications. In the
monolithic approach, a wide bandgap top cell is
grown on a silicon cell, with the two cells operating
in series. Several different technologies are being
pursued: three for stacking III-V cells on silicon, each
with a distinct approach for matching to the smaller
atomic spacing of silicon and two technologies
involving materials that are either already latticematched to silicon or do not require good crystal
quality for high performance. Highlights in 2015
included three-terminal tandem efficiency of 20.6%
(measured internally); demonstration of pathways
to efficiency greater than 28%; achievement
of low specific contact resistance between Ni
and n-type GaAsP material; and demonstration
of some of the critical solar cell fabrication
processes in the Solar Industrial Research
Facility (SIRF) or other pilot-scale equipment.

PP1.3b Mechanically stacked siliconbased tandem cells (ANU lead)
In a mechanically stacked tandem system, a high
bandgap top cell is independently developed
for use with a standard silicon bottom cell. This
avoids problems relating to current, lattice and
thermal expansion mismatch, at the cost of an
extra set of wiring. A wide range of top cells
are being considered, including perovskite and
GaAs cells with and without a 10–20 sun micro
concentrator. Two patents are in progress for
novel interconnection and optical configurations.
27.8±1.3% efficiency has been demonstrated for a
four-terminal silicon/GaAs tandem. Ultimately, an
efficiency of 32% is targeted, significantly higher
than what is feasible with a single junction cell.

5. Research Reports
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PP1.1 Solar Silicon
LeadPartner
ANU

ANU Team
Assoc Prof Daniel Macdonald, Dr Fiacre
Rougieux, Dr Nick Grant

ANU Students
Peiting Zheng, Hieu Nguyen, Chang Sun, Kelvin Sio

UNSW Team
Prof Stuart Wenham, Assoc Prof CheeMun Chong, Dr
Brett Hallam, Dr Catherine Chan, Dr Malcolm Abbott

UNSW Students
Sisi Wang, Ran Chen, Alison Wenham, John Fung

Figure PP1.1.1: Schematic diagram of the n-type UMG
solar-grade silicon cell with full front boron diffusion and
rear localised phosphorus diffusion, achieved via an etchback process.

Academic Partners

gettering, while minimising recombination at the rear-side
contacts and also at the remainder of the rear surface.
This device structure is shown in Figure PP1.1.1.

ISFH (Germany), Fraunhofer-ISE (Germany)

Industry Partners
Apollon Solar (France)

2.

Study the impact of boron-oxygen defects in solar-grade
wafers and cells. We have completed an initial study of
the voltage degradation in our solar-grade silicon cells
under illumination, caused by the presence of the wellknown boron-oxygen defect. The impact of the defect
is significant, resulting in a drop in open-circuit voltage
from around 665 mV to around 647 mV after 200 hours of
illumination. Further studies of the kinetics of the defect
activation and deactivation are currently underway.

3.

Study potential of hydrogenation for UMG-Si cells
(with UNSW team). Hydrogenation under illumination/
bias and annealing promises to reduce the impact of
important defects, including the boron-oxygen defect,
and also slip-lines and crystal dislocations. We have
shown recently that the boron-oxygen defect in our
solar-grade silicon cells can be partially removed by
annealing under illumination. The evolution of the impact
of this defect on the open-circuit voltage is shown in
Figure PP1.1.2. Annealing under illumination was found to
partially deactivate the defect permanently. Optimising
this illumination/anneal step, in conjunction with our
colleagues at UNSW, who have pioneered such methods,

Funding Support
ACAP, ARENA, ARC, ANU
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The use of low-cost solar-grade silicon materials is likely to
play an important role in achieving further cost reductions for
photovoltaic modules. However, to create a compelling case
for the industrial application of such solar-grade materials, it
is necessary to demonstrate that the resulting cell efficiencies
are almost indistinguishable from those obtained when using
standard silicon wafers. In support of this broader objective,
the aim for the period March 2015 to March 2016 was to
demonstrate solar-grade cell efficiencies above 21%.

Progress
We have made very good progress during the reporting
period, having demonstrated an independently confirmed
cell efficiency of 20.9% using n-type Czochralski-grown (Cz)
wafers grown from 100% solar-grade silicon, also known
as upgraded metallurgical-grade (UMG) silicon, supplied
by our industry partners Apollon Solar. This represents a
world record efficiency for this class of material, eclipsing
our previous record of 19.8% achieved in 2014. Even more
recently we have achieved an in-house efficiency above 21%,
although this has not yet been independently confirmed.
There were a number of actions identified in the previous Activity
Plan. Progress against each of these is described below.
1.

Impurity gettering and lower temperature diffusions.
We have further modified our cell fabrication process
to reduce the temperature of both the boron and
phosphorus diffusion steps to further increase the
gettering effectiveness, and to reduce the thermal
degradation of the solar-grade silicon wafers, especially
during the boron diffusion step. A key development has
been the use of a heavy phosphorus diffusion after the
boron diffusion, and implementation of a locally doped
structure on the rear side of the device, using a novel
etch-back method. This allows very effective impurity

Figure PP1.1.2: Evolution of the open-circuit voltage in
Cz UMG cells through three different stages of activation
of the boron-oxygen defect: activation stage, regeneration
stage (annealing under illumination), and stability test
(light soaking). The defect can be partially deactivated
permanently for certain annealing/illumination conditions,
which will be further optimised over the coming year.

will be a major focus in the coming period. We hope that
it will enable the boron-oxygen defect to be eliminated
completely in these devices. Considerable commercial
interest has been shown in this UNSW hydrogenation
technology with a consortium of ten companies being
formed to complete the development of this technology
and its commercialisation for both Cz and multi-crystalline
silicon wafers. This consortium includes many of the
world’s largest silicon wafer and cell manufacturers such
as GCL-Poly, Tongwei, Xi’an LONGi and Canadian Solar.
Several tool manufacturers are also currently negotiating
their inclusion in the consortium for the design and
development of the tools necessary for the large scale
manufacturing of the technology, including Schmid,
Meyer-Berger and DR Laser. The ANU and UNSW teams
listed above are working together with this consortium of
companies to accelerate and maximise the technology’s
commercial impact in Australia and internationally.
4.

Solar-grade cells with efficiencies above 21%. As
noted above, we have recently demonstrated an
independently confirmed cell efficiency of 20.9% using
wafers grown from 100% solar-grade silicon. The I-V
curves for this device, and for an equivalent electronicgrade silicon device, are shown in Figure PP1.1.3,
with the cell parameters listed in Table PP1.1.1.

In our most recent batch of cells we have achieved an
in-house efficiency above 21%, although this result
has not been independently confirmed yet.

Highlights
•

Fabrication of a 20.9% efficient (independently
confirmed) n-type solar-grade silicon cell, the highest
efficiency reported to date for this class of material.

•

Further development of a cell fabrication
process for solar-grade wafers that allows high
carrier lifetimes after phosphorus diffusion to
be maintained through to the final device.

•

Demonstration of the partial deactivation of the boronoxygen defect in n-type Cz-grown solar-grade silicon cells.

•

Demonstration of the ability of hydrogen to passivate most
types of defects in p-type silicon including the boronoxygen defect responsible for light-induced degradation
that has plagued commercial solar cells for decades.

•

Establishment of a consortium of companies including
many of the world’s largest PV companies to jointly fund,
develop and commercialise the hydrogenation technology.

Future work
Future work will aim to achieve confirmed solar-grade cell
efficiencies of over 21.5% by March 2017. In order to achieve
this, we will need to continue to optimise the cell fabrication
sequence, and, in particular, optimise the annealing/illumination
conditions for permanently deactivating the boron-oxygen
defect. The latter point is crucial for demonstrating that such
devices can be stable for many years in working modules.
Work with the consortium of companies jointly funding the
hydrogenation work will also be of high priority in moving
the technology towards successful commercialisation.
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Cell

Jsc (mAcm -2)

Voc (mV)

FF (%)

η (%)

Rsh (Ωcm2)

Rs,mpp (Ωcm2)

PFF

UMG CZ

40.2

673

77.5

20.9

8000

0.77

82.2

EG FZ

39.9

686

80.1

21.9

5000

0.35

81.5

Table PP1.1.1: Device parameters for the best n-type Cz UMG solar-grade silicon cell and a
corresponding electronic-grade (EG) float-zone (FZ) silicon solar cell.
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Figure PP1.1.3: Independently measured (Fh-ISE CalLab)
I-V curves for the best n-type Cz UMG solar-grade silicon
cell and a corresponding electronic-grade (EG) float-zone
(FZ) silicon solar cell. Cell areas were 2 x 2 cm.
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PP1.2 Rear Contact Silicon Cells
PP1.2a Rear Contact Silicon Cells
Lead Partner
ANU

ANU Team
Prof Andrew Blakers, Dr Evan Franklin, Dr Matthew Stocks, Dr
Kean Fong, Dr Ngwe Zin, Er-Chien Wang, Thomas Ratcliff

ANU Students
Teng Choon

Industry Partners
PV Lighthouse
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The objectives of PP1.2a are twofold: to develop very high
efficiency laboratory-based silicon solar cells; and, in
parallel to develop cell fabrication techniques and processes
compatible with industrially feasible low-cost implementation
of Interdigitated Back Contact (IBC) solar cells. IBC cells, by
their very nature, are both inherently capable of very high
efficiencies owing to superior optics compared to conventional
cell architectures and owing to an improved ability to tailor
fabrication processes to meet specific goals of cell features.
However, such cells are also characterised by more complex
and expensive fabrication processes. The target for the end
of the program is to fabricate cells using any techniques with
efficiencies of 26% or above, and in parallel to produce cells
using industrially applicable techniques, and by doing so
meeting an informal or internal efficiency target of 24% or above.

Progress
Progress against those tasks identified in the 2015
Activity Plan is summarised as follows:
1.

Optimise passivation on the front surface while maintaining
very low absorption losses
Further improvements in the existing SiNx film used in
previous best cells previously has seen a small reduction
in front surface passivation to below 5 fAcm-2 on random
textured, undiffused surfaces. Additionally, a new triplelayer film stack (a combination of thermal and PECVD
SiOx and SiNx) has been developed and characterised,
and validated for suitability for incorporation in IBC
cells. This film stack is still under development but
has shown to be capable of quite remarkable surface
passivation, as good as 2.3 fAcm-2 and 0.5 fAcm-2
on textured and planar surfaces respectively being
measured for some film stacks. See Figure PP1.2a.1
below comparing minority carrier lifetime data for
wafers passivated with this film stack (‘oxide stack’)
before and after charge injection with the lifetimes
recorded for a control sample with traditional forming
gas annealed thermal oxide only. This film stack has
already led to IBC cells with VOC of 715 mV and efficiency
of 24.7% (in-house measurement only), with further
imrpovements identified and anticipated for next year.

Figure PP1.2a.1: Minority carrier lifetime, measured by
PCD method, of film stack on textured undiffused n-type
wafers for triple-layer passivation stack before and after
charging, compared to conventional forming gas annealed
thermal oxide only.
2.

Optimise point contact pitch and diameter
Optimisation of rear geometry requires revisiting with any
major material changes (thickness, retained bulk lifetime) or
any major rear surface passivation and contacting regime
changes. In the past 12 months the rear geometry has
been redesigned twice and new mask-sets manufactured
and implemented. This is chiefly the result of changes
in rear surface passivation capabilities, specifically
relative improvements in suppression of recombination
of undiffused areas compared to diffused, and diffused
and contacted regions. The design philosophy has
altered since the earlier record cell, towards now point
diffusions (in addition to point contacting) for both
rear diffusion polarities. See Figure PP1.2a.2 below,
which shows the output of many 3D device simulations
that form part of the rear optimisation studies. Rear
optimisation is in fact an ongoing and iterative task.

Figure PP1.2a.2: Optimisation of rear boron emitter as
a function of rear passivation quality and area fraction
(for fixed boron diffusion and contacted passivation and
contact size).

3.

4.

5.

Optimise rear surface passivation, for both undiffused and
boron diffused regions
Rear surface passivation has continued to be improved
throughout the past 12 months, both via further refinement
of the thermal oxide / LPCVD Si3N4 film stack used in
previous cells (including retrofit of new capabilities in
that tool) plus the development of the new triple-layer
film stack as described above. This work has already
seen passivation as good as J0 of 6 fAcm-2 for planar
surfaces and high (> 700 mV) VOC cell results, and will
continue into the next 12 months or longer. Additionally,
considerable effort related to improving light-trapping
/ optics has led to surface passivation improvements
on textured rear surfaces; see Figure PP1.2a.3 and
Figure PP1.2a.4 which show surface passivation
achieved on various ‘rounded’ pyramid structures.
Implementation in cells is currently underway, with an
expectation of significantly improved current generation
at limited cost in terms of recombination and voltage.
Further reduce optical losses within the cell, including
absorption at the rear metal contacts, and fully characterise
the effective optical path length within the cell
A great deal of emphasis has been placed on identifying
and improving optical losses in IBC cells. This has resulted
in extensive ray-tracing and modelling work (see Figure
PP1.2a.5) providing guidance as to IBC cell structures that
can lead to higher efficiencies. Outcomes include use of
thicker cells, and innovative rear structures (see Figure
PP1.2a.3 above), combined with alternative fabrication
processes and passivation schemes. One batch of cells
currently underway and another batch in planning will
bring some of this work to fruition early next year.
Characterisation of requirements to reliably achieve >10 ms
lifetime at end of process
This has arguably been one of the biggest challenges
for the year, with most other design optimisation aspects
(rear geometry and optics for example) being heavily
dependent upon material bulk lifetime and the availability
of high quality material which is capable of maintaining
high bulk lifetimes after thermal processing being
scarce and also only able to be evaluated properly after
a long process of material acquisition and validation.
Material currently being used has been sourced from an
ingot manufacturer and the impacts of various thermal
treatments on the material characteristics is much better
understood now than 12 months ago. This has led to some
significant changes being made to the cell fabrication
process being used, including retaining a phosphorus-

Figure PP1.2a.5: Ray-tracing of IBC cell generation current
for different front and rear surface textures: front texture
type / rear texture type / rear optical film or reflection type’.

doped surface layer throughout critical high temperature
steps and via controlling carefully the conditions of
those processing steps. The result is bulk lifetimes being
measured / estimated to be in excess of 30 ms after all
thermal processing on wafers compatible with IBC cell
processing. Batches of cells are now being fabricated
incorporating these new materials and processes.
6.

Improved edge-region passivation
One of the significant challenges associated with making
laboratory-sized solar cells is the relatively large perimeter
of those cells compared to area. Modelling work previously
showed that for the high efficiency solar cells fabricated on
a size of 2 x 2 cm the edge-region losses are significant. In
the last 12 months innovative edge-region passivation and
characterisation methods have been developed (see Figure
PP1.2a.6) and implemented, with an estimated efficiency
gain of around 0.3% being forecast for cells fabricated
with the developed edge passivation techniques.

Additional activities
In addition to these action items from the previous annual report
a considerable emphasis has been placed on developing
industrially relevant processes and techniques for incorporation
into IBC cells. This has included development of laser doping
and contacting processes capable of combined localised
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Figure PP1.2a.3: 3D microscope images and cross-section
profiles for rounded pyramid structures with different
durations of rounding etch.

Figure PP1.2a.4: Comparison of surface passivation
achieved (J0 measurement) for rounded pyramid structures
with different durations of rounding etch.
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Figure PP1.2a.6: Photoluminescence
image (left) of IBC cell showing leakage
of carriers out of active cell area, and
calculated lateral leakage current
attributable to undesirable edge or
perimeter recombination.
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diffusion / contact surface recombination characterised by J0
values below 600 fAcm-2 for both polarities of doping, and has
led to IBC solar cell fabrication entirely based on laser doping
and contact processes (i.e. no traditional patterning or high
temperature diffusion processes) and a best efficiency so far
of 22.8% for all laser doped cells. Additionally, development of
patterned ion implant and co-activation / passivation processes
has led to all ion-implanted cells with best efficiency of 23.9%.

PP1.2b Passivated Contacts

Highlights

ANU Students

•

Open-circuit voltages of 715 mV and
best cell efficiency of 24.7%.

Thomas Allen, James Bullock, Di Yan

•

Fabrication process redesign to yield bulk
recombination in excess of 30 ms at end of process.

•

23.9% ion-implanted IBC cell and
22.8% all laser-doped IBC cell.

Future work
Work over the next 12-month period will focus on consolidating
several gains made in addressing each of several known
efficiency loss mechanisms, and implementing them in
batches of IBC cells. More specifically, we will fabricate
cells which incorporate edge recombination mitigation
structures; we aim to fabricate cells incorporating rear
texturing regimes and to evaluate optimum in terms of lighttrapping and passivation. We aim to develop characterisation
methods for faster evaluation of different light-trapping
schemes. We also will fabricate several batches of cells
with processes designed for maintaining high bulk lifetimes
throughout the process, and will in parallel evaluate material
and impacts of processes on electronic quality. Ongoing
development of both front and rear surface passivation films
will be a continued focus over the next 12 months, including
incorporation into various batches of cells. We anticipate
fabricating cells in excess of 25% in the next 12 months.
An additional focus of IBC cell work over the
coming period will be on designing, fabricating and
characterising IBC cells tailored for four-terminal tandem
applications, where the IBC cell becomes the bottom
cell below a higher bandgap perovskite solar cell.

Lead Partner
ANU

ANU Team
Andres Cuevas, Christian Samundsett, Xinyu Zhang

Funding Support
ARENA, ANU

Aim
The objective of this sub-project is to investigate several
possible avenues for passivating the metal/semiconductor
contacts required by all silicon solar cells. Ideally, these
selective contacts should permit the passage of one type
of charge carrier while perfectly blocking the other type.
In the most common implementation of silicon solar cells,
electron and hole selectivity is partially achieved by diffusing
dopants into the silicon wafer, forming n+ and p+ regions.
These regions cannot block minority carriers completely, even
when optimised. The main reason is that recombination at the
contact between the metal and the n+ or p+ semiconductor is
practically unavoidable with conventional technology. In this
sub-project we will investigate different avenues to passivate
the contacts, aiming to produce proof-of-concept results.

Progress
The topic of ‘passivating contacts’ is rapidly gaining momentum,
and several institutes, including ours, have positioned
themselves at the forefront. We have been able to make several
significant contributions to the development of selective
contacts, mainly using three materials: doped polysilicon,
molybdenum oxide and gallium oxide. With all three we have
made solar cells, demonstrating their ability to produce devices
with efficiencies in the range of 20–21%. The opening of new
windows of opportunity has shifted some of our research
priorities, and we have delayed work on sputtered a-Si:H,
although not before demonstrating effective doping by cosputtering from a boron target, as planned last year; the results
are described in the PhD thesis written by Dr Xinyu Zhang. Our

plans for 2015 also included doping Ga2O3 to make it more
conductive, to which end we installed an SnO2 precursor in
the atomic layer deposition (ALD) machine and conducted
preliminary depositions, but this is still work in progress.
Plasma-enhanced atomic layer deposited gallium oxide
After demonstrating in 2014 effective passivation of crystalline
silicon surfaces by thermal ALD gallium oxide (Ga2O3) in 2015
we shifted to plasma ALD, using oxygen plasma as the oxidising
reactant in the ALD process. We have achieved improved
passivation results, with an effective carrier lifetime of 2.1 ms
measured on 1.75 Ω·cm p-type silicon, from which a surface
recombination current density J0 of 7 fAcm-2 is extracted. From
high frequency capacitance-voltage (HF CV) measurements
we showed that, as in the case of Al2O3, the presence of a high
negative charge density Qtot /q in excess of -6 x 1012 cm-2 is one
factor contributing to the passivation of silicon by Ga2O3. Defect
densities at midgap on the order of ~5 x 1011 eV-1·cm-2 were
extracted from the HF CV data on samples annealed at 300°C
for 30 minutes in an H2 /Ar ambient, representing an order of
magnitude reduction in the defect density compared to preannealed data. Passivation of a boron-diffused p+ surface (96
Ω/□) has also been demonstrated, resulting in a J0 of 52 fAcm-2.

A complete re-optimisation of the contacts starting with intrinsic
amorphous silicon deposited at 400°C (instead of the higher
650°C temperature used before) led us to identify the need
to replace the commonly used silicon oxide interfacial layer
with a silicon nitride / silicon oxide double interfacial layer.
The optimised fabrication of such contacts included doping
of a PECVD intrinsic a-Si:H film by means of a thermal POCl3
diffusion process and an exploration of the effect of the
refractive index of the SiNx. The n+ silicon passivating contact
with SiNx /SiOx double layer achieves a better result than a single
SiNx or SiOx layer, giving a recombination current parameter
of ~7 fAcm-2 and a contact resistivity of ~0.005 Ω cm2.
We have also performed a more detailed characterisation
of these structures, as planned, and this will be the subject
of a publication next year. We have also completed the
optimisation of boron doped p+ polysilicon contacts, with
good results, although less so than for the n+ counterparts.
The lowest recombination current parameter that we have
achieved for the p+ polysilicon contacts is ~20 fAcm-2,
good enough to achieve high solar cell efficiencies.

In addition, Ga2O3 was used as a gallium source in a
laser-doping process (see Figure PP1.2b.1), resulting
in a device efficiency of 19.2% and an open-circuit
voltage of 658 mV in a partial rear contact p-type cell
design. These results indicate that gallium oxide is a
potential alternative dielectric for the passivation of p-type
surfaces in crystalline silicon photovoltaic devices.

Figure PP1.2b.2: Simulated optimum contact fraction
(dotted lines) and resultant efficiency (contours) as a
function of rear contact ρc and JOC. The green points
represent the position of diffused (triangle) and undiffused
(circle) directly metalised contacts. The purple circles
reflect the MoOx contacts for a range of MoOx thicknesses.

Figure PP1.2b.1: Electrically active gallium dopant
concentration produced by laser annealing. The inset
graph is a measure of the current-voltage behaviour of
the contact formed by evaporating aluminium over multiple
laser doped regions.
Polysilicon contact silicon solar cells
So far the best reported self-passivating contacts for silicon
solar cells are those based on doped polysilicon (or mixedphase) films together with tunnelling dielectric layers. After
having developed highly selective n+ polysilicon contacts in
2014, we have applied them to n-type silicon solar cell devices
and achieved a conversion efficiency of 20.8% (VOC = 675
mV, FF = 80.4%), which demonstrates the effectiveness of
this technique to produce high performance solar cells.

We have applied transparent MoOx (x<3) films as hole-collecting
contacts on the rear side of crystalline silicon solar cells. Twodimensional simulations, which consider experimental contact
recombination JOC and resistivity ρc values, indicate that the
benefits of direct MoOx-based contacts are best exploited by
reducing the rear contact fraction (see Figure PP1.2b.2). This
concept was demonstrated experimentally using simple p-type
cells featuring a ~5% rear fraction MoOx contact. These cells
attained a conversion efficiency of 20.4%, a promising result
given the early stage of development of this technology.

5. Research Reprots

Proof of concept p-type silicon solar cells with
molybdenum oxide partial rear contacts
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Highlights

References

•

First solar cells with a MoOx partial-area rear
contact (PRC), achieving 20.4% efficiency.

Allen, T. et al. 2015, IEEE J. Photovolt., 5, 1588.

•

First-time fabrication of PRC cells with rear surface
passivation by gallium oxide and local p+ Gadoped regions by laser annealing (19.2%).

Bullock, J. et al. 2015, IEEE J. Photovolt., 5, 1591.

•

Development of a polysilicon contact technology for
both n+ and p+ contacts. Successful demonstration at
the solar cell level, with a 20.8% conversion efficiency.

Yan, D. et al. 2015, Phys. Stat. Sol. RRL

Allen, T. et al. 2015, Phys. Stat. Sol. RRL 9, 220.

Yan, D. et al. 2015, Sol. En. Mat. Sol. Cells 142, 75.

PP1.3 Silicon Tandem Cells
The limiting efficiency for the single junction silicon wafer
cells is 29%, with commercial devices expected to approach
the world-best laboratory value of 25.6% by 2020. The main
reason silicon’s limiting efficiency is less than the theoretical
photovoltaic limit of 33% is unavoidable recombination of
photo-generated carriers by Auger processes in the silicon.
Stacking cells on silicon in a tandem structure brings the
limiting performance even closer to the theoretical limits for
such stacks, due to both silicon’s near ideal bandgap in this
role and a reduction in the significance of Auger effects as
generation is split between multiple devices. For three cells
stacked on silicon, the limiting efficiency exceeds 50%, over
70% relatively higher than for the limit for a single cell.

The large and vigorous silicon photovoltaic industry will
continue to perfect the production and reduce the cost of
high quality wafers, as well as other aspects of silicon cell
processing. Combined with the large potential efficiency gains
outlined above, this suggests that one possible evolutionary
path for silicon wafer-based cells would be to use a silicon cell
as a substrate for the deposition of thin, high performance,
wide-bandgap cells on its top surface, much the same way
as an anti-reflection coating layer or a heterojunction emitter
structure is deposited in present commercial cell sequences.
The AUSIAPV work programs address silicon tandem
cell technologies as monolithic devices (built on the
same substrate) or with cells mechanically stacked.
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PP1.3a Silicon Tandem Cells (Monolithic)
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Five strands under Program Package 1.3a aim, for the
first time, to successfully mate the commercially dominant
PV technology based on silicon solar cells with other
promising PV materials, including the III-V semiconductors,
the chalcogenides and perovskite technologies.
Of the Group III-V materials of interest, only GaP offers a good
lattice match to silicon, with the other III-V semiconductors as
used in high performance III-V cells having about 4% mismatch,
being better matched to Ge. One strategy of PP1.3a(i) is to
take advantage of the miscibility between Si and Ge to grow a
series of SixGe1-x buffer layers on Si, with x steadily decreasing.
In this way, the lattice constant can be changed from that of Si
to that of Ge after growth of a micron or more of buffer material.
High quality III-V cells can then be grown on the Ge surface.
A parallel approach PP1.3a(ii), with some success
demonstrated, is to take advantage of the similar miscibility
of GaP and GaAs by growing a series of GaP x As1-x buffer
layers on Si with x again steadily decreasing, allowing a
transition from the Si lattice constant to that of GaAs. An
advantage in this case is that the material in the buffer layer
has a much higher bandgap than silicon, allowing the silicon
substrate to participate as an active cell in the stack.
Working with US- and Australian-based collaborators, with
additional project support leveraged beyond that able
to be provided from SRI funding, the aim of an efficiency
of over 24% with one or more of these approaches was
achieved in the first four years of the ACAP operation.
Options for reducing the thickness and cost of any
buffer layers, or finding other ways of reducing costs,
will be the target of the second phase of activities during
years 5 to 8, with a targeted cell efficiency of 32%.
Two more adventurous approaches to building high quality
tandem cells on silicon wafers are also being explored.

PP1.3a(iii) targets an atomically abrupt Si/Ge transition,
where the lattice mismatch is taken up in a single atomic
layer, which is thermodynamically feasible since it is a low
energy configuration. UNSW has filed patent applications
on approaches that have given promising results of this
type. This would allow the Ge layer to be very thin, creating
negligible absorption loss or, alternatively, thick enough to be
used as an active cell in a novel “out-of-sequence tandem”.
The second of these more adventurous approaches (PP1.3a(iv))
is the investigation of silicon tandem cells using chalcogenides
as the upper cells in the stack. Although the established
chalcogenide cell materials (copper indium gallium selenide
[CIGS] and CdTe) have shown high efficiency potential, they
are not lattice-matched to silicon and have problems for longterm use arising from the use of toxic and/or scarce materials.
More promising for the long term are devices made from
materials based on the CZTS (CuZnSnS) system. Despite the
relatively small effort so far devoted to the development of this
material, solar cells using it have already demonstrated energy
conversion efficiency above 12%. Moreover, the lattice constant
of CZTS and that of related alloys are a close match to silicon
and the CZTS bandgap, at circa 1.5 eV, is almost ideal for the
lower cell in a two-cell stack on silicon. Moreover, alloying with
related compounds to replace, for example, Zn or Sn by lighter
elements, such as Fe(ii) or Si, will increase the bandgap making
values such as the 1.7 eV required for a one-cell stack or the
circa 2 eV required for the top cell in a two-cell stack on silicon
also accessible in a highly compatible materials system.
The final strand of activity (PP1.3a(v)) involves investigation
of materials systems that do not require lattice matching
to silicon. Work in 2015 has achieved a very encouraging
energy conversion efficiency of 23.4% when a perovskite
solar cell is coupled with a 22.7% efficient silicon, passivated
emitter, rear locally diffused solar cell by spectrum splitting.

PP1.3a (i): III-V Cells on Silicon
Using SiGe Buffer Layers
Lead Partner
UNSW

Figure PP1.3a.1:
Cross-sectional SEM
of GaAsP/SiGe grown
on Si with labelled
main regions.

UNSW Team
Prof Allen Barnett, Dr Ivan Perez-Wurfl

UNSW Students
Li Wang, Brianna Conrad, Martin Diaz, Xin
Zhao, Dun Li, Anastasia Soeriyadi

Academic Partners
Yale University, University of Delaware, QESST

Industry Partners
Veeco, AmberWave

Funding Support
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Aim
1.

Demonstrate tandem solar cell with target efficiency
greater than 28% and pathway to 33%.

2.

Develop gold-free electrical contacts.

3.

Demonstrate solar cell fabrication on SIRF pilotscale line or similar commercial pilot line.

of around 10 mAcm-2 (Zhao et al., 2015a) without anti-reflection
coatings. Light-trapping techniques have been developed
to boost the bottom cell current. By adding back surface
reflector and anti-reflection coating (ARC), bottom cell JSC
has been improved to be 15.6 mAcm-2 (Zhao et al., 2015b).
In addition, by involving back surface texturing process, the
best bottom cell JSC has been achieved (19.4 mAcm-2), and
the best bottom cell efficiency has achieved 3% (Zhao et al.,
2015c). With further optimising the bottom cell structure and
light-trapping processes, and also thinning the Si substrates,
targeted JSC of 21 mAcm-2 is achievable in the near term.
Circuit modelling (Soeriyadi et al., 2015) has been built
to analyse the current limiting conditions in the tandem
structure. Window layer and double layer ARC optimisation
(Conrad et al., 2015a) has been conducted to improve the
optical design, which presents that the targeted 21 mAcm-2
for the GaAsP top cell can be achieved. Carrier collection
profiles and recombination parameters have been extracted
by fitting internal quantum efficiency (IQE) data (Conrad
et al., 2015b). This leads to higher predicted currents and
informs strategic changes to the device structure design.

Progress

The performance of the SiGe bottom cells grown on Si
substrates has been significantly improved. The absorption
coefficients of Si1-yGey film grown on Si substrate with various
germanium compositions have been obtained (Li et al., 2015a).
Optical and electrical analyses have been conducted on
Si1-yGey graded buffer layers, which demonstrate that around
1 mAcm-2 short circuit current density (JSC) is generated from
these graded buffer layers (Li et al., 2015b). Open circuit
voltage (VOC) improvements of Si1-yGey solar cells by low
temperature annealing with the presence of hydrogen have
been observed and investigated (Li et al., 2015c). The SiGe
bottom cell structure, in terms of doping level and active layer
thickness, has been optimised. This leads to an efficiency of
1.7% for this Si.18Ge.82 cell under a GaAsP top cell, with the JSC

Figure PP1.3a.2: Cross-section of fabricated 3-terminal
GaAsP on SiGe/Si tandem device structure (with ARC)

Recently reported 18.9% (Diaz et al., 2015) efficient 2-terminal
GaAsP/SiGe tandem device on Si substrate has the GaAsP
top cell with an efficiency of 18.4% (Wang et al., 2015a). This
was achieved with the aid of improved III-V material quality,
reduced series resistance and addition of ARC. The latest
3-terminal GaAsP/SiGe tandem device as illustrated in Figure
PP1.3a.2 has achieved an efficiency of 20.6% (Wang et al.,
2015b) under 1× illumination, as measured internally, which
is equivalent to a relative improvement of approximately
9%. The external quantum efficiency (EQE) integrated JSC of
top cell and bottom cell has achieved 19.4 mAcm-2 and 13.1
mAcm-2, respectively. Current matching is realised under
2.1× illumination. This was achieved by improving the bottom
cell structure, manipulating the bottom cell active area, and
adjusting the light spectrum during light IV measurements
(Wang et al., 2015c). Figure. PP1.3a.3 shows the measured
(solid lines) and simulated (dash lines) light IV curves of
the fabricated tandem device with ARC under 1× and 2.1×
illuminations. After detailed analysis being conducted on the
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Great progress has been achieved for this GaAsP/SiGe tandem
device on Si substrate. III-V solar cells grown on Si substrates
are promising products for space and terrestrial applications
due to their potential high conversion efficiency. The efficiency
limit for a two-junction structure constrained to an Si bottom
cell is 42.5% (Green 1996). However, the challenge is the
lattice mismatch between epitaxially grown III-V materials
and Si. This mismatch leads to a high threading dislocation
density (TDD) which results in a low open circuit voltage (VOC)
(Geisz et al., 2006). A GaAsP/SiGe tandem solar cell has the
potential efficiency of 40% (Schmieder et al., 2012). This work
is based on the success of growing SixGe1-x buffer layers to
make the lattice constant transition from Si to GaAsP. The
SiGe is designed as a high quality bottom cell to form a dualjunction tandem solar cell. A simplified GaAsP/SiGe tandem
structure on Si along with a cross-sectional scanning electron
microscope (SEM) micrograph is presented in Figure. PP1.3a.1.
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Table PP1.3a.1: Summary of parameters
of 3-terminal GaAsP/SiGe on Si tandem
device.
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total current of the bottom cell, accurate 3-terminal tandem
efficiencies have been obtained and shown in Table PP1.3a.1
with an uncertainty of 2–3% caused by lamp calibration.
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A realistic efficiency for this GaAsP/SiGe on a silicon tandem
device can be predicted using the best measured individual
parameters. The sum of the best measured individual
sub-cell (GaAsP and SiGe) VOC is 1.54 V and 1.79 V under
1× and 20× (Wang et al., 2015a and Zhao et al., 2015a),
respectively. The best measured FF of a 2-T tandem device
is around 83% (Schmieder et al., 2013). The measured JSC of
both top cell and bottom cell is 19.4 mAcm-2, as mentioned
above. This leads to a 2-T efficiency of around 24.8% at 1×.
With measured VOC of 1.79 V and assumed FF of 83%, the
2-T efficiency will achieve approximately 28.8% at 20×. By
further improving the material quality with the TDD below
10 -6 cm-2, tandem VOC will be 1.7 V and 1.87 V under 1× and
20×, respectively. With the aid of improving light-trapping
technics and optimising window layer and ARC thicknesses,
targeting 21 mAcm-2, will be realised for each sub-cell. In
addition, with a new top metal grid design aiming for balancing
the metal shading loss and series resistance, FF of 83% will
be kept under concentrated illuminations. Therefore, the
GaAsP/SiGe tandem device on Si will achieve efficiencies
of 29.6% and 32.6% under 1× and 20×, respectively.
Ohmic contacts between Ni and a heavily doped GaAsP n+
layer have been achieved through both e-beam evaporation and
Ni plating. The lowest specific contact resistance of 6 mΩcm2
and 3 mΩcm-2 has been extracted from the transmission
line measurements for these two approaches, respectively.
This is comparable with the Ni/AuGe front metal contacts
used for this tandem device. It is predicted that lower specific
contact resistance will be realised by optimising the plating
process and adding low temperature annealing. The back
contact was replaced with aluminium. This contact is also
normally gold based for commercial III-V tandem solar cells.
The key solar cell fabrication processes were demonstrated
on SIRF or other production scale equipment. Key processes
include the Ni and Al metalisations, double layer ARCs,
using plsma enhanced chemical vapour deposition
(PECVD), and dielectric for the back mirror also using
PECVD. In addition, SIRF has acquired a commercialscale inkjet system. This process will eliminate the
photolithography. In summary, the critical processes have
been demonstrated on SIRF or other pilot-scale equipment.

Highlights
•

3-terminal tandem efficiency of 20.6% has been
measured internally, efficiency potential of greater than
28% and pathway to 33% has been demonstrated.

•

Achieve low specific contact resistance
between Ni and n-type GaAsP material.

Figure PP1.3a.3: Measured and simulated light IV curves
of the fabricated top device, bottom device and tandem
device with ARC under 1× and 2.1× illuminations.

•

The critical solar cell fabrication processes have been
demonstrated on SIRF or other pilot-scale equipment.

Future work
This project has been primarily supported by a separate
ARENA grant (1-UFA001 Cost-effective GaAsP top solar
cell grown on a high performance, low-cost silicon solar
cell). This grant was completed on 31 December 2015.
UNSW has added SolAero, one of the two major III-V solar cell
manufacturers in the US, as a commercialisation partner.
An important paper was published in January 2016 which
in its conclusion states, “Tandem cell stacks seem to be
the most practical path forward, with additional potential
benefits from building on the growing photovoltaic industrial
infrastructure, rather than attempting its replacement.
Considering other relevant issues — such as resource
availability, the probable increase in restrictions on the use of
hazardous substances and market introduction strategies for
new technologies — Si may be the leading candidate for the
substrate for such cell stacks. The challenge is to find thin-film
material systems that allow one or preferably more cells to be
deposited on Si to boost efficiency, without compromising the
durability of the Si module. This may be the most important
challenge facing the photovoltaic research community
and one that warrants increased effort.” (Green 2016.)
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PP1.3a (ii): III-V Cells on Silicon Using Gallium Phosphide Buffer Layers
Lead Partner
UNSW

UNSW Team
Dr Stephen Bremner, Dr Anita Ho-Baillie, Prof Martin Green

iii-V MBE system as well as an MBE system at Texas State
University. Shown in Figure PP1.3a.4 are photoluminescence
images of silicon wafers heated at different temperatures
for 30 minutes. A clear degradation is seen, even when no
growth was initiated, as in this study. The result showed that
it is only the temperature ramp and not any contaminants in
the phosphorus source material responsible for the effect.

UNSW Student
Chuqi Yi

Academic Partners
Ohio State University (OSU): Prof Steve Ringel,
Assoc Prof Tyler Grassman, Dr John Carlin

Aim

Progress
A substantial issue in the integration of III-V material and
silicon was explored in 2015. It was previously discovered
that initial growth of GaP on Si precipitated a significant
reduction in minority carrier lifetime for the silicon. This
“lifetime killing” has been shown by us and other groups
to be solely due to the temperatures reached under
high vacuum prior to growth (Bremner et al. 2015).
As well as samples with GaP/GaAsP grown by OSU on silicon
structures supplied by UNSW, tests were conducted inhouse in the Australian National Fabrication Facility (ANFF)

Figure PP1.3a.4: Photoluminescence images of wafers
undergoing heat treatment in vacuum with no III-V growth.
All samples were held at the indicated temperature for 30
minutes after ramping from room temperature at 10°C/minute
rate. It is clear that taking the silicon substrate to 800°C
(removal of the oxide prior to growth is typically around
850°C) leads to a dramatic drop in minority carrier lifetime.
Further to this, when silicon wafers were heated to 550°C
for varying lengths of time in a non-growth vacuum
chamber (the preparation chamber of the ANFF MBE)
a similar drastic lifetime reduction was seen (see Figure
PP1.3a.5). This confirmed that the effect is purely a
temperature effect when the silicon is under vacuum.
A first series of structures relying on a rear junction
structure was grown by OSU on silicon wafers 280 μm
(much thinner than the standard 500 microns) with a GaP
buffer followed by growth of step-graded buffers out to
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This approach exploits a number of advantages of using
gallium phosphide (GaP) as a bridging layer from the
silicon substrate to high potential efficiency III-V materials.
Foremost is the demonstrated ability to grow very high
quality GaP on silicon, the ability of the high bandgap
GaP to act as a window layer, as well as favourable band
alignments for carrier flow in multi-junction solar cells.
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75% As GaAsP. It was concluded that this structure is
unsuitable for a three sub-cell device as the strain mismatch
created extreme bowing of the structures, meaning the
90% As GaAsP layers required will not be attempted.

Highlights
•

Determined that rear junction design is suited
only to a two sub-cell multi-junction device.

•

Determination of the cause of the lifetime
killing seen in III-V growth on silicon.

Future work

Figure PP1.3a.5: Photoluminescence images of silicon
substrates ramped to 550°C at 10°C/minute and held at that
temperature for varying times. As can be seen the effect of
heating the silicon under vacuum is already noticeable after
5 minutes.

Future work will be focused on the development of a
processing sequence that is guaranteed to preserve the
minority carrier lifetime of the silicon (and by extension
final performance of the silicon sub-cell). This will be
ongoing by the use of protective oxide (and perhaps nitride)
layers that will also aid in final device alignment steps.

References
N. N. Faleevet al., North American Molecular
Beam Epitaxy Conference, October 2015.

PP1.3a (iii) III-V Cells on Silicon Using Atomically Abrupt Si/Ge Transition
Lead Partner
UNSW

Australian Centre for Advanced Photovoltaics – Annual Report 2015

UNSW Team
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Dr Xiaojing Hao, Dr Anita Ho-Baillie, Prof
Martin Green, Prof Gavin Conibeer, Dr Stephen
Bremner, Dr Sammy Lee, Dr Ziheng Liu

UNSW Students
Shinyoung Noh, Chuqi Yi

NREL Team
Dr Dan Friedman

Academic Partner
Korea Advanced Nano Fab Centre (KANC)

Industry Partners
Shinshin, Epistar

Funding Support
ARENA, ARC

Aim
This project aims to build low-cost high-efficiency Si/
III-V tandem cells by using the sputtered heteroepitaxial
Ge/Si. The high quality sputtered heteroepitaxial Ge/Si
will be used as a virtual Ge substrate or interconnecting
layer for integrating silicon wafers with overlying III-V
solar cells. For the latter, an atomically abrupt Si/Ge
transition is used, where the lattice mismatch is taken
up in a single atomic layer, which is thermodynamically
feasible since it is a low energy configuration.

Progress
Several strategies improving smoothness, and reducing
threading dislocation density of laser annealed Ge/Si
have been developed. The impact of capping layer and
its thickness, laser conditions and thickness of Ge on the
quality of epi-Ge have been systematically investigated.
The TDD in the range of low 107 and high 10 6 cm2 over a
large area can be achieved (see Figure PP1.3.a.6).
Silicon on Insulator (SOI) was explored for its potential
application as a compliant substrate for the growth
of overlying strain-free III-V. SOI wafers with 0.5-2 nm
layer thickness were fabricated. Characterisation on
sputtered Ge film on the thin SOI is underway.
Risks of sputtering Sb for polarity engineering of epiGe have been identified and solutions are being
developed for safe process of sputtering Sb .
A patent on the laser annealing of Ge to minimise
crystal defects in the buffer and subsequent III-V
growth has been finalised through NSi at UNSW (“A
method for forming a virtual germanium substrate using
a laser”, Application No. PCT/AU2015/000544).
A new method that will allow direct growth of epi-III-V
on silicon wafers without thick intermediate layers has
been developed and an IP notification on “A method for
forming high quality epi-III-V on Si using a laser” has
been submitted to NSi at UNSW for patent application.
Large area laser annealed Ge/Si substrates have
been provided to KANC, EPISTAR and NCU to
develop III-V cell growth. Characterisation of III-V
materials and associated cells are underway.

Figure PP1.3.a.6: Cross-sectional TEM images of Ge/Si
samples before annealing; after laser annealing at 1.9 a.u.
dose and 2.4 a.u. dose.

Figure PP1.3.a.7: Laser annealing on Ge/Si samples with
different Ge thicknesses.

Highlights

References

•

Almansouri, I. et al., 2015a, IEEE J. Photovolt. 5, 968.

The patent on the laser annealing of Ge to minimise
crystal defects in the buffer and subsequent III-V
growth has been finalised through NSi at UNSW (“A
method for forming a virtual germanium substrate using
a laser”, Application No. PCT/AU2015/000544).

•

An IP notification on “A method for forming high
quality epi-III-V on Si using a laser” has been
submitted to NSi at UNSW for patent application.

•

Large area laser annealed Ge/Si substrates have
been provided to KANC, EPISTAR and NCU to
develop III-V cell growth. Characterisation of III-V
materials and associated cells are underway.
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Almansouri, I. et al., 2015c, 42nd IEEE Photovoltaic
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Future work
The aim in 2016 is to further optimise the quality of laser
annealed Ge/Si and III-V/Si and polarity engineering
of heteroepitaxial Ge/Si. Use of SOI as a compliant
substrate for III-V cell growth is also being explored.

PP1.3a (iv) Chalcogenide on Silicon Tandem Cells
UNSW

UNSW Team
Dr Xiaojing Hao, Prof Martin Green, Dr Jialiang
Huang, Dr Ouyang Zi, Dr Fajun Ma

cells, to exploit the complementary synergies with UNSW to
develop a new generation of silicon wafer cell technology,
with performance of the silicon cell substantially improved
by deposition of thin layers of high performance CZTSbased cells on its surface to produce tandem devices.

Progress

UNSW Students

Several research strands were investigated in parallel, including:

Ning Song, Jian Chen, Aobo Pu, Jongsung Park

•

NREL Team

semitransparent CZTS solar cells on ITO/AZO
glass substrate for four-terminal tandem cells

•

direct growth of TCO on silicon for twoand three-terminal tandem cells

•

high bandgap CIGS/Si spectra-splitting tandem solar cells.

Dr Glenn Teeter, Dr Matthew Young

Funding Support
ARENA, ACAP

Aim
The aim of the present project is to work with NREL, which
has world-leading expertise on I-II-VI chalcogenide solar

Chalcogenide semiconductors are promising as absorber
materials for solar cells due to their direct bandgaps and
high absorption coefficient (>10 4 cm-1). As an ideal candidate
to substitute for toxic and rare elements in CIGS, CZTS
(Cu2ZnSnS 4), a quaternary absorber material with a bandgap
of 1.5 eV has been identified. This bandgap energy is close to
the optimal bandgap for a single junction solar cell of 1.35 eV,
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Figure PP1.3a.8: Raman spectra of CZTS
layers (a) as-deposited and (b) annealed
with a laser power of 45.7 W using a 785
nm excitation wavelength. The Q value (Q
= I m2A/I m3A) was increased from 0.94
to 1.51 and the FWHM of m1A decreased
from 11.8 to 8.7 cm-1 suggesting a
decrease in Cu/Zn disorder and improved
symmetry of the crystalline structure.
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and is also optimal for a middle cell in a 3-cell tandem with a
silicon bottom cell. Bandgap tuning of CZTS by substituting
a lower atomic number group IV element for some of the Sn,
Ag for Cu, allows exploration of CZTS-based cells for the
top cell in a CZTS/Si stack for a two- or three-cell tandem.
The lattice parameters of silicon and CZTS, Si = 0.5431 nm,
CZTS ≈ 0.543 nm, c ≈ 1.086 nm (c ≈ 2a), with respect to
crystallographic symmetry, demonstrate that cubic silicon as
a substrate material should be suitable for epitaxial growth
of a tetragonal kesterite CZTS thin film. The combination of
optimal bandgap as a middle cell, and tunable bandgap
as a top cell for a three-cell stack and low lattice mismatch
shows that this material system is well suited for the top cell
on silicon cells. Epitaxial layers of quaternary CZTS-related
compounds on silicon can combine the advantages of a direct
semiconductor with those of the well-known and established
silicon technology for novel tandem photovoltaic devices.
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Figure PP1.3a.9: Impact of two different Ag NWs
annealing treatment methods (furnace annealing versus
lamp annealing).

Diode laser annealing strategy was developed to further
improve the quality of the CZTS absorber. A relevant
provisional patent application of “Diode laser processed
kesterite solar cells” has been filed by UNSW Innovations
at UNSW (GH-GHMATTERS.FID4346614). The laser
annealing method has been shown to reduce the disorder
of CZTS absorber (see Figure PP1.3a.8). This method could
also tackle the issue of poor CZTS film quality on ITO/
AZO glass substrate resulting from a lower sulphurisation
temperature compared to that used for CZTS on Mo-SLG.
Further, a novel combined silver nanowire (Ag NW) combination
with TCO was developed to replace the traditional TCO layer.
Ag NWs have superior conductance and transmittance to TCOs,
particularly at the inferred wavelength range. The ultra-thin
TCO is included due to the fact that the gap between NWs is
generally too large for the generated carriers in the solar cells
to laterally travel. Two different annealing treatment methods
were developed, i.e. furnace annealing and lamp annealing (see
Figure PP1.3a.9). The Ag NW transfer method was explored
for solar cells that cannot stand high temperature treatment.

Figure PP1.3a.10: (a) J-V characteristics and (b) EQE of
CdS – and ZnxCd1-xS- buffer based CZTS solar cells.

Finally, a ZnxCd1-xS buffer was developed by successive
ionic layer absorption and reaction (SILAR) method for
CZTS and CZTGS absorber. As for CZTS, an average
of 100 mV increase in VOC was achieved compared
to those with CdS buffer (see Figure PP1.3a.10).
With the spectrum-splitting method, we demonstrated
the enhanced tandem devices performance of CIGS
(pure sulphide)/SP-Si (17.49%, +2.88 diff%), CIGS/PERCSi (19.72%, +3.79 diff%), CIGS/PERL-Si (21.8%, +5.31
diff%) over their corresponding silicon counterpart. A
preliminary trial by this spectrum-splitting method yields
beyond 15% efficient CZTS/Si tandem cells and more
study is underway. The general design concept is seen in
Figure PP1.3a.11. A relevant paper is under preparation.
CZTS solar cells from CZTS nanocrystals were realised with
a record efficiency of 6.3% by solution method, providing
an alternative method for creating low-cost, high-throughput
chalcogenide/Si tandem cells (see Figure PP1.3a.12).

Figure PP1.3a.11: Schematic of tandem solar cells based
on spectrum splitting concept

Figure PP1.3a.12: (a) The TEM image
of Li-doped CZTS solar cells made from
wurtzite CZTS naonocrystals; (b) The J-V
characteristic of Li-doped CZTS solar cells
made from wurtzite CZTS naonocrystals;
(c) The corresponding EQE response of
the same device.

Highlights
A provisional patent application of “Diode laser
processed kesterite solar cells” has been filed by
NSi at UNSW (GH-GHMATTERS.FID4346614).
•

A novel combined Ag NW/TCO was developed
to replace the traditional TCO layer.

•

ZnxCd1-xS buffer was developed by SILAR method
for CZTS and CZTGS absorber. An average of
100 mV increase in VOC was achieved compared
to those with CdS buffer (see Figure 1.3a.11).

•

With spectrum-splitting method, we demonstrated the
enhanced tandem devices performance of CIGS (pure
sulphide)/SP-Si (17.49%, +2.88 diff%), CIGS/PERC-Si

(19.72%, +3.79 diff%), CIGS/PERL-Si (21.8%, +5.31
diff%) over their corresponding silicon counterpart.
•

CZTS solar cells from CZTS nanocrystals were
realised with a record efficiency of 6.3% by solution
method, providing an alternative method for
creating low-cost, high-throughput chalcogenide/
Si tandem cells (see Figure PP1.3a.12).

Future work
Improve: 1) the open circuit voltage of CZTS solar cells; 2)
performance of bifacial CZTS solar cells; 3) transmittance/
sheet resistance ratio of front Ag/TCO electrode, and integrate
these with silicon bottom cells for tandem solar cells.

PP1.3a(v) Non-Epitaxial Tandem Cells on Silicon
UNSW

UNSW Team
Dr Anita Ho-Baillie, Dr Shujuan Huang, Dr Xiaoming Wen,
Dr Jae S. Yun, Dr Yajie Jiang, Dr Ibraheem Al-Mansouri,
Dr Mark Keevers, Dr Trevor Young, Prof Martin Green

UNSW Students
Rui Sheng, Qingshan Ma, Sheng Chen, Adrian Shi, Arman
M. Soufiani, Jincheol Kim, Cho Fai Jonathan Lau, Xiaofan
Deng, Ning Song, Nochang Park, Benjamin Wilkinson

Monash Team
Prof Udo Bach, Prof Yi-Bing Cheng, Prof Leone
Spiccia, Dr Yong Peng, Dr Fuzhi Huang

Monash Student
Liangcong Jiang

Other Partners
Korea Research Institute of Chemical Technology (KRICT)
Sungkyunkwan University
School of Materials Science and Engineering, UNSW
School of Physics, UNSW

Aim
Investigate material systems where epitaxial growth on a
crystalline template is not required for good cell performance.
One such material system is organic metal halide perovskite.

Progress
The team demonstrated a four-terminal perovskite/Si solar
tandem device using spectrum-splitting (Sheng et al., 2015a)
(see Figure PP1.3a.13 ). A remarkable energy conversion
efficiency of 23.4% was achieved when a CH3NH3PbBr 3 solar
cell was coupled with a 22.7% efficient silicon passivated
emitter rear locally diffused solar cell (see Table PP1.3a.2).
Relative enhancements of >10% were demonstrated by
CH3NH3PbBr 3/CH3NH3PbI3 and CH3NH3PbBr 3/multicrystallinescreen-printed-Si spectral-splitting systems with tandem
efficiencies of 13.4% and 18.8%, respectively. The
former is the first demonstration of an all-perovskite splitspectrum system. This work demonstrates the advantage
of the higher voltage output from the high bandgap
CH3NH3PbBr 3 cell and its suitability in a tandem system.
Optical properties of CH3NH3PbX3 (X=Br, Cl) have been
investigated (Green et al., 2015; Souiani et al., 2015; Jiang
et al., 2015a, b). Compared to traditional tetrahedrally coordinated semiconductors, they have relatively low refractive
index due to low chemical valency of the halide atom. They
have high near bandgap absorption coefficient due to direct
bandgap. Bandgap variation (blue-shift) with temperature
is observed due to the antibonding nature of the highest
energy valence band states. There is a sudden bandgap
decrease observed in the absorbance only in CH3NH3PbI3,
but not in CH3NH3PbI3 during the orthorhombic to tetragonal
phase transition (see Figure PP1.3a.14). There is a strong
excitonic peak at the absorption edge, more pronounced for
the higher bandgap materials. There is a low excitonic static
concentration at room temperature due to rapid disassociation
into free carriers. Excitonic broadening at low temperature
is observed due to phonon interaction. The higher excitonic
peak at approximately 1eV above the bandgap is a signature
of the onset of absorption from the valence band maximum
to the higher energy heavy-electron split-off bands. A large
range of absorption coefficients, complex refractive indices
and dielectric constants is possibly due to film non-uniformity,
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presence of voids or presence of Pb halide precipitates. While
a Tauc plot can be used to determine the absorption threshold,
there is no theoretical basis for it to be used to determine
bandgap in the presence of even modest excitonic effects.
UNSW and KRICT reported (Kim et al., 2015) the benefits
of incorporating excess PbI2 in (FAPbI3)0.85(MAPbBr 3)0.15
(FA=HC(NH2)2 and MA=CH3NH3), which suppresses ion
migration and hence hysteresis in the current voltage
characteristics. The collaboration achieved 19.75% conversion
efficiency, independently certified. Figure PP1.3a.17 shows the
kelvin probe force microscopy (Jiang et al., 2015b) of the FTO/
bl-TiO2 /mp-TiO2 /(FAPbI3)0.85(MAPbBr 3)0.15 samples before and
after the incorporation of excess PbI2. The lack of changes in
contact potential difference under voltage bias for samples
with excess PbI2 correlates with the lack of hysteresis observed
in the associated devices’ current voltage characteristics.

Table PP1.3a.2: Output parameters of the spectral-splitting
systems using CH3NH3PbBr3.
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Figure PP1.3a.13: (a) A
schematic of the spectrumsplitting system set-up; and
(b) a photo of the set-up
inside the enclosure for the
measurement of light currentvoltage characteristics; (c)
measured transmittance and
reflection and calculated
absorption of the FELH0550
longpass filter at an incident
of 45 degrees.
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Figure PP1.3a.14: Absorbance measurements of (a)
CH3NH3PbBr3 and (b) CH3NH3PbI3 from 7K to 298K.

Figure PP1.3a.15: Published (a) real and (b) imaginary
parts of the refractive indices at room temperature.

Figure PP1.3a.16: Effect
of moderate amounts of
voids and PbI2 upon the
(a) real and (b) imaginary
parts of CH3NH3PbI3
(MAPbI3) refractive
index (Jiang) at room
temperature.

Highlights
•

Demonstration of four-terminal perovskite/Si solar
tandem via spectrum-splitting (Sheng et al., 2015).
This is the first demonstration of an all perovskite splitspectrum system. This work demonstrates the advantage
of the higher voltage output from the high bandgap
CH3NH3PbBr 3 cell and its suitability in a tandem system.

•

UNSW and KRICT reported (Kim et al., 2015)
the benefits of incorporating excess PbI2 in
(FAPbI3)0.85(MAPbBr 3)0.15 (FA=HC(NH2)2 and MA=CH3NH3)

Future work
•

Exploration of alternative perovskite materials including
fabrication of solar devices, modelling of material
properties and characterisations for better understanding
of the materials and device operation including
loss mechanisms and factors affecting stability.

•

Study of various perovskite/Si monolithic tandem
cell designs. Fabrication of perovskite/Si tandem
cells under various terminal configurations

•

Stability study and encapsulation strategies
for perovskite/Si tandem technology.

Figure PP1.3a.17: Topography and CPD spatial maps over
an area of 4 μm2 with different bias voltages applied to the
tip under 500 nm 0.3 Wm−2 illuminations of the samples
consisting of FTO/bl-TiO2/mp-TiO2/(FAPbI3)0.85(MAPbBr3)0.15.
(a) Without and (c) with 5.7 mol% of PbI2 incorporated
in the perovskite layer. Average CPD with maximum and
minimum values as a function of bias voltages of the same
samples under the same illuminating conditions (b) without
and (d) with 5.7 mol% of PbI2 incorporated.

Some of these tasks are conducted under the ARENA
RND075 program in collaboration with Monash University,
Australian National University, Arizona State University,
Suntech Power Co. Ltd. and Trina Solar Energy Co. Ltd.
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PP1.3b Silicon Tandem Cells
(Mechanically Stacked)
An alternative approach to implementing silicon tandem cells
is mechanical stacking with independent connection to each
cell in the stack. This removes constraints upon the matching
of current, lattice constant and thermal expansion coefficient,
albeit at the cost of additional mounting and interconnection
costs. The best available silicon and wide bandgap cells
can be separately optimised and mounted together.
Current proof-of-concept work is focused on reflectorbased architectures to direct long wavelength light to
the silicon cell. This enables the use of commercially
available conventional GaAs cells as the top cell in the
stack. Design of the mounting, optics and interconnection
is critical to maximising performance. Longer term design
preferences are for transparent top cells which offer more
flexibility in the application of the tandem structure.

Figure PP1.3b.1: Schematic of series parallel tandem
arrangement.

Other work related to this topic is also
reported in Section 6.1 of this report.

Lead Partner
ANU

ANU Team
Dr Matthew Stocks, Prof Andrew Blakers, Assoc
Prof Klaus Weber, Dr Thomas White

ANU Students
Yao Xiong Loo

Monash Team
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Prof Udo Bach, Prof Yi-Bing Cheng

34

Funding Support

Figure PP1.3b.2: Modelled annual energy yield of four
terminal (4T), series (ST) and series parallel (SPT) tandem
cell arrangements.

ARENA, ANU

Aim
Demonstrate potential of mechanically stacked
tandems to increase silicon module efficiency.

Progress
Mechanically stacked tandems offer increased flexibility
compared to monolithic silicon tandems due to the
flexibility in choice of top cell properties, including
bandgap and thermal expansion mismatch with silicon.
Work during this period has focused on simulations of
mechanically stacked tandems, with a particular focus
on real-world performance. This work builds on an
earlier ANU publication by White, et al. (2014) looking
at four terminal efficiencies with silicon as the bottom
cell. Unlike that work where ideal illumination and
connection was assumed, this work considers the full
spectrum and temperature variation over a year.
Devices were simulated with three interconnection schemes:
•

4T – Four terminal (ideal, independent cell operation)

•

ST – Series tandem (monolithic series connected cells)

•

SPT – Series parallel tandem (new approach in this study).

A schematic of the SPT arrangement can be seen in Figure
PP1.3b.1, in this case with perovskites as the top cell. The top
cells and bottom cells are connected in series to build voltage
and then connected in parallel at matching voltage. Fewer top
cells need to be connected in series due to the larger voltage
of the top cells. The voltage at maximum power of the two cell
strings are adjusted to match under a chosen condition (e.g.
Normal Operating Cell Temperature (NOCT) or Standard Test
Conditions (STC)) and then the module is simulated under
the broad range of conditions experienced during a year.
The spectrum and weather data was obtained from NREL.
The most interesting finding from this work is that this
approach produces efficiencies similar to that of the ideal
4T approach. This can be seen in the annual yield results in
Figure PP1.3b.2. This figure shows the annual energy yield
of the SPT arrangement is within 1% of that of the ideal 4T
arrangement for the full range of top cell bandgaps simulated.
In contrast, the monolithic series connected arrangement (ST)
produces near 4T performance only for bandgaps around
1.65eV. This is due for the need for the top cell and the bottom
cell to have identical current which only occurs if half the light
is absorbed in each cell. In contrast, the SPT arrangement
can always be adjusted so that the voltage of the top and
bottom cells are matched at a nominal condition. The relative
voltage of the top and bottom strings changes insufficiently
during operation due to temperature and illumination
variation effects to significantly affect the energy yield.

Findings from this project are feeding into two other
ARENA-funded projects, “Micro Urban Solar Integrated
Concentrators (MUSIC)” and “High-efficiency silicon/perovskite
solar cells”. The former project looks likely to benefit from
the potential to use III/V materials like GaAs at the focus of
modest concentration due to the area savings afforded by
the concentration combined with the high efficiency of the
tandem approach. This will be an important focus for 2016.

Highlights
•

Patent application submitted for novel electrical
interconnection method for tandems.

•

Very high efficiency can be achieved for much broader
range of bandgaps than monolithic connection.

•

Modelling demonstrated that new connection scheme
approaches four terminal efficiency for annual yield.

Future work
Future work will focus in three directions:
•

Further annual modelling of tandem configurations
to evaluate other interconnection approaches.

•

Identify suitable GaAs and perovskite
cells for tandem applications.

•

Examining economics of mechanically stacked
GaAs/Si tandems for moderate concentration.

References
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Program Package 2 Thin-Film, Third
Generation and Hybrid Devices
Overview
Program Package 2 (PP2) encompasses research into a range
of next-generation cell technologies with the overall goals
of demonstrating efficiency above 16% for cells of above 1
cm2 (previously 15%) and of demonstrating the feasibility of
significantly reduced costs. The program is divided into tasks
to address the key materials groups: organic solar cells (OPV),
organic-inorganic hybrid cells, “earth abundant” inorganic
thin-film materials, including Si and CZTS, organic-inorganic
perovskites and more futuristic “third generation” approaches.
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Great progress has been made in 2015 in a number of target
areas for manufacturing viability, in particular with scaling up
processes demonstrating, importantly, efficiencies on cell areas
larger than 1 cm2 and with improving durability.
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The thin-film organic photovoltaics task (PP2.1) aims to identify
and address roadblocks in organic photovoltaics to enable
cost-effective, mass manufacture of modules using this
technology. The research targets lower cost materials and/
or processes compared to those of conventional cells or,
alternatively, applications such as flexible or partly transparent
cells for which conventional cells are not well suited. In 2015,
OPV research focused on scaling and reproducibility of
manufacturing processes (PP2.1c) and delivering performance
improvements on devices of over 1 cm2 with the reporting of an
OPV device with an area >1 cm2 with efficiency greater than
8% (see PP2.1f) and small devices greater than 10.5%, which
are among the best in the world. In addition, the OPV team,
led by University of Melbourne described a new class of high
performance molecular p-type materials for OPV in the highly
regarded Nature Communications. The work has since been
listed as a hot paper and is highly cited for the field (see PP2.1e).
Work on thin-film inorganic, earth-abundant cells involves both
non-silicon (PP2.2) and silicon (PP2.3) materials for the thin-film
devices under investigation. The compound semiconductor
Cu2ZnSnS4 (CZTS) forms the focus of PP2.2. In 2014, the
efficiency of CZTS thin-film solar cells on glass measured at

UNSW was improved to 8.8%, up from 6.7% in 2014 on a cell
area of 0.25 cm2 and 6.8% on over 1 cm2. Further, working
CZTS thin-film solar cells on stainless steel was demonstrated,
with an efficiency of 4%; showing continuous improvement from
last year’s early results of 2.1%. Good progress was made with
silicon thin-film devices under PP2.3, including the delivery of
test structures with open circuit voltages over 600 mV. When
combined with the best short-circuit current density of 29.7
mAcm-2 the process is compatible with 13% efficient liquidphase crystallised silicon on glass (LPCSG) solar cells.
A highlight of the PP2 work is that the ACAP nodes continue
to work to advance the organohalide perovskite technologies,
addressing scale and durability. Advances in 2015 include:
•

the reporting of 15.1% efficient encapsulated, CH3NH3PbI3
solar cells which are stable under ambient conditions for
several weeks

•

organohalide perovskite solar cells with reported
efficiencies of >12% (2 cm2) and 25 cm2 monolithic submodules with reported efficiencies of close to 7%.

These significant outcomes arise from the collaborative effort
into developing an improved fundamental understanding of
the materials, processes and device stability through testing,
characterisation and modelling.
Work on advanced third-generation devices forms the focus of
PP2.4. Hot carrier cells are a topic of particular interest given
their long-term potential with efforts directed to understanding
fundamentals as well as to implementing the different elements
required for their successful implementation. Advances in work
on both absorbers and contacts are reported in this section.

PP2.1 Organic Photovoltaic Devices
Background
Concepts envisaged or developed originally for conventional
semiconductor photovoltaics can be applied to perovskite,
organic photovoltaic (OPV) and dye sensitised solar cell (DSC)
devices to boost their performance and manufacturability.
In this section, we describe ACAP’s efforts to develop
and characterise new photovoltaic materials, implement
novel device concepts and develop nanomaterials for
application in improved hybrid photovoltaic devices.
For organic solar cells being developed within
AUSIAPV, key materials properties are: 1) high power
conversion efficiency (>10%); 2) material stability during
processing and in use; 3) scale-up and processability
in industrial relevant solvent systems; and 4) new
device architectures requiring new materials.
For organic solar cells it is expected that efficiencies
for printed modules of between 8% and10% power

conversion efficiency would be commercially interesting.
Therefore, lab-based devices with a stable efficiency of
>10% power conversion efficiency with cells over 1 cm2
will be required to initiate commercialisation plans.
Research is focused on the development of high performance
p- and n-type organic semiconductor materials, triplet
host materials, understanding degradation mechanisms in
OPV devices, block copolymers for solvent compatibility
and new materials for luminescent solar concentrators.
Very recently, a new type of solid state thin film solar cells
based on organometal halide perovskites has shown some
very exciting outcomes for hybrid solar cells. The devices
are made of a metal oxide film (TiO2 or Al2O3), a perovskite
sensitiser and a solid state hole transport material. Due to the
extraordinary light absorption and charge transport properties
of the perovskites, this new type of solar cell has achieved 21%
power conversion efficiency in a relatively short time, although
stability of these devices remains a challenging problem.

PP2.1a Organic Bulk Heterojunction Solar Cells
UNSW

UNSW Team
Assoc Prof Ashraf Uddin, Prof Martin Green, Dr Supriya
Pillai, Dr Matthew Wright, Dr Naveen Kumar Elumalai

UNSW Students
Kah Chan, Arafat Mahmud, Dian Wang,
Mushfika Baishakhi Upama, Cheng Xu

Funding Support
ACAP, ARENA, ARC, UNSW

Aim
The overall aim of the organic bulk heterojunction solar cells
work is to fabricate the high efficiency and stable cells.
Our research activities are mainly focusing
on the following three areas:
(i) morphology control of bulk heterojunction organic solar cells
(ii) light trapping in organic solar cells
(iii) organic-inorganic hybrid solar cells.

Progress
We are working on fundamental issues involved in the
morphology optimisation of organic films for organic
photovoltaic (OPV) devices, such as control of electronic
structure at film interfaces, exciton dissociation and carrier
transport for efficient photovoltaic operation. We also employed

ab-initio (density functional theory – DFT) methods which
are considered to be a valuable tool to obtain insight into
the charge separation (exciton dissociation) and transport
process as well as the photochemical stability of organic
molecules – a major challenge for OPV. This method helps
us to find robust and electronically suitable molecules which
determine the morphology of OPV devices. The key issues of
polymer design include engineering the bandgap and energy
levels to achieve high JSC and VOC, enhancing planarity to
attain high carrier mobility, and materials processability and
stability. All of these issues are correlated with each other.
Furthermore, we have investigated the plasmonic enhancement
of bulk heterojunction OPV cells with incorporated thin silver
(Ag) nanoparticle film. Such films consist of plasmon-active
and size-variable Ag nanostructures. Incorporation of plasmonactive Ag nano-material is shown to enhance light absorbance
in the photo-active layer. Consequently, enhancements of
external quantum efficiency at red wavelengths are observed.
This plasmonic enhancement needs to be optimised further in
order to improve the photo conversion efficiency of OPV cells.
Hybrid solar cells are a mixer of nanocrystals (NCs) of both
organic and inorganic materials. They combine the unique
properties of inorganic semiconductor nanocrystals with
properties of organic/polymeric materials. Inorganic NCs
such as quantum dots, nano-tubes, etc. also have high
absorption coefficients and particle size-induced tunability
of the optical bandgap. Bandgap tuning in inorganic
nanocrystals with different sizes can be used for realisation
of device architectures, such as tandem solar cells in which
the different bandgaps can be obtained by modifying only
one chemical compound. A substantial interfacial area for
charge separation is provided by nanocrystals, which has
high surface area to volume ratios. Thus, the concept of
organic-inorganic hybrid NCs has been attracting immense
research interest among the PV community in recent years.
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Furthermore, we have also designed and developed a new
inverted OPV device to address the challenge of improving
the device stability without compromising the efficiency. In
line with this approach, we achieved highly efficient OPV
devices with average power conversion efficiency of ~8.5%
complemented with an excellent device lifetime of ~5-6
months without any encapsulation in ambient conditions.
Compared to traditional/conventional device structures
which only last for a few days, our devices with inverted
architecture possess an extended lifetime lasting for months.

of this device structure is displayed in Figure PP2.1a.2(a)
and 2(b) shows the energy band diagram of the device.

The device structure and current-voltage
characteristics are shown in Figure PP2.1a.1.

Figure PP2.1a.2: (a) Schematic diagram of inverted
structure of a bulk heterojunction organic solar cell and (b)
Energy band diagram displaying the electronic structure of
the inverted structure solar cell.
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The absorption spectrum of three individual materials
used in this study are shown in Figure PP2.1a.3(a).
Figure PP2.1a.3(b) shows absorbance profiles of films
containing varying concentrations of PTB7. The addition
of even a small amount of PTB7 leads to an improvement
in film absorption for all wavelengths. Increasing PTB7
concentration generally leads to increased absorption in
this wavelength region, as shown in Figure PP2.1a.3(a).
However, a reduction in absorption is observed for the 9 wt%
case. This reduction in absorption, even though the total
polymer content is increased, may be caused by a disruption
of the PCPDTBT phase due to the presence of PTB7.
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Figure PP2.1a.1: (a) Schematic diagram of inverted
structure of a bulk heterojunction cell; (b) I-V characteristic
of the corresponding OPV device.
Ternary blend OPV device
We have also demonstrated a significant improvement of
power conversion efficiency (PCE) by the addition of the
polymer PTB7 to a PCPDTBT and PC71BM host system, to form
a ternary blend bulk heterojunction solar cell. This is the first
reported investigation using PTB7 in a ternary system. The
PTB7 concentration was varied from 1 to 9 wt% in the host
system. The addition of only 5 wt% PTB7 caused the highest
improvement of average PCE, 28 %, with reference to the
binary PCPDTBT:PC71BM cell. In this ternary blend system,
PTB7 works as a sensitiser and greatly enhances the optical
performance. We demonstrate that positive charge from
PCPDTBT is transferred to PTB7, which acts as an efficient
charge transfer matrix. The improved device performance
is related to both the sensitised response over a large
wavelength region and improved charge carrier transport.
The inverted device structure used for this investigation
was ITO/ZnO/activelayer/MoO3/Ag. A schematic llustration

Figure PP2.1a.3: (a) Optical absorbance of pure PCPDTBT,
pure PTB7 and PC71BM plotted against the AM 1.5G
solar spectrum and (b) Optical absorbance of reference
PCPDTBT:PC71BM solar cells and PCPDTBT:PC71BM solar
cells with varying concentration of PTB7 from 1 to 9 wt%.

Current density-voltage (J-V) characteristic curves are
displayed in Figure PP2.1a.4. Adding small amounts of PTB7
causes an increase in JSC, which reaches a maximum of 13.4
mAcm-2 for 5 wt% PTB7. This value is considering that no
processing additives were used in this investigation. This
increase in JSC is caused by both additional photocurrents
generated in PTB7, as well as an improved long wavelength
response. Increasing the PTB7 concentration beyond 5
wt% leads to a reduction in JSC. This is due to a disruption
of the PCPDTBT phase and the donor-acceptor phase
separation, causing reduced charge transport through the
active layer. A similar trend is observed for fill factor (FF).
PTB7 concentrations higher than 5 wt% led to an increase in
series resistance and thus a reduction in FF. This is evident
from the slope of the J-V curves near VOC. Adding PTB7 to
form a ternary blend leads to an observable increase in open
circuit voltage (VOC), when compared to the PCPDTBT:PC71BM
reference value. The VOC of our samples shift from ~620 mV
for the binary PCPDTBT:PC71BM reference to ~670 mV for
ternary blend devices. This reinforces the ability for ternary
blend OPV devices to achieve higher efficiencies through
concurrent optimisation of both JSC and VOC. The best PCE
was achieved by adding 5 wt% PTB7. Hence, we can affirm
that the ternary blend photovoltaics can be one of the simple
and effective ways to achieve efficient organic solar cells.

Highlights
•

Developed our understanding of donor and acceptor
morphology in bulk- heterojunction solar cells.

•

Investigated low bandgap donor materials.

•

Investigated materials components in ternary
bulk heterojunction organic solar cells.

Figure PP2.1a.4: Current density-voltage curves
of reference PCPDTBT:PC71BM solar cells and
PCPDTBT:PC71BM solar cells with varying concentration of
PTB7 from 1 to 9 wt%.

Future work
•

Continued investigation into morphology control of donor
and acceptor materials in bulk-heterojunction solar cells.

•

Continue lifetime study of OPV devices.

•

Exploit light-trapping prospects in organic
solar cells by plasmonic nanoparticles.

PP2.1b Organic-Inorganic Based Solar Cells
Lead Partner

The aim of the organic-inorganic hybrid solar cell project is to:

UNSW

•

test novel perovskite materials along with numerous charge
transfer buffer layers including metal oxide nanostructures
and polymers for improved photon harvesting and stability

Assoc Prof Ashraf Uddin, Dr Naveen Kumar
Elumalai, Dr Matthew Wright

•

establish reproducible benchmark devices against
which future improvements can be evaluated

UNSW Students

•

Arafat Mahmud, Dian Wang, Mushfika
Baishakhi Upama, Cheng Xu

develop robust device structures to simultaneously
improve stability and device efficiency

•

develop and characterise tandem solar cells with
perovskite and organic solar cells concatenated.

UNSW Team

Future Solar Technology

Funding Support
ACAP, ARENA, ARC, UNSW

Aims
Organic-inorganic hybrid perovskite structures have evolved
from their predecessor (dye-sensitised solar cells) and have
experienced steep progress in terms of power conversion
efficiency (PCE), starting with 3.8% in 2009 and achieving
21% in 2015, by using the all-solid-state thin-film architecture.
The emergence of perovskite solar cells transformed the
photovoltaics field not only because of their rapidly increased
efficiency, but also due to the flexibility in material growth
and architecture. On the way to high efficiency, much
effort has been made regarding perovskite film deposition,
structure optimisation and interface manipulation.

Progress
TiO2: Perovskite Solar Cell
We have fabricated and characterised perovskite solar cells
with mesoporous TiO2 as the scaffold and CH3NH3PbI3 as
the perovskite layer. We have focused on improving the
device performance efficiency via morphological control of
precipitation of the perovskite; using a sequential deposition
method which is also used for the investigation of different
metal halides microstructures. As the complexity of solution
processed devices increases, controlling and optimising
perovskite layer morphology, texture, grain size/boundaries
and interfaces with adjacent charge transporting interlayers
is crucial for efficient charge collection. The schematic
diagram of our perovskite solar cell structure is shown in
Figure PP2.1b.1. A layer of compact TiO2 was deposited on
the FTO and mesoporous TiO2 is the adjacent layer to contact
with perovskite – the light harvesting layer. A suitable hole
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transporting material (HTM), say P3HT or Spiro-OMeTAD,
is coated onto the perovskite layer; and finally employing
thermal evaporation to deposit gold as the cathode.
The device structure with FTO/TiO2 /Perovskite/P3HT/Ag
exhibited a high power conversion efficiency of 15%. The
high performance was achieved via morphology control
on the perovskite layer and subsequent engineering
of the interfacial layers. The next milestone will include
a systematic study of various processing conditions
in conjunction with solvent engineering to improve the
efficiency further, and it can be expected that this would
result in an additional increase in performance.

also working on other possible device structures to build
the tandem solar cell without using the thermal evaporator,
which is quite a challenge. We are currently evaluating
all possible options and working on solution processable
material systems to fabricate the tandem solar cells.

Highlights
•

Investigation of novel perovskite materials and
electron interfacial materials in the structure.

•

Use of advanced characterisation techniques
to evaluate the charge transport properties
in the bulk material and interfaces.

•

Development of highly efficient and robust
interconnection layers for developing the
organic-perovskite tandem solar cells.

ZnO: Perovskite Solar Cells
Highly efficient low temperature (below 160ºC) processed
ZnO based perovskite solar cells have been fabricated.
The ZnO based device configuration is highly scalable – it
is well suited for commercialisation and has the lowest
energy payback time (EPBT) compared to any solar cells
to date. The average PCE ~8.5% is achieved in our lab for
this kind of configuration as shown in Figure PP2.1b.2.
Simultaneously highly efficient perovskite solar cells with metaloxide-free interfacial layers have been fabricated. The device
employs only organic materials as electron and hole transporting
interlayers which require relatively low temperature processing
techniques during fabrication. The potentials of such device
configuration are explored and average PCE ~9% is achieved
using this approach. Further optimisation is in progress.
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Tandem Solar Cells
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We are also working on the “organic-perovskite tandem solar
cell”. The highest improvements in efficiency and durability of a
device can be achieved through the proposed tandem device
structure by selection of suitable materials and optimisation
of device performance. Australia has a number of companies
such as Future Solar Technologies Pty Ltd with an interest
in establishing a manufacturing position in the organic and
tandem cells area with initial applications of organic and
tandem cells likely to be in consumer products. The project
involves two parallel device fabrication and optimisation
streams: (i) perovskite solar cells; and (ii) organic solar cells.
The optimised functional units (i) and (ii) are then concatenated
on top of each other via an interconnection layer to make a
fully functional tandem solar cell. As an example the design of
perovskite solar cell (stream 1), organic solar cell (stream 2)
and tandem solar cell structures are shown in Figure PP2.1b.3.

Future work
•

Establish reproducible benchmark
devices for future improvements.

•

Test novel perovskite materials to improve thermal
and moisture stability of the devices.

•

Evaluate novel interfacial layers including
polymers for improved charge selectivity
and collection across the electrodes.

•

Investigate interfacial compatibility of
inorganic and organic materials

•

Develop highly functional metal oxide nanostructures,
self-assembling materials for surface modification,
quantum dots etc. to improve the PCE and stability.

•

Develop state-of-the-art interconnection layers for
fabricating organic-perovskite tandem solar cells.

The fabrication of a tandem solar cell with the above
mentioned configuration necessitates the deposition of
the perovskite layer via thermal evaporation in order to
maintain the structural integrity of the bottom layer. We are

Figure PP2.1b.2: Schematic diagram of device structure.

Figure PP2.1b.1: Schematic diagram of TiO2 based
perovskite device structure.

Figure PP2.1b.3: Schematic device structure of perovskite
solar cell (stream 1), organic solar cell (stream 2) and their
tandem structure.

PP2.1c Printing and Scale Up
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Figure PP2.1c.1: 10 cm x 10 cm PV modules printed for
University of Technology, Sydney (UTS) for their inquirybased learning course.
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Funding Support
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Aim
The overall aim of this sub-package is to address
challenges associated with scale up of printed
photovoltaic. The activities are articulated around three
research areas: large-scale printing and large-scale
deployment issues and large-scale characterisation.

Figure
PP2.1c.2:
Device structure
of printed OPV
with PEIE as
the injection
electron layer
(IEL).

We aim to develop novel techniques to accelerate
lab-to-fab translation of printed photovoltaic devices,
explore cost reduction opportunities and address the
challenges of scalable characterisation technique.

Progress
The last 12 months have been focused on
centralisation of printing equipment following eight
months of renovations on the CSIRO site.

With regards the large-scale deployment activities, we also
looked at producing indium tin oxide (ITO)-free devices.
ITO-free devices could potentially offer a further significant
cost reduction especially on a large scale. The initial trials
conducted using a commercial substrate with ITO-free
transparent electrode (see Figure PP2.1c.3) were promising and
indicate cost reduction is achievable with this new material.
Lab-to-fab translation is another challenge that we continue
to address. Last year, we validated the concept of a bespoke
slot-die coater based on a 3D printing platform for thin-film
deposition and are pleased to report successful results
with the fabrication of roll-to-roll compatible perovskite
solar cells as mentioned in the highlights of this report.
One study conducted on the topic of scalability evaluated the
influence of processing techniques on the device performance.
This 12-month study evaluated the performance of CPF4 (see
Figure PP2.1c.4) donor material and [6,6]-phenyl-C61-butyric

Figure PP 2.1c.3: PV module fabricated with infinity
substrates, coated with ITO-free transparent electrode.

acid methyl ester (PCBM) as the acceptor material. The
fabrication techniques included spin-casting, slot-die coating
as well as reverse gravure printing techniques under various
conditions (see summary of results in Table 2.1c.1). One of the
outcomes of the study was that the processing atmosphere
(nitrogen or air) did not influence the morphology of the active
layer but the efficiency was significantly reduced in the devices
made in air probably because of oxygen creating trap states
in the acceptor material. On the other hand, the processing
techniques had a significant impact on the morphology of the
material which justify even more our use of small-scale slot-die
coater instead of the traditional spin-coater for initial trials.
Last year we presented a bespoke temperature and light
dependent characterisation tool (equipment set-up is shown
in Figure PP2.1c.5) that we validated using commercial
silicon solar cells. This year, we have applied these
measurements more extensively to organic and inorganic
thin-film solar cells, to understand how the underlying
device physics is impacted by processing conditions.
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The recommissioning of the Orthotec, μ-coater and MiniLabo printers has been successfully completed and the
printers have been used to print 100 10 cm x 10 cm functional
modules using a full roll-to-roll compatible process. As well as
providing modules for the University of Technology, Sydney
(see Figure PP2.1c.1), this trial was the opportunity to assess
performance of modules using ethoxylated-polyethylenimine
(PEIE) instead of ZnO as the electron-selective layer (see Figure
PP2.1c.2). The PEIE reduced the number of processing steps
compared with ZnO, offering a potential for cost reduction.
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A range of low and high temperature measurements have been
made on organic solar cells (CPF4:PCBM) to better understand
their device physics, including the dominant recombination
and loss mechanisms that limit device performance. We are
in the process of interpreting these results and drafting a
paper. We intend to make this characterisation tool accessible
to ACAP partners and a wider range of device structures.

Highlights
•

The encapsulated 100 pieces of 10 cm x 10 cm
modules with reproducible performance have been
produced reliably using both Mini-Labo and Orthotec
which validated the performance of the printer

•

CSIRO has used an in-house mini slot-die printer to
improve processability for the perovskite formulation.

Table PP2.1c.1: Performance of optimised devices
fabricated via different processing techniques.

Future work
Figure
PP2.1c.4:
Structure of
CPF4 donor
material.

We will continue our work on ITO-free substrates and will
also investigate new ITO pattern designs in order to make
modules more versatile for real-world applications.
Our large scale deployment activities will be focusing
on improving our current process and investigating
simple substitutions using in-house as well as
commercial materials as they become available.
With regards to lab-to-fab acceleration, we will continue to fine
tune our 3D printing platform to enable rapid material screening
capability and translate our findings to scalable processes. The
work will aim to improve both processes and ink formulations.
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Aim
Commercialisation of emerging technologies requires
performance profiles sufficiently high to allow confidence
that translation to large scale modules will give commercial
performance. For organic solar cells being developed within
ACAP key materials’ properties are: 1) high power conversion
efficiency (PCE) (>10%); 2) material stability during processing;
3) processability in industrial relevant solvent systems, and
4) new device architectures requiring new materials.

For organic solar cells it is expected that efficiencies for
printed modules of between 8 and 10% PCE would provide
a commercial performance. Therefore, laboratory-based
devices with an efficiency of >10% PCE will be required.

Ag (100 nm)
Spiro-OMeTAD (60 nm)

CH3NH3PbI3 (320 nm)

Research is focused on the development of high performance
p- and n-type organic semiconductor materials, triplet
host materials, understanding degradation mechanisms in
OPV devices, block copolymers for solvent compatibility
and new materials for luminescent solar concentrators.
In this package one key materials’ property required for
commercialisation will be examined, the processability
in industrial relevant solvent systems.
Research is focused on the development of block copolymers
for compatibility with industrially relevant solvents, and
conjugated polyelectrolytes (CPEs) as interface modifiers.

Progress
Synthetic and purification challenges have been overcome
to access the first pure block copolymers where side-chain
engineering has replaced the alkyl side-chains on the
acceptor block with tetraethylene glycol (TEG) side-chains
to promote the use of various solvents. The materials have
been submitted for device testing. The current proof-ofprinciple study was a success and the next blocks are
being prepared from higher performing materials.

CPE (~5 nm)

ZnO NP (25 nm)

ITO
Glass

Figure PP2.1d.2: Incorporation of CPE interlayers in
perovskite solar cells results in device improvement: (a)
perovskite device architecture; (b) J-V curves for perovskite
solar cells with no interlayer (black), PFS-FTEG as interlayer
(red), and PFS-FC as interlayer (green).
A number of water soluble CPEs to be used as interface
layers have been synthesised and tested in devices.
The interface modifiers have been used in both OPV and
perovskite devices with improvements in all key device
performance parameters, that is VOC, JSC and fill factor
(FF). The enhanced device performance is attributed to
the combined effect of reduced series resistance and hole
blocking ability of CPE interlayers due to the modification
of the charge extraction property of cathodes.

Highlights
•

Key synthetic and purification challenges have been
overcome to enable synthesis and purification of the
first amphiphilic fully conjugated block copolymer.

•

New water soluble CPEs have been
synthesised and significantly enhance OPV
and perovskite device efficiencies.

Future work
The model system has been synthesised and
purified. The next phase will be to synthesise a
high performance material for examination.
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morphology development in block copolymers.

Nicholas Hui, Hons. Thesis, 2015, “The Synthesis of
Conjugated Polyelectrolytes in Water and Air: A New, Facile
Method Towards OPV Interlayers”, University of Melbourne.

Lead Partner

Funding Support

University of Melbourne

ARENA, ACAP, University of Melbourne, ARC (Future Fellowship)

University of Melbourne Team
Dr David Jones, Dr Wallace Wong, Prof Andrew Holmes

University of Melbourne Students
James Banal, Calvin Lee, Valerie Mitchell, Quentin
Hong, Paul Geraghty, Sacha Novakovic, Bolong Zhang,
Khuyen Vu, Nicolau Saker Neto, Monica Kartika, Umer
Farooq, Can Gao, Saghar Masoomigodarzi.

Georgia Institute of Technology Team
Prof Seth Marder, Fadi Jradi

Aim
Development of high performance p- and n-type organic
semiconductors, interface modifiers, and luminescent
solar concentrator materials for organic solar cells.

Progress
A new class of high performance molecular p-type materials
for OPV was described in our “Nature Communications” paper
in January, which has since been listed as a hot paper and is
highly cited for the field. The key material, benzodithiophene
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Figure PP2.1e.2:
BTR analogues were
synthesised by Fadi
Jradi (Georgia Tech)
during a three-month
stay in the laboratories
of Dr David Jones
(University of
Melbourne). Jradi
is on the right in the
picture.
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n = 2, Terthiophene, BTR
n = 3, Quaterthiophene, BQR
n = 4, Pentathiophene, BPR

Figure PP2.1e.1: Chemical formula for the series BMR,
BBR, BTR, BQR and BPR where the chromophore length
has been altered by increasing the oligothiophene bridge
length, n=0-4, leading to the mono- (n=0), bis- (n=1), ter(n=2), quater- (n=3), and pentathiophene (n=4) analogues.
Devices incorporating BQR and BPR are thermally stable,
therefore can be printed.
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terthiophene rhodamine (BTR), has a high temperature nematic
liquid crystalline phase implying excellent order in the solid state
and OPV devices with up to 9.3% power conversion efficiency
(PCE) reported. In the reporting period we have been trying to
understand the structure property relationships by designing
analogues for evaluation. The key chromophore in BTR has
been altered to generate a family of analogues BMR, BBR, BQR
and BPR where the length of the thiophene linker has been
changed, see Figure PP2.1e.1. OPV devices containing BTR
are sensitive to temperature and cannot be printed, therefore a
key outcome has been the development of temperature stable
devices when BQR and BPR are incorporated into devices.
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A series of BTR analogues, where the acceptor unit has been
varied, was synthesised by a PhD student from Georgia
Tech, Fadi Jradi from Prof Seth Marder’s group (see Figure
PP2.1e.2), who spent three months at the University of
Melbourne. These materials are yet to be tested in devices.
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O

O

C4H9

b

Figure PP2.1e.3: The image shows: (a) the chemical
structure of a highly sterically hindered perylene diimide
that has been synthesised to reduce aggregation in
concentrated films for a luminescent solar concentrator;
and (b) the crystal structure of the molecule showing the
blocked faces of the perylene core.

The synthesis of a number of further analogues has commenced
and will be tested in the near future as part of a comprehensive
structure–property relationship study to aid in the design
of molecular OPV materials with improved performance.
Bis-substituted fullerene analogues have been synthesised by
a tether directed synthesis allowing the selective synthesis of
single isomer adducts. Previous research has demonstrated
that selected pure isomers outperform the mixed bag of bisadducts normally formed through non-selective synthesis.
One of the key targets for organic synthesis is to find
methods to control the morphology of organic thin-films
during film drying. Block copolymers offer a potential
route to controlling morphology and the well controlled
synthesis of a p-type brush polymer. The corresponding
n-type brush copolymer is currently being synthesised.
New materials for efficient luminescent solar concentrators
have been designed and synthesised. This work has focused
on two areas: i) design of materials or material pairs where
reabsorption of the light by the dye is reduced by ensuring the
absorption profile does not overlap with the emission profile of
the material / material pair; and ii) preventing aggregation of the
dye molecules in high concentration films, which can negatively
impact on the absorption and emission profiles. To this end a
perylene dye has been synthesised with significant steric bulk
to prevent aggregation (see Figure PP2.1e.3) and very effective
luminescent solar concentrators (LSCs) have been assembled.
A key focus of the synthesis is to ensure that materials can
be synthesised on a sufficient scale for later print trials.
This work has been summarised in a recent review.

Figure PP2.1e.4: The deposition of a dye sensitiser for
an LSC indicating the intensity build-up at the edge of the
glass substrate or poorly formed thin-film, which is acting
as a wave guide.

Highlights

References

Side-chain engineering of a known chromophore to enhance
planarity resulted in the high efficiency materials. The results
were reported in “Nature Communications”, which is noted as
a hot paper and a highly cited article (29 since publication) in
the field. Increasing the chromophore conjugation length, i.e.
BQR and BPR, improves the thermal stability of OPV devices.

van As, D., et al., 2015, Macromol. Chem.
Phys., DOI: 10.1002/macp.201500213.
Wong, W. W. H., et al., 2015, Chem. Rec.
DOI: 10.1002/tcr.201500019.
Zhang, B., et al., 2015, Org. Biomol. Chem. 13(42), 10505–10.

One-pot synthesis of fullerene bis-adducts for high performance
solar cells. This follows previous results that indicated selected
single isomers have higher performance than mixed adducts.

Zhang, B.L., et al., 2015, Chem. Commun. 51(48), 9837–9840.

New conjugated polyelectrolytes have been synthesised,
and when incorporated into OPV devices enhance
efficiency by improving charge collection.

Sun, K., et al., 2015, Nat. Commun. 6,
6013 DOI: 10.1038/ncomms7013.

Xiao, Z.Y., et al., 2015, Polymer Chem. 6(12), 2312–2318.

Subbiah, J., et al., 2015, Adv. Mater. 27(4), 702–705.

Future work
The synthesis of key analogues of BTR will be completed to
allow the full structure–property relationship to be completed.
This will be followed up by examining BTR analogues that
may be used as non-fullerene molecular n-type components
in OPVs. Synthesis of block copolymers soluble in industrially
relevant solvents will continue as will the synthesis of
well-defined n-type brush polymers to combine with the
already formed p-type brush polymers. New synthetic
routes to high performance polymers will be examined.

Zhang, B.L., et al., 2015, Masters thesis (University of
Melbourne), “Single Isomers of Fullerene Bisadducts:
From Material Synthesis to Solar Cell Devices”.
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University of Melbourne

University of Melbourne Team
Dr David Jones, Dr Jegadesan Subbiah, Dr
Wallace Wong, Prof Ken Ghiggino

University of Melbourne Students
James Banal, Haotien Wang

ANU Team

integrated photovoltaics. The performance of LSCs has
been limited due to limitations of dyes that have been used
in current literature. This program has developed new
organic dye systems to improve light harvesting efficiency
and stability of LSC devices The current program is to
assemble demonstrators and the testing of those devices.

Progress
•

Large area devices (milestone of >8%
PCE for devices >1 cm2)

•

The conductivity of the transparent conducting oxide
(TCO) is low resulting in significant series losses in
larger area devices. The problem was overcome by
introducing a vapour-deposited silver collection grid.

•

The active layer must perform optimally with low
series losses, excellent light absorption and ease of
processing. In this case we have used a commercial
high performing polymer (PTB7) in a ternary blend with
our molecular donor, (BQR,) to boost performance.

•

Our molecular donors have excellent performance
in small area devices, however issues with the
commercially available interlayer has restricted
performance in larger devices and this will be
rectified in the next reporting period.

•

Ohmic losses at the active layer interface were reduced,
therefore allowing better current collection, by the use of
an in-house developed conjugated polyelectrolyte (CPE).

•

The combination of the above modification resulted
in small area device efficiencies of >10.5% PCE.

•

The combination of the above modifications resulted
in large area devices with power conversion
efficiencies of >8.0% PCE and up to 8.4% PCE.

Prof Andrew Blakers

CSIRO Team
Dr Doojin Vak, Dr Hasitha Weerasinghe, Dr Andrew Scully

Funding Support
ARENA, ACAP, University of Melbourne, ARC
(Future Fellowship), CSIRO, ANU

Aim
A key aspect of the current program is to ensure OPV device
performance is measured against the common standard over
a 1 cm2 area, rather than the typical 0.1 cm2 normally used for
OPV. The key outcome is then to translate the performance
for developed or known materials to the larger area with
minimal performance loss. To reach the project milestone of
a device with >8% power conversion efficiency (PCE) for a 1
cm2 area was expected to require improvement in materials in
the active layer, interface modifiers and device architecture.
Luminescent solar concentrators (LSCs) are promising
alternatives to geometric concentrators due to their nondependence on solar tracking and possibility for building-
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•

•

Device encapsulation using the best methods developed
by CSIRO for oganic light emitting diode (OLED) devices
(yet to be optimised for our OPV devices) resulted in
a slight drop in PCE with devices of >8.0% PCE.

Figure PP2.1f.3:
Transparent LSC using
aggregation induced
emitters as dye sensitiser.
The light is collected at the
edges of the collector by
using Sliver cells.

Large area devices have been submitted to CSIRO
Energy Centre in Newcastle for certification.

Ag (100 nm)
MoO3 (8 nm)
Active Layer
CPE Interlayer

ZnO NP

Ag

ITO

Glass substrate
Device Code: TR07, Device Area : 1 cm2
Jsc = 15.2, Voc = 0.80 V, FF = 66.5%, PCE = 8.1%

Figure PP2.1f.1: Development of 1 cm2 OPV devices with
8.1% PCE: (a) the device architecture of the OPV device
with an inverted architecture including silver collection grid,
and a CPE; and (b) the recorded J-V curve for the device
submitted for certification. The device was encapsulated
using a glass slide attached using a UV-cured epoxy using
CSIRO protocols for OLEDs.
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In previous research with our BTR molecular donors, the
devices lacked thermal stability with a significant device
deterioration on annealing under modest temperatures,
thereby preventing printing. BTR analogues with extended
chromophores, that is BQR and BPR, when tested in devices are
thermally stable up to 120oC for 20 minutes without significant
loss of performance (not yet fully optimised), and are therefore
printable. These materials will be optimised and translated to
an industrially relevant deposition process in the next period.
Luminescent Solar Concentrators
Emissive dye aggregates have been used as sensitisers
for LSCs. The absorption of the sensitiser is in the UV and
therefore their use has allowed the assembly of transparent
LSCs using “Sliver” cells on the edge of the concentrator
pane of glass. As the energy harvesting only accesses
the UV the efficiencies were not high. The light harvesting
performance of this transparent LSC is comparable to
the state-of-the-art inorganic phosphor-based devices.
The greatest advantage of this organic dye system is its
ability to operate in air unlike the inorganic phosphor.

Highlights
•

The program milestone of an OPV device (>1
cm2 area) with >8% PCE has been achieved
and the device submitted for certification.

•

Small devices of >10.5% PCE are reported,
which are among the best in the world.

•

Transparent LSCs have been demonstrated
using ANU sliver cells.

Future work
In order to improve OPV device efficiency the fundamental
materials properties will need to be improved. Recent
research has indicated that to achieve better performance
the fundamental materials’ properties need to be improved,
especially the charge mobility. Currently our materials, in blends,
have electron and hole mobilities of around 10 -3 cm2V-1s-1. These
need to be improved to approach 10 -1 cm2V-1s-1 if OPV devices
are to reach 10% PCE. In addition, deposition of collection grids
onto TCO electrodes needs to be improved, better interface
modifiers, especially for conventional device architectures,
and high conductivity replacements for TCO need to be
demonstrated. In the area of perovskite solar cells, new leadfree analogues will be examined, new hole transport materials
and interface materials will be examined as well as fundamental
studies to better understand the mechanism of operation.

References
Banal, J., et al., 2015, Adv. Energy Mater. 5 (19), 1500818.
Weerasinghe, H. C., et al., 2015, Sol. Energy
Mater. Sol. Cells, 132, 485–491.
Vak, D., et al., 2015, Appl. Phys. Lett. 106(3).

Figure PP2.1f.2: Device characterisation for the series of BTR analogues with modified oligothiophene bridge
length, n=0-4, leading to the monothiophene (n=0), bisthiophene (n=1), terthiophene (n=2), quaterthiophene (n=3),
and pentathiophene (n=4). The figure shows (a) the device architecture; (b) J-V curves for solvent vapour annealed
devices; and (c) J-V curves for thermally annealed devices. It can be observed that the BTR, BQR and BPR have
excellent device performance when solvent vapour annealed, while only BQR and BPR maintain excellent device
efficiency under thermal annealing.
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Figure PP2.1g.1: This figure shows the spectroscopic
analysis of nanoparticles formed through mini-emulsion or
reprecipitation methods. The relative vibronic transitions
intensities in the deconvoluted UV-Vis spectra indicate
the impact of nanoparticle formation with more crystalline
domains in the nanoparticles formed via mini-emulsion,
while the faster charge generation kinetics for the
nanoparticles formed via reprecipitation is shown in the
chart on the right.

Martin Stolterfoht

ARENA, ACAP, University of Melbourne, UNSW

Aim
The key aim of this package is to better understand the
fundamental process occurring in solar cells so that the device
architectures can be improved, and the fundamental process
occurring in devices so that materials’ design can be improved.

Progress
The key aspects of the work in the reporting period was
to: i) examine the thermal degradation observed in OPV
devices when CP3 or benzodithiophene terthiophene
rhodanine (BTR) were incorporated into the active layer;
ii) examine fundamental processes involved in exciton
formation and charge separation in polymer nanoparticles; (iii)
investigate moisture degradation mechanisms in perovskite
materials; and iv) modelling and mapping processes in
OPV devices or luminescent solar concentrators (LSCs).
Active OPV devices containing BTR or CP3 show only
modest resistance to thermal stress once formed with a
rapid decrease in power conversion efficiency (PCE) with
exposure to heat. The individual materials are thermally very
robust and therefore the loss of performance is associated
with the blend and may be chemical degradation, or physical
transformation. We have used spectroscopic techniques to
probe changes in thin active OPV films on thermal treatment
so that processes underlining the loss of device performance
can be determined and solutions designed. Previous studies
have indicated that significant morphological changes are
observed on thermally treating active layers, which has been
associated with phase separation and crystallisation of the
materials. Therefore, we have used transient absorption
spectroscopy (TAS) to examine the changes in exciton
formation and charge separation for thin-films, so that we
can then compare these processes before and after solvent
vapour annealing or thermal annealing. These TAS studies
are currently underway and preliminary results demonstrate
marked differences between annealed and unannealed films.

It is possible to form nanoparticles of the active materials
in aqueous or other industrially relevant solvents and then
use concentrated nanoparticle solutions as inks to deposit
the active layer. The generation of nanoparticles offers
the opportunity to probe fundamental light absorption,
exciton formation and charge separation processes where
nanoparticles are formed through different synthetic
procedures. In this case it is shown that charge generation is
faster in homogenous nanoparticles over core shell particles.
There are no standard methods for the characterisation and
reporting on the performance of LSCs, and therefore significant
time has been devoted to developing robust characterisation
methods and modelling for LSC devices. Robust methods for
determining self-absorption of sensitiser dyes with respect
to the geometric area of the LSC have been developed.
Researchers at UQ have led a program on the detailed
characterisation of charge regeneration in BTR-containing active
layers. It has been determined that the charge recombination
in BTR-PC71BM active layers is very slow, possibly leading
to the high performance of this class of materials.
The University of Melbourne has assisted UNSW in the
spectroscopic characterisation of new singlet fission materials.

Highlights
•

Transient absorption spectroscopy has been
used to determine exciton lifetimes and charge
generation kinetics in BTR-containing thin-films.

•

Transient absorption spectroscopic studies
on nanoparticles have determined that charge
generation in homogenous nanoparticles is
faster than in core-shell nanoparticles.

•

Robust models for the characterisation of LSCs
have been developed, relating sensitiser dye
reabsorption to geometric size of the LSC.

Future work
Methods developed in the past year will be used to fully
characterise the best molecular materials and evaluate
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stability of the materials in devices. We have a number of
new materials, which have been synthesised but not yet
tested in devices, so this will be a large body of work. Key
materials’ properties will be measured, including charge
mobility, incident-photon-to-current-efficiency (IPCE),
charge generation and recombination kinetics, fluorescence
quenching, impedance spectroscopy and active morphology.
A new collaboration with Princeton University has been
initiated so that a rapid screening process for singlet
fission in OPV materials can be developed. Materials
available at the University and other ACAP partners will
then be examined for singlet fission in solution or solid
state so that better OPV devices can be developed.

(NIST) to examine in-situ morphology development
during active layer drying or solvent annealing and
new materials will be submitted for analysis.

References
Schwarz, K., et al., 2015, “Charge Generation and Morphology
in P3HT:PCBM Nanoparticles Prepared by Mini-emulsion and
Reprecipitation Methods”, Nanoscale, 7, 19899–19904.
Hibbert, P. 2015, BSc(Hons) Thesis, University of Melbourne,
“Investigating the Degradation of Methyl Ammonium Lead
Iodide Perovskite upon Exposure to Environmental Conditions”.

The University of Melbourne has initiated a collaboration
with the US National Institute of Standards and Technology

PP2.1h: Elucidating the Role of Donor and Acceptor in Photocurrent
Generation
Lead Partner

as the standard electron donor. Significant photocurrent
generation in the near infrared, with an external quantum
yield reaching as high as 22% at 700 nm and an onset
> 800 nm were achieved. The results support efficient
hole transfer taking place following light absorption in
acceptor molecules to P3HT. A Channel II dominated
power conversion efficiency (PCE) of up to 1.5% was
thus achieved. This work was published in the journal
ChemPhysChem (Fang et al., 2015). Significant progress
has also been made on all polymer BHJ devices. The key
with non-fullerene acceptors, whether small molecule or
polymer, is the correct choice of donor material. Based
on literature precedent we chose PBDTT-FTTE (Solarmer)
as the donor polymer and in a BHJ device and achieved
an efficiency of 1.9% with Jsc = 7.0 mAcm-2, VOC = 0.72
and FF = 0.37. Interestingly, a bilayer structure provided
similar efficiency with even higher Jsc as 8.2 mAcm-1.

UQ

UQ Team
Dr Dani Stoltzfus, Dr Hui Jin, Dr Yuan Fang, Dr Mike
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Aim
The aim of this program is to understand how light absorption
in organic semiconducting acceptor materials can contribute
to current generation in organic solar cells. This will facilitate
the development of the concept of complementary junctions
and contribute to the overall objective of simplifying organic
photovoltaic (OPV) module structures thereby reducing cost.

Progress
In the reporting period activity focused on two
key areas from the 2015 Activity Plan:
1.

Testing of alternative new electron acceptors: Broad
spectral coverage over the solar spectrum can be
achieved by tuning the absorption properties of both the
acceptor and donor components in bulk heterojunction
(BHJ) organic solar cells. We created a series of small
molecule and polymer electron acceptors. The small
molecule, non-fullerene electron acceptors contained
the [(benzo[c][1,2,5]thiadiazole-4-yl)methylene]
malononitrile unit as a high electron affinity component.
The optoelectronic properties of these molecules were finetuned with the objective of attaining strong absorption at
longer wavelengths by changing the low ionisation potential
moiety. The electron accepting function of these materials
was investigated with poly(3-n-hexylthiophene) (P3HT)

2.

Understanding the charge generation and extraction
physics in low donor and low acceptor “homeopathic”
organic solar cells: High efficiency BHJ organic solar cells
typically contain a blend of acceptor and donor molecules
at sufficient concentrations to create percolated pathways
for both carrier types and high interfacial areas for efficient
exciton separation. So-called “homeopathic” cells contain
very low levels of one of the components – for example
<5% by weight of a polymeric or non-polymeric donor.
In principle, such devices should not be very efficient,
or indeed function at all, but there are notable examples
where this is not the case and substantial efficiencies
can be generated. Using a combination of multiple
electrical spectroscopies such as intensity-dependent
photocurrent (IPC), resistancedependent photovoltage
(RPV) and charge extraction in linearly increasing
voltage, in combination with ultrafast transient absorption
spectroscopy (TAS) we have studied the charge generation
and recombination in a number of archetypal BHJ systems
including: [(poly[N-9”-heptadecanyl-2,7-carbazole-alt5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)]:[6,6]phenyl-C70 -butyric acid methyl ester (PCDTBT:PC70BM)
and poly[(4,8-bis{2-ethylhexyloxy}benzo[1,2-b:4,5-b’]
dithiophene-2,6-diyl)(3-fluoro-2-{[2-ethylhexyl]carbonyl}
thieno[3,4-b]thiophenediyl)] (PTB7):PC70BM as a function
of blend ratio. We have also examined neat PC70BM
in a homojunction architecture as the limiting case. By
isolating the geminate and non-geminate losses and key
transport parameters we found that the charge-generation
yield increases with increasing mobility of the slower
carrier (Figure PP2.1h.1), which we tune by changing the
acceptor: donor blend ratio. This observation is in direct

Figure PP2.1h.1: (a) Generation yields versus slower carrier mobility – either holes or electrons depending on the
donor content (as marked by the numbers). The dashed line is the prediction of Braun’s theory assuming an offset
in the generation yield at low mobilities and that the CT-state dissociation rate is determined by the slower carrier
mobility and not the sum of both mobilities. The x-error is the uncertainty of the slower carrier mobility as obtained
from two independent techniques, and the y-error bar is the uncertainty of the constant internal quantum efficiency
(IQE) value. (b) Increasing the mobility of the slower carrier (orange dot in the dilute phase) enables it to leave the
interface, which temporally protects the CT-state from recombination and allows the faster carrier (blue dot in the
majority phase) to escape. (c) Larger domains of the dilute phase allow the slower carriers to travel further away
from the interface also protecting the CT-state from recombination. (d) The entropic contribution to dissociation is
maximised in systems where both carriers are mobile because the density of states of two separated charges is
vastly larger than the density of states where only one charge is mobile.

•

•

High efficiency nematic liquid crystalline donor
materials (with the University of Melbourne): Bimolecular
recombination in most organic BHJ solar cells is governed
by the diffusion of slower and faster carriers towards the
interface of the electron donor and acceptor materials. It
has been shown that in specific systems, the recombination
rate constant is lower than that predicted by the diffusionbased models such as Langevin theory or by more
recent and advanced models that take into account the
domain size and electron and hole spatial separation.
Although suppressed recombination is beneficial for
efficient charge collection, paradoxically, none of the
high efficiency donor:acceptor blends have exhibited
significant suppressed recombination. With this in mind,
we investigated the charge transport and recombination
properties of a nematic liquid crystalline donor (developed
at the University of Melbourne) with fullerene acceptor that
delivers PCEs >9.5% with high fill factors (FFs) maintained
in junctions thicker than 300 nm (Sun et al., 2015) (Figure
PP2.1h.2). While we found imbalanced charge carrier
mobilities in this system, we unambiguously determined
a reduced bimolecular recombination rate which was 150
times less than predicted by the Langevin model. This
suppressed recombination and exceptionally high free
carrier yield (internal quantum efficiencies ~90%) delivers
the high PCEs even in thick junctions and this has profound
implications for viable scaling of organic solar cells.
High dielectric constant organic semiconductors for
enhanced exciton separation and reduced geminate
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Figure PP2.1h.2: Device structure and the performance of
BTR:PC71BM organic solar cells. (a) Molecular structure
of BTR. (b) Device structure of solar cell devices made
and characterised in this work. (c) Current-voltage curves
of BTR:PC71BM solar cells with active layer thickness of
200 nm and 310 nm respectively measured under AM1.5G
conditions.
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In addition, the scope of work was broadened to include:

recombination: The low dielectric constants of conventional
organic semiconductors leads to poor charge carrier
photo-generation in homojunction organic solar cells due
to large exciton binding energies. This fact necessitates the
use of high and low electron affinity organic semiconductor
(acceptor and donor) blends in a heterojunction
architecture. It has been suggested that increasing the
organic semiconductor dielectric constant could lower the
exciton binding energy and facilitate more efficient free
carrier generation and maybe also decrease geminate
recombination from the charge transfer state. However,
the role of the low frequency and optical frequency regime
dielectric constants has not been elucidated. To test this
hypothesis we designed, synthesised and characterised
a series of model non-fullerene electron acceptors
with and without short glycol chains to predominantly
increase the low frequency dielectric constant. We found
that glycolation increased the low frequency dielectric
constant to 9.8, which we believe to be the highest yet
reported for a neat film of non-metal-containing organic
semiconductor. Critically, we found that the glycolated

Current density [mAcm-2]

contrast with the well-established Braun model where
the dissociation rate is proportional to the mobility sum,
and recent models that underscore the importance of
fullerene aggregation for coherent electron propagation.
We attribute this behaviour to the restriction of opposite
charges to different phases, and to an entropic contribution
that favours the joint separation of both charge carriers.
This new understanding will assist in efforts to design
new BHJ combinations that can be used over a range
of blend ratios, and adds to our basic understanding
of the charge generation and transport physics of
organic semiconductors. This work is currently under
review in Nature Communications (Stolterfoht, 2016).
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and non-glycolated compounds had similar electronics
(energy levels) and transport properties lending weight
to the proposition that increasing the dielectric constant
can be achieved without detrimentally affecting other key
solar cell material properties. This work was published
in Chemical Communications (Donaghey, 2015).

•

Understanding of the charge generation and
extraction physics of thick junction nematic
liquid crystal donor BHJ solar cells.

•

Creation of high dielectric constant organic
semiconductors by glycolation.

Highlights

References

•

Development of new non-fullerene electron acceptors
with efficient Channel II charge generation.

Fang, Yuan et al., 2015, ChemPhysChem 16, 1295.

•

Elucidation of the role of the slower carrier mobility in
defining charge generation efficiency and its implications
for homeopathic solar cells.

Stolterfoht, Martin et al., 2016, in review, Nat. Phys..
Sun, Kuan et al., 2015, Nat. Comm. 6, 6013.
Donaghey, Jenny et al., 2015, Chem. Comm. 51, 14115.
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Aim
The aim of this program is to understand how photocurrent
can be effectively collected in sub-module organic and
earth-abundant solar cells to facilitate the development
of new materials and device architectures. In particular,
this work will facilitate the development of monolithic
large area cells with effective apertures >20 cm2.

Progress
We have made progress in the following two
areas during the reporting period:
Thick junctions for large area solar cells: The bulk heterojunction
(BHJ) geometry continues to be the dominant architecture
for solution processed organic solar cells. In general, films
of order 100 nm thickness have delivered the highest power
conversion efficiencies. However, it is becoming increasingly
apparent that thicker junctions are needed for high yield, high
throughput, low-cost manufacturing of large area, commercial
organic solar cells. Very few organic semiconductors are
suitable for maintaining optimal efficiencies in cells with thicker
junctions. This paradigm is beginning to shift with the recent
high mobility donor polymers where electrically inverted thick
heterojunction structures deliver impressive efficiencies. The
inverted architecture seems to be an essential feature of these
solar cells. The reason for this has yet to be explained, and in
this project we have attempted to address this question. We
performed optical and electrical simulations with matched
experiments on three BHJ blend systems with radically different

mobility ratios (μh/μe = 0.01, 1, 100). We studied their electrooptics and performance metrics in thin and thick junctions,
and inverted and conventional electrical structures. The
three blend systems were: poly(3-n-hexylthiophene):[6,6]phenyl-C61-butyric acid methyl ester (P3HT:PC60BM) with μh/
μe≈1; poly[N-9’’-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di2-thienyl-2,1,3-benzothiadiazole)]:[6,6]-phenyl-C71-butyric
acid methyl ester (PCDTBT:PC70BM) with μh/μe≈0.01; and
poly[(2,5-{2-octyldodecyl}-3,6-diketopyrrolopyrrole)-alt-5,5(2′,5′-di{thien-2-yl}thieno[3,2-b]thiophene)]:PC70BM (DPPDTT:PC70BM), which exhibits μh/μe≈100. We confirmed that
balanced mobilities (for example in the P3HT:PCBM system)
maintains performance irrespective of conventional/inverted
architectures. For μh/μe≫1, (i.e., a high hole mobility) the optimal
fill factor (FF) and hence power conversion efficiency (PCE)
is only achieved in thick junctions for an inverted architecture.
Our electro-optic modelling shows this is because the device
structure balances the electron and hole transit times creating
symmetry in the collection efficiencies between the two carrier
types. Conversely, for the more traditional case where μh/μe≪1,
the inverted architecture actually increases the imbalance
between the carrier transit times. These solar cells have low
thick junction PCEs irrespective of their architecture. These
findings have profound implications for manufacturing of
commercial organic solar cells. This work was published in
the high impact journal ACS Photonics (Armin et al., 2015).
The effect of thickness inhomogeneities in large area organic
solar cells: It is commonly thought that inhomogeneities in
the BHJ thickness of donor:acceptor organic solar cells are
a major efficiency-limiting factor in scaling to modules. This
is primarily related to degradation of the charge collection
efficiency associated with the thicker segments of the active
layer and/or loss of fill factor from thin segments where shorting
occurs. Motivated by these factors, in this current work we
investigated the PCE losses induced by BHJ layer thickness
inhomogeneities. We employed a MoOx/Ag/ZnS (MAZ) stack
as a transparent anode with R□ ~2.5 - 3.5 Ω sq-1, to negate
this source of loss. We studied these effects in two archetypal
polymer:fullerene BHJ systems in the geometry Glass/Al/BHJ/
MAZ: i) P3HT:PC60BM; and ii) PCDTBT:PC70BM. The former
system has been previously shown to exhibit suppressed
bimolecular recombination, conventionally called non-Langevin,
while the bimolecular recombination in the latter is given by the
Langevin rate. Our results indicate that in the non-Langevin
system, P3HT:PC60BM, the short-circuit current density (Jsc) and
FF do not significantly depend on the active layer thickness, and
therefore, in principle the system should be robust to junction
thickness variations in large area cells. In PCDTBT:PC70BM,
stronger bimolecular recombination losses cause a dramatic
decrease in both parameters upon increasing the junction

JSC (mA/cm2)

PCDTBT:PC70BM

P3HT:PC60BM

V0C (V)

FF (%)

PCE (%)

Area(cm2)

0.2

25

0.2

25

0.2

25

0.2

25

7-17-20

11.5±0.5

7.1±0.5

0.85±0.01

0.84±0.04

55.7±1.7

37.4±2.6

5.5±0.2

2.2±0.2

7-17-24

11.7±0.5

9.0±0.8

0.86±0.01

0.83±0.04

55.7±1.9

39.4±5.1

5.6±0.3

2.9±0.5

7-17-28

11.3±0.5

8.0±1.0

0.86±0.01

0.85±0.03

57.3±1.7

37.9±2.1

5.6±0.3

2.6±0.4

7-17-20

5.9±0.3

5.7±0.2

0.58±0.01

0.60±0.01

63.6±1.4

55.8±2.6

2.1±0.1

1.9±0.1

7-17-24

5.1±0.3

4.9±0.3

0.58±0.02

0.59±0.01

66.0±1.5

54.4±2.1

2.0±0.1

1.6±0.1

7-19-20

5.7±0.2

5.3±0.5

0.58±0.00

0.59±0.02

64.2±0.7

57.1±1.1

2.1±0.1

1.8±0.1

thickness, and therefore this system may be sensitive to
junction thickness variations in large area cells. Model labscale cell (0.2 cm2) results were compared with large area
monolithic sub-modules (25 cm2) made with the two polymerfullerene blends. These sub-modules inevitably have junction
thickness inhomogeneities caused by solution processing over
large areas. Significant differences between small and large
area PCDTBT:PC70BM solar cell efficiencies confirmed the
importance of bimolecular losses induced by such thickness
variations, while the differences remain small for the nonLangevin P3HT:PC60BM recombination (Table 2.1i.1). This work
was published in Physica Status Solidi (a) (Jin et al., 2015).
Large area organohalide perovskite solar cells: Organohalide
perovskite solar cell efficiencies at laboratory-scale have
now exceeded 20%. These devices are invariably very
small (<0.5 cm2). As with organic solar cells, there are many
challenges in maintaining these efficiencies on cell areas
>1 cm2. We have previously quantified and overcome these
issues in organic solar cells and in this project we have
reapplied that knowledge to create efficient 1.35cm2, 2cm2
and even 25 cm2 organohalide perovskite monolithic submodules. Progress during the reporting period is as follows:
1.35 cm2 solar cells: Our standard planar homojunction devices
have the optimised structure: ITO (80 nm)/PEDOT:PSS (30 nm)/
CH3NH3PbI3 (300 nm)/ PC60BM (10 nm)/LiF (1 nm)/Ag (100
nm). This structure delivers consistently ~15% PCE at 0.2 cm2.
We have replicated this design using new evaporation shadow
masks to define a cell area of 1.35 cm2 and have achieved
8% as measured in our laboratory. This initial work was very
encouraging and showed that using spin-coating of the
junction (CH3NH3PbI3) sufficiently uniform, low defect density
active layers can be formed. The drop in PCE from 15% to 8%
is almost exclusively associated with a loss of FF and open
circuit voltage (VOC) associated with the transparent conducting
anode sheet resistance (standard indium tin oxide (ITO), 15 Ω/
sq), which must be reduced in order to maintain efficiencies.

Table PP2.1i.1: Average photovoltaic
performance parameters and their
standard deviation calculated from
multiple (≥ 6) PCDTBT:PC70BM and
P3HT:PC60BM independent devices
with the photo-active areas of 0.2 cm2
and 5 cm x 5 cm (25 cm2).

function modifiers have been previously shown to increase
the VOC up to 1.1 eV with a fullerene modified cathode.
b) Optical design of ITO electrodes: The optical transmittance
spectra of ITO electrodes were predicted by optical modelling
(transfer matrix analysis with knowledge of the optical
constants). The ITO transmittance windows were shifted by
controlling the layer thickness effectively. The analysis predicted
a 135 nm thick ITO electrode delivered the best match with the
air mass (AM) 1.5 solar spectrum. The accuracy of the optical
modelling was thoroughly verified experimentally. Optimising
the ITO thickness and the use of ultrathin PCDTBT work function
modifiers provided maximum light coupling into the solar cell.
c) Electrical design of ITO electrode: The effect of the cell
series resistance (RS) and free carrier generation efficiency
(via the short circuit current density JSC) with respect to FF were
calculated using a simple diode equation. At low generation
rates (JSC: 5~10 mAcm-2, typical of organic solar cells), the FF
decreases slowly with the increase of RS which is dominated by
the anode sheet resistance However, the FF of solar cells with
high generation rates (JSC: 20~25 mAcm-2, typical of organohalide
perovskite solar cells) decreased dramatically with increasing
of RS. This demonstrates the strong imperative to decrease
the anode sheet resistance. Using reactive sputtering we
have produced electrically optimised ITO electrodes with
sheet resistances of ~10 ohm/sq and a thickness of 135 nm.

a) Increase the work function of the anode: PEDOT:PSSbased devices always show low VOC (<1 V) due to the nonoptimal PEDOT:PSS ionisation potential (5.1 eV). Other organic
semiconductors with higher ionisation potentials are not
as compatible due to the mismatch of surface energy with
the solution-processed organohalide perovskite junction.
Here, we introduced a very thin PCDTBT layer (~0.5 nm) on
oxygen plasma treated ITO electrodes. The ultrathin PCDTBT
layer modified electrodes show moderate water contact
angle (~55o), which indicates the surface is hydrophilic
enough for the junction deposition. Thin PCDTBT work

Figure PP2.1i.1: Current density-voltage (J-V) curve of the
hero 2 cm2 organohalide perovskite solar cell measured in
a two-wire configuration at the COPE laboratories. Critically,
the FF and VOC are maintained. The device structure was:
ITO (135 nm)/PCDTBT (~0.5 nm)/CH3NH3PbI3 (350 nm)/
PC60BM (10 nm)/LiF (1 nm)/Ag (100 nm).

5. Research Reprots

2 cm2 solar cells: In order to improve the device performance
and try to make larger area (2 cm2) and higher efficiency (PCE
>12%) devices, several new strategies were introduced.
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Figure PP2.1i.2: Organohalide perovskite large area solar
cell structure. (a) Photograph of a device with active area
of 2 cm2. (b) and (c) Cross-sectional scanning electron
microscopy images at different magnifications of solar cells
fabricated on 135 nm ITO electrodes.

Figure PP2.1i.3: Photograph of a 25 cm2 organohalide
perovskite monolithic sub-module with transparent
conducting anode oxidised Al grid (positions of the
measured external quantum efficiencies (EQEs) are shown
and the thickness non-uniformity is clear). (b) EQEs of the
25 cm2 cell at different positions on the cell.

The fully optimised large area structure was: ITO (135 nm)/
PCDTBT (~0.5 nm)/CH3NH3PbI3 (350 nm)/PC60BM (10 nm)/
LiF (1 nm)/Ag (100 nm). This architecture produced a 2 cm2
hero-device PCE measured under a two-wire configuration
of 12.4% with a VOC >1 V and FF >0.6. The results and device
are shown in Figures PP2.1i.1 and 2.1i.2, respectively.

Future work
•

Validating large area organohalide perovskite solar
cell performance at the CSIRO Newcastle facility.

25 cm2 monolithic sub-modules: The ultimate challenge in
scaling any thin-film solar cells is to maintain junction quality,
uniformity and low defect density while also reducing the
anode sheet resistance. We have previously reported record
PCE 25 cm2 organic solar cells of 5% using an aluminium grid
to decrease the ITO anode sheet resistance. This approach
was replicated in organohalide perovskite monolithic 25 cm2
devices, but it was found that the junction de-wetted from
the grid lines during deposition. To address this issue, a thin
aluminium oxide layer was allowed to form using exposure
to an oxygen plasma on top of the grid lines. This provided
sufficient wetting for high quality junction deposition by spin
coating, although the junction uniformity overall was not
optimal. Using this approach we have produced the first
ever 25 cm2 monolithic organohalide perovskite sub-module
with an efficiency of 6.8%. This device with the junction
thickness non-uniformity evident is shown in Figure PP2.1i.3.

•

Further optimisation of the 2 cm2 and 25 cm2 devices.

•

Publication of large area organohalide perovskite work.

•

Validation of scaling findings on uniform thick junction
solar cells made from the BTR family of materials.

Future work will include:

References
Armin, A. et al., 2015, ACS Photonics,
DOI:10.1021/acsphotonics.5b00441.
Jin, H. et al., 2015, Phys. Stat. Sol. (a), 212, 2246.

Highlights
•

A clear model for why the new generation of high
mobility electron donor organic semiconductors only
function in thick junctions in the inverted architecture.

•

Assessment of the role of thickness inhomogeneities in
large area organic solar cells and confirmation of the
need for thick junctions for viable manufacturing.

•

Large area organohalide perovskite solar cells
with efficiencies of >12% (2 cm2) and 25 cm2
monolithic sub-modules with PCE ~7%.
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Aims
Organic Hole Transport Materials (HTMs) are commonly
used in hybrid organic / inorganic (perovskite) solar cells to
promote higher conversion efficiencies. Spiro-OMeTAD is the
current standard organic HTM employed in the fabrication of
perovskite solar cells. However, the synthesis and purification
procedures make this HTM expensive and unsuitable for very
large scale production. Additionally, the additives such as
tert-butylpyridine and Lithium bis(Trifluoromethanesulfonyl)
Imide (LiTFSI) which are used to make it more efficient,
also make it unstable due to ingress of moisture.

Progress
Inorganic hole transport materials for perovskite solar cells
Devices were made based on a planar architecture using
copper(I) iodide (CuI) as the inorganic HTM. The deposition
methods and conditions were optimised. A champion
performance of 7.6% and average of 5.6 ± 0.8% were
achieved. The preliminary stability tests were done storing
non-encapsulated devices in a glove box and in air.
In perovskite solar cell literature the J-V hysteresis was
found to be dependent on adjacent electron transport
material. In our study the J-V hysteresis was observed to
be dependent on HTM. The J-V hysteresis phenomenon
was studied using devices based on CuI and SpiroOMeTAD. The charge storage and transport properties
of the devices were investigated by electrochemical
impedance spectroscopy (EIS), photoluminescence (PL)
quenching and open circuit voltage decay (OCVD).
In the EIS and OCVD studies it was found that a slow responding
and high resistive component exists in the Spiro-OMeTADbased devices. The PL quenching showed that there is a high
charge loss from the perovskite material once CuI is in contact
with perovskite. This led to an assumption that charges are more
rapidly injected into the CuI than into the Spiro-OMeTAD. Based
on this information it was postulated that an interfacial electric
field exists at the perovskite/HTM interface of which the strength
and consequent polarisation of the material is dependent on
the amount of interfacial charges. Since CuI interface does not
retain many charges the resultant polarisation becomes weak
and can be quickly relaxed, leading to reduced J-V hysteresis.
The concept is further being clarified using other HTMs.
The HTMs are selected as their hole conductivity is
significantly different. We anticipate that the charge injection
to the hole conductor and consequently the degree of
J-V hysteresis can vary with hole mobility of the HTM.
Novel hole conducting materials for perovskite solar cells
In 2015 the work regarding HTM has been focused on metal
complexes. In particular, the application of a hexadentate
pyridyl ligand with different metal centres (Figure PP2.1j3).
The first test employed cobalt as the metal centre, but the
application of the compound to the perovskite led to the
degradation of the perovskite compound. Iron then replaced
the cobalt as the metal centre. The iron hexadentate (FeHD)

Figure PP2.1j.1: I-V characteristics.

complex HOMO level was too deep to be used in conjunction
with the CH3NH3PbI3 perovskite technology established
in the laboratory, so most of the year has been spent in
the optimisation of the deposition of CH3NH3PbBr 3 and
CH(NH2)2PbBr 3 perovskites, that possess valence band levels
suitable to be used in conjunction with the iron complex.
The first quadrimestre was spent optimising the deposition of
CH3NH3PbBr 3, both with the gas-assisted method developed
in our lab and the vapour deposition method developed by
UNSW. We weren’t able to achieve good cell efficiencies with
this particular kind of perovskite and even the person who
developed the vapour deposition method at USNW wasn’t able
to reproduce the results in our laboratory, so we moved to the
optimisation of CH(NH2)2PbBr 3 instead. This kind of perovskite is
suitable for the planar device architecture and we were able to
successfully apply the gas-assisted method to this perovskite.
After optimisation of the perovskite layer, we were able to
produce devices with Spiro-OMeTAD with an efficiency
of 5.5% (3.3% for an encapsulated device) and devices
with the iron complex with an efficiency of about 3%. This
particular complex turned out to be less efficient than
Spiro-OMeTAD and less stable over time, but is a first
demonstration that pyridyl complexes and metal complexes
in general can be successfully applied as HTM in perovskite
solar cells, paving the way for a big range of compounds
that can be tested and applied to perovskite solar cells.

Highlights
•

Optimisation of device performance.

•

Characterisation of J-V hysteresis using
EIS, OCVD and PL techniques.

•

Optimisation of CH(NH2)2PbBr3 perovskite deposition.

•

Application of an iron hexadentate complex
as HTM in perovskite solar cells.

References
G. Sepalage, et al., Adv. Funct. Mater., 2015, 25, 5650.
H.J. Snaith J. et. al., J. Phys. Chem. Lett. 2014, 5, 1511.
H.-S. Kim and N.-G. Park, J. Phys. Chem. Lett., 2014, 5, 2927.

5. Research Reprots

The aim of this project is to develop novel HTMs, both
organic and metal complexes, that can rival Spiro-OMeTAD
in terms of efficiency but be of much easier synthesis and
hence lower production costs and more easily up-scalable.
The second aim is to try to overcome some of the SpiroOMeTAD limitations – namely low conductivity and the need
for additives like tert-butylpyridine and LiTFSI. The study
also extends towards the characterisation of the devices
on commonly observed phenomenon J-V hysteresis.
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Figure PP2.1j.2:
Relative strength of
polarisation.
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Figure PP2.1j.3: Structure of MeHD.
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Figure PP2.1j.4: J-V curve of Spiro-OMeTAD and
FeHD CH(NH2)2PbBr3 cells.

Figure PP2.1j.5: IPCE of Spiro-OMeTAD and FeHD
CH(NH2)2PbBr3 cells.
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Aim
To characterise the optoelectronic performance
of different perovskite morphologies.
Design and construct an automated nanosecond
time-resolved photoluminescence (PL) and
transient absorption (TA) laser system.
Study charge generation, transport and transfer
processes in perovskite photovoltaics with different
configurations, materials and environmental conditions.
Establish an in-situ PL imaging system. Apply it to
optimise the fabrication technique and reproducibility
of perovskite solar cells. Investigate device defects.

National Renewable Energy Laboratory (NREL):

Progress

Dr K. Zhu, Dr N. Kopidakis, Dr G. Rumbles,
Dr M. Yang, Dr M. Reese

Hybrid organic/inorganic perovskite based solar cells have
displayed relatively high power conversion efficiencies
using both planar and mesoscopic architectures.
However, it is yet to be shown whether one architecture
is inherently superior to the other. This project entails the
characterisation of the relative advantages of planar and
mesoscopic architectures, as well as modifying the perovskite
morphology to enhance the device performance.

Funding Support
ARENA, ARC, ACAP

Figure PP2.1j.8:
(a) Schematic
diagram illustrating
the fabrication
procedure. SEM
surface images
of the textured
perovskite
morphology are
shown in (b) and
(c), and a crosssectional image
of the complete
textured cell is
shown in (d).

Figure PP2.1j.6: The φ∑μ product determined by TRMC
for planar perovskite layers (circles) and mesoscopic
Al2O3/perovskite layers (triangles) deposited on quartz
substrates. Perovskite films fabricated through the fastcrystallisation method are shown in the open symbols while
those fabricated using a conventional spin-coat are shown
in the filled symbols. The wavelength of the 5 ns excitation
pulse was 500 nm.

Figure PP2.1j.9: (a) UV-Vis spectroscopy
characterisation of four separate planar perovskite
films (blue curves) and four separate textured
perovskite films (red curves) prepared on FTOglass substrates. The inset plot shows the fraction
of diffusely scattered radiation excluding the direct
reflection of light perpendicular to the perovskite film.
(b) IPCE spectrum (solid lines) of a planar perovskite
device (blue line) and a textured perovskite device
(red line). Integrated current densities for both devices
are shown as dashed lines.

In collaboration with NREL, time-resolved microwave
conductivity (TRMC) and time-resolved photoluminescence
(TRPL) techniques were used to characterise charge transport
and recombination kinetics in both planar and mesoscopic
perovskite architectures. These techniques revealed that planar
perovskite devices exhibited higher carrier mobilities and lower
rates of bimolecular recombination. The transient techniques,
however, probed recombination kinetics within the perovskite
material, and did not allow for interfacial recombination effects.

In the same way that a mesoscopic TiO2 /perovskite interface
allowed for enhanced electron extraction, we hypothesised
that a mesoscopic perovskite/spiro-OMeTAD interface
would also deliver faster hole extraction. Hence, a textured
perovskite morphology was formed through the use of a
seeding nanoparticle TiO2 layer. The textured morphology
was characterised through UV-Vis, steady-state PL, grazing
incidence wide angle X-ray scattering (GIWAXS), incident
photon-to-current efficiency (IPCE) measurements and
electron microscopy. The characterisation of the textured
morphology revealed a greater degree of light scattering,
higher photon absorption and short-circuit currents, and
stronger charge separation relative to a planar device.
Average short-circuit current density for a batch of 28 devices
was in excess of 22 mAcm-2 and the highest performing
device exhibited a power conversion efficiency of 16.3%.

5. Research Reprots

Figure PP2.1j.7: TRPL measurements for planar perovskite
films prepared using a conventional, unassisted spincoating (green trace) and the fast-crystallisation method
(orange trace), as well as a mesoscopic Al2O3/perovskite
layer prepared using the fast-crystallisation method (blue
trace). TRPL measurements were performed using a ~ 50
nJcm-2 excitation pulse at a wavelength of 500 nm, and
the fluorescence was collected at 770 nm. Dotted lines
represent fitted curves based on a double-exponential
decay model. TRPL time constants were determined
through the weighted mean of the fitted curves

Through the use of impedance spectroscopy (IS), mesoscopic
devices were found to exhibit a higher recombination resistance
at the joint transparent conductive-oxide (TCO)/TiO2 /perovskite
interfaces. Transient and steady-state PL measurements also
revealed the relatively poor electron extraction of the compact
TiO2 layers used in planar architectures. Wide-field fluorescent
mapping was also used to characterise the passivation of
defects as a function of the perovskite fabrication method.
The lessons derived from the characterisation measurements
were then used to produce an optimised architecture.
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Figure PP2.1j.10: (a) Typical PL
image measured for MAPbI3 solar
cells taken with CCD only under
open circuit. The spatial resolution
is approximately 5 mm, (b) Typical
PL image measured for MAPbI3 solar
cells taken with the combination of
CCD and optical microscope under
open circuit. The spatial resolution
is approximately 380 nm, (c) PL
intensity monitored for MAPbI3 film
during annealing.

The team completed a laser system design based on
requirements for general optoelectronic systems, specifically
optimised for perovskite photovoltaics, and successfully
constructed the system in the aspects of electronics, optics
and mechanics. They wrote LabVIEW code to integrate
the instruments for automation, investigated the PL lifetime
and TA spectroscopy of our standard planar heterojunction
MAPbI3 solar cells and pristine films and studied the
influence of morphology of TiO2 contacts using PL lifetime
measurements. They went on to measure the TA of sensitised
NiO mesoporous electrodes for water splitting in order to
scrutinise the kinetics of reduced dye molecules and the
PL lifetime of different facets of MAIPbI3 single crystals.
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They also constructed an in-situ PL imaging set-up,
achieved 5 mm and 380 nm spatial resolution for CCD
only and optical microscope configurations, respectively
And went on to analyse typical defects of the gas-assisted
MAPbI3 films and devices using PL image under different
conditions. This generated preliminary data to optimise
the annealing temperature and time of MAPbI3 films.
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Building on the work outlined above, the group
optimised the method to fabricate reproducible
TiO2 blocking layer with spray pyrolysis and thus
reproducible planar junction perovskite solar cells.

Highlights
•

TRMC, TRPL and IS measurements were used
to characterise the benefits and deficiencies of
planar and mesoscopic perovskite solar cells.

•

A novel textured perovskite morphology
was formed which allowed for a mesoscopic
perovskite/spiro-OMeTAD interface.

•

Average short-circuit current densities were above
22 mAcm-2 for the textured morphology devices.

•

Successfully designed and constructed an automated
nanosecond PL and TA system. The details of the
system are included in Table PP2.1j (vii)-1.

•

Examined the PL and TA features of various
samples, as shown in Figure PP2.1j.13.

•

Successfully constructed an in-situ PL imaging set-up.
Typical sample images are shown by Figure PP2.1j (vii)2a and PP2.1j (vii)-2b. Figure PP2.1j (vii)-2c depicts the
relative PL intensity of the sample versus annealing time.

Laser pulse:30 ps duration, 420-2100 nm, MAX 50Hz, 0 uJ to 500 uJ per pulse depending on wavelength, spot diameter 3 mm (adjustable)
time range
wavelength range / nm
Test options
current
potential
current
potential
Photoluminescence Lifetime
from 2 ns
from 1 ns
450-1050
450-1800
Transient Absorption Spectroscopy
from 2 ns
from 1 ns
450-1050
350-1600
Voltage Decay
from 1 ns
N.A.
N.A.
N.A.
from a few ns
Current Decay
N.A.
N.A.
Electric and/or Light biases can be applied to the sample; Temperature control possible; Upgradable to Lifetime Image system.

Table PP2.1j.1: Summary of
the function and specification
of the designed and
constructed laser system.

Figure PP2.1j.11: (a) PL lifetime of MAPbI3 films with different quenching contacts. The excitation wavelength is 532
nm with power density of 1 mJcm-2, (b) TA spectroscopy of pristine MAPbI3 film on a glass substrate. The excitation
wavelength is 532 nm with power density of 1 mJcm-2, (c) TA spectroscopy of dye-sensitised NiO mesoporous film
for water splitting. The excitation wavelength is 532 nm with power density of 50 mJcm-2.

Future work
Future work in this project will continue to develop
optimised perovskite morphologies and characterise
their relative advantages compared to conventional
planar and mesoscopic architectures.

The team will focus on the application of the laser and
imaging systems to reveal the correlation among morphology,
composition, property and performance. Other techniques
will also be adopted, such as Raman spectroscopy, XRD,
SEM, TEM, EDS, FTIR, etc. With such information obtained,
it is hoped that the stability, performance and reproducibility
of perovskite photovoltaics can be enhanced.
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Figure PP2.1j.12: (i) Schematic representation of
a typical flexible perovskite solar cell. (i) Stability of
devices constructed with various HTMs, kept at 85°C,
in the dark and in N2 (H2O and O2 levels ~ 1 ppm).
(iii) X-ray diffraction pattern of a CH3NH3PbI3 film kept
under the same conditions.

Aim
Develop flexible perovskite solar cells.

Progress
devices failed before showing any signs of CH3NH3PbI3 film
degradation. Variations in device stability were observed
when modifying the hole transport material (HTM), which
appeared to be a determining factor in the device longevity.

Highlights
•

Encapsulation extends flexible perovskite device lifetime.

•

Device degradation is not directly correlated
to perovskite film degradation.

•

HTMs play a critical role in device degradation.

References
Dkhissi, Y. et al. 2015a, J. Power Sources 278, 325–331.
Dkhissi, Y. et al. 2015b, submitted.
Weerasinghe, H. et al. 2015, Nano Energy.
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5. Research Reprots

Flexibility and light weight give solar cells a wide range
of applications. They also offer the potential for low-cost
manufacturing with the roll-to-roll printing and low-temperature
processing of hybrid organic/inorganic perovskite materials.
Successful methods have been developed and have led to
the fabrication of reproducible and efficient flexible perovskite
solar cells on polymer substrates (Dkhissi 2015). However, the
instability of these devices remains a major hurdle that needs
to be overcome, and understanding the origins of device
degradation is paramount to resolving this issue. Flexible
device encapsulation was carried out in collaboration with the
CSIRO and significant lifetime enhancement was demonstrated
under ambient conditions (Weerasinghe 2015). A systematic
study was also conducted with the objective to investigate the
sources of device degradation. A range of conditions was used
and parameters such as temperature, illumination, humidity
and oxygen were isolated to investigate their impact on the
cell degradation. Under humid conditions, the CH3NH3PbI3
film decomposed rapidly to form PbI2 and CH3NH3I. Under
certain dry conditions, (e.g. in N2, in the dark) perovskite
solar cells showed promising device stability of over 1500 h.
Interestingly, under a range of dry storage conditions, perovskite
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Aim
The high performance of perovskite solar cells makes this
third-generation photovoltaic technology highly attractive for
commercialisation as well as the possibility to manufacture
perovskite solar cells by low-cost printing techniques. Despite
the fast progress in improving the efficiency and simplification
of layer deposition of perovskite and hole transporting
materials, only little is known about the thermal stability
and temperature-dependent performance. Understanding
of these properties is of particular importance on the way
to commercialisation as solar cells are exposed to severe
temperature changes during the daily cycle. In this project
we aim to fabricate efficient encapsulated perovskite solar
cells that are stable in the presence of oxygen and moisture.
Subsequently, the thermal stability and temperature-dependent
performance of these devices will be investigated under both
simulated environmental and inert conditions. This study is
aiming to provide information about the general applicability
of perovskite solar cells and inherent material limitations.

Figure PP2.1j.13: Representative examples for the
performance of FTO/TiO2/planar-CH3NH3PbI3/HTM/Au
devices with different HTMs recorded at 50°C device
temperature, 10% r.h. and 1 sun illumination over 500 h.
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In 2014 the equipment for perovskite device encapsulation
under inert conditions was set up and the environmental
chamber was modified according to the requirements
of this study. As a first step in 2015, the parameters and
materials for encapsulation were optimised in collaboration
with the CSIRO Future Manufacturing Flagship to define an
internal encapsulation standard. A calcium layer test under
damp heat conditions (85°C, 85% relative humidity, 1000 h)
according to the IEC 1646:2008 standard was performed to
evaluate which materials provide the best protection from
moisture and oxygen. Based on this study encapsulated
FTO/TiO2 /planar-CH3NH3PbI3/Spiro-OMeTAD/Au devices
with an average efficiency of 15.1 ± 0.5% were obtained.
These devices can be stored under ambient conditions
without significant performance loss over several weeks.
Initial stability tests under various simulated environmental
conditions (>50°C, >50% relative humidity, 1 sun) revealed a
relatively quick performance decrease of planar structured
CH3NH3PbI3/Spiro-OMeTAD devices (Han et al. 2015).
In particular, it was found the silver counter electrode
degrades from gaseous HI, a decomposition product of
CH3NH3PbI3. Further investigations comprised perovskite
devices with different hole transporting materials (HTMs)
such as Spiro-OMeTAD, pre-oxidised Spiro-OMeTAD,
P3HT, CuI (see Figure PP2.1j.13. However, most of these
systems performed even worse than devices with SpiroOMeTAD. Similar stability tests that compared the effect
of different device architectures (planar, mesoporous,
inverted) also did not result in a more stable system.
Therefore, for all further stability studies FTO/TiO2 /planarCH3NH3PbI3/Spiro-OMeTAD/Au devices were chosen.
During long-term stability experiments it was found that
perovskite devices, after they’ve operated for several days,
recover very slowly once they’ve had several hours of
inactivity in the dark. Illumination/dark cycling experiments
were conducted at 25°C and 10% relative humidity in the
environmental chamber (see Figure PP2.1j.14). After several
cycles the devices started to show a delay of up to several hours
to reach maximum performance. This “fatigue” phenomenon
was observed for planar CH3NH3PbI3 perovskite solar cells with
various HTMs. Investigations on the origin of this behaviour are
ongoing and research on this topic will be intensified in 2016.

Figure PP2.1j.14: Representative example for the
performance of a FTO/TiO2/planar-CH3NH3PbI3/SpiroOMeTAD/Au device recorded at 25°C device temperature,
10% r.h. and 1 sun illumination over 18 cycles of 12 h
illumination/12 h dark.

Figure PP2.1j.15: Representative examples for the
performance of FTO/TiO2/planar-CH3NH3PbI3/SpiroOMeTAD/Au devices recorded various temperatures in N2
atmosphere, 1 sun cool white LED light over 16 h.

Another study examined the thermal stability of planar
CH3NH3PbI3/Spiro-OMeTAD devices in an inert N2 atmosphere
between 20°C and 80°C cell temperatures under cool white
LED illumination (see Figure PP2.1j.15). Despite the absence
of oxygen, moisture, ultraviolet and infra-red light the devices
were still found to degrade within hours or days. X-ray diffraction
and scanning electron microscope investigations on plain
CH3NH3PbI3 layers treated at 85°C in an inert atmosphere
showed degradation of the perovskite grains at surfaces and
interfaces. This may explain the increasing serial resistance
and therefore reducing device performance. Based on these
observations, future research is aiming to investigate the
stability of related perovskite materials with, for example,
formamidinium cations and chloride or bromide anions.

Highlights
•

Fabrication of 15.1 ± 0.5% PCE encapsulated
CH3NH3PbI3 solar cells which are stable under
ambient conditions for several weeks.

•

Perovskite device stability was found to strongly
depend on the type of HTM and device architecture.

•

“Fatigue” phenomenon observed in
illumination/dark cycling test.

•

Surfaces of CH3NH3PbI3 grains were found to degrade
at 85°C in an inert atmosphere which might explain
the reduction of device performance over time.

References
Han, Y et al. 2015, J. Mater. Chem. A, 3, 8139.
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Figure PP2.2.1: Structures of of silicon and
chalcogenide photovoltaics materials.

Guodian, Baosteel

Funding Support

Aim
All successfully commercialised non-concentrating photovoltaic
technologies to date are based on silicon or the chalcogenide
(semiconductors containing Group VI elements, specifically
Te, Se and S). As indicated by Figure PP2.2.1, the successful
chalcogenide materials, CdTe and Cu(In,Ga)Se2, can be
regarded as “synthetic silicon” where the balance between
atoms in these materials provides the same average number
of valence band electrons as in silicon, resulting in the same
tetrahedral co-ordination. Cd and Se are toxic while Te and
In are among the 12 most scarce elements in the Earth’s
crust. These factors would seem to clearly limit the longterm potential of the established chalcogenide technologies.
However, as indicated in Figure PP2.2.1, by delving more
deeply into the periodic table, an alternative option can be
uncovered with the same number of valence band electrons
on average but involving Earth-abundant, non-toxic elements.
Kesterite Cu2ZnSn(S, Se)4 (CZTSS(e)) compound semiconductor
has emerged, based on such reasoning, as a promising
candidate for use in absorber materials for thin-film solar cells.
Analogous to the chalcopyrite structure of CIGS, Cu2ZnSnS 4
(CZTS) shares similar optical and electrical properties. CZTS
has a bandgap of 1.4–1.5eV, a large absorption coefficient of
over 10 4 cm-1 and is composed of non-toxic and Earth-abundant
elements. Notable is that the bandgap of the CZTS family can
be tuned to span a wide range beyond 2.25eV, even above the
accessible range of the highest efficiency III-V cells. This makes

the material suitable for tandem cells (see Section PP1.3a). For
thin-film solar cells, energy conversion efficiency up to 12.6%
and 8.5% have been achieved so far for CZTS(e) and CZTS
solar cells, respectively. However, the 12.6% record CZTSSe
solar cell was obtained through a hydrazine solution method.
Hydrazine is a highly toxic and very unstable compound that
requires extreme caution during handling and storage.
The Centre’s work in the CZTS area takes a different fabrication
direction, aiming for the development of a low-cost, highthroughput and up-scalable manufacturing process for highefficiency CZTS-based solar cells. Work in this strand includes
the development of CZTS solar cells on soda lime glass as
well as stainless steel and the continuation of established
collaborations with and financial support from industry partners.

Progress
In 2014, the efficiency of CZTS thin-film solar cells on glass at
UNSW was improved to 6.7%. Various strategies for dealing
with the problematic heterojunction and back contact interfaces
were developed, leading to improvement in all aspects of CZTS
cell performance, as well as several patents and publications.
Since January 2015, research effort has been focused
on understanding and analysing the loss mechanism of
CZTS solar cells and developing associated strategies
for improving CZTS device performance. Strategies for
engineering interfaces of CZTS solar cells were developed,
leading to improvements in CZTS cell performance.
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Figure PP2.2.2 Improvement in current and fill-factor
arising from carbon intermediate layer.

CZTS solar cells on soda lime glass
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Progress in energy conversion efficiency of CZTS solar cells:
Our base-line CZTS solar cells energy conversion efficiency
has improved to 8.8%, comparable to the current reported
world record of 9.1% (0.25 cm2 cell area) by Toyota. Herein,
the base-line CZTS solar cell refers to the CZTS device
formed with a standard structure of SLG/Mo/CZTS/CdS/
ZnO/ITO/Al. While further improving the 0.25 cm2 total area
CZTS solar cell efficiency, we also worked on larger-area
cells. To date, we have achieved 8.4% efficient CZTS solar
cells on 0.44 cm² cell area and 6.8% on 1.07 cm2 cell area.
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A key efficiency loss in present CZTS solar cells arises
from an open circuit voltage deficit. Both interface and bulk
recombination can result in high open circuit voltage loss. The
conduction band offset formed between CZTS and CdS forms
a barrier against injected electrons, which leads to interface
recombination of the majority carriers and thereby results in
lower VOC and fill factor (FF). Another breakthrough under ACAP
in 2015, has been the improvement in open circuit voltage by
using a novel ZnxCd1-xS buffer. With this new buffer, the open
circuit voltage of CZTS solar cells is significantly improved,
yielding total area energy conversion efficiency of 8.4% and
active area efficiency of 9.2%. This new buffer also significantly
improves the open circuit voltage to 760 mV, around 100 mV
higher than that in CdS buffer–based CZTS solar cells.
Several strategies were developed for engineering CZTS/Mo
back contact interface. In particular, one patent on “Carbon
or carbon/Mo as back contact for kesterite and chalcopyrite
solar cells” has been filed by UNSW (GH-GHMATTERS.
FID4439072). This intermediate layer allows increased Jsc
and FF without deterioration of VOC (see Figure PP2.2.2).
New strategies were developed for engineering CZTS
absorber and associated interfaces. The strategies
giving significant impact on cell performance are Bi-

Figure PP2.2.3 Current voltage curve for 4.1% CZTS cell
on stainless steel substrate.
doping of CZTS through deposition of Bi prior to the
CZTS, Li doping of CZTS, incorporation of SnS vapour in
sulphurisation treatment and bi-layer CZTS structure.
CZTS-coated architectural stainless steel:
The main progress of CZTS-coated stainless steel include: 1)
designed and explored the iron (Fe) diffusion block strategies
based on the idea of interrupting the grain boundaries of Mo
by inserting alien metal layer; 2) choice Ti as one of the most
suitable alien metal materials by considering the adhesion,
conductivity, lattice matching etc.; 3) development of effective
sodium-doping strategies; 4) development of CZTS solar cells
on stainless steel with efficiency over 4% (See Figure PP2.2.3).

Highlights
•

Several interface engineering strategies were
developed for CZTS thin-film solar cells.

•

For pure sulphide CZTS thin-film solar cells on
SLG, we demonstrated 8.8% efficiency on cell
area 0.25cm2, 8.4% efficiency on cell area 0.44cm2
and 6.8% efficiency of cell area 1.07 cm2.

•

A novel buffer layer material was developed,
allowing an average 100 mV increase in the
VOC of pure sulphide CZTS solar cells on SLG,
and demonstrating highest VOC of 762 mV.

•

CZTS solar cells on stainless steel with
efficiency over 4% was demonstrated.

Future work
Future work needs to be carried out to further improve CZTS
solar cell device performance both on SLG and stainless steel
with a focus on decreasing the open circuit voltage deficiency.

PP2.3 Thin-Film Inorganic (Si)
Lead Partner
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HZB (Germany), FZU (Czech Republic)
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Aim
In 2015 research on liquid-phase crystallised silicon
on glass (LPCSG) cells focused on improving cell
voltages by changing the cell polarity and forming
heterojunction, increasing cell currents by optimising cell
surface textures and identifying approaches to substrate
devices using a front heterojunction cell design.

Progress
To progress in the direction of 15% efficiencies the following
improvements to the cell design have been developed and
implemented: 1) the absorber doping was changed from
p-type (boron, B) to n-type (phosphorus, P) to take advantage
of longer carrier lifetime hence higher open-circuit voltage
(VOC) in n-type silicon; 2) the n-type absorber required p-type
emitter, so a complementary process of B diffusion by Rapid
Thermal Annealing (RTA) was also introduced; 3) the absorber
contacts were selectively doped with extra P to reduce the
contact resistance and to stabilise the cell performance; 4)
both the front silicon-glass and rear silicon-air interfaces were
textured for enhanced light-trapping hence higher short-circuit
current (Jsc); the glass was textured prior to silicon deposition
by mechanical abrasion; the rear silicon cell surface was

textured using KOH-based etchant (instead of porous mask
texture) which further increased light absorption and Jsc.
The highest VOC of 608 mV and highest potential Jsc of 29.7
mAcm-2 were achieved. If these best parameters were
combined in a single device with previously demonstrated
fill factor of 72%, its efficiency would be around 13%.
Issues were encountered with the interaction of selective
doping and silicon-glass and silicon- air interface texturing
which led to a less than ideal fabrication sequence.
More work needs to be done to simplify the texture and
contacting processes to improve device outcomes.

Highlights
LPCSG test structures with n-type, phosphorus doped
absorber and p-type, boron doped a-Si:H (heterojunction)
emitter reached the open circuit voltage of 608 mV.
LPCSG test structures with both front glass-silicon
and rear silicon-air interface texturing demonstrated a
potential short-circuit current density of 29.7 mAcm-2.
The best LPCSG test structure voltage and current
are compatible with 13% cell efficiency.

Future work
Due to the limited upside performance potential, a
complicated fabrication process and closure of the
associated ARENA-funded project, further research on
the LPCSG solar cells will not be continued by UNSW.

PP2.4 Third Generation Approaches
PP2.4a Hot Carrier Cells
PP2.4a (i) Model Phonon Dispersion in Bulk Materials and
Nanostructures
UNSW

UNSW Team
Dr Shujuan Huang, Dr Santosh Shrestha, Prof Gavin Conibeer

UNSW Students
Hongze Xia, Yu Feng , Jianfeng Yang

Funding Support
ARENA

Aim
Develop models of phonon dynamics, electronphonon interaction and efficiency models to be fully
consistent and predictive of real material systems.

Progress
Phononic dispersion model:
A model able to predict the phonon dispersion of specific
III-V materials and a number of nanostructures has been

developed. This is able to map phonon dispersions and
also phonon decay rates based on density of states. While
phonon modelling of nanostructures such as quantum dot
(QD) superlattices is ongoing, a model for phonon dispersions
and lifetimes in candidate III-V and core-shell QD is largely
complete. The theory required to determine phonon dispersions
in bulk materials is reasonably well established (Lax 1974,
Maradudin 1971). This theory has been extended to include
nanostructured materials, the major modification being the
inclusion of a very large number of atoms within the material’s
unit cell. As each atom contributes three equations of motion
to the system the corresponding system of equations that
must be solved is also quite large now. As these systems
are solved numerically, this leads to a much higher degree
of computational intensity for nanostructured materials.
Phonon dispersions in periodic QD superlattices in model
III-V semiconductor materials by Stranski–Krastanov (SK)
growth and phonon dispersions in core-shell QD geometries
have been determined. These results along with schematics
of the system are shown in Figures PP2.4a.1 and PP2.4a.2.
These dispersion calculations were performed as part of a
study attempting to slow carrier cooling. The approach is to
attempt to establish an equilibrium between phonon absorption
and emission events by hot electrons. To this end, first order
phonon decay, often called “Klemens decay” after a particular
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Figure PP2.4a.1: (a) Schematic diagram of SK growth; (b) Phonon dispersion in the <100> direction for an SK
superlattice in the III-V semiconductor system InAs:In0.5Ga0.1Al0.4As which forms strain balanced QD “discs”. A large
phonon bandgap can be observed between 0.5 and 1.0 ω/ωmax; (c) The density of states (DOS) for the dispersion
computed.
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phonon decay path in bulk materials, is meant to be prevented
by engineering nanostructures with large phononic bandgaps.
With this dominant decay path suppressed, re-absorption of
phonons by hot electrons is expected to translate to longer
hot carrier (HC) lifetimes. Figures PP2.4a.1 and PP2.4a.2
both show substantial phonon bandgaps. In the SK growth
case shown in Figure PP2.4a.1 the phonon bandgap alone
is insufficient to prevent first order phonon decay. The coreshell geometry shown in Figure PP2.4a.2 shows a phonon
bandgap sufficient to block high energy Brillouin zone centre
phonons from decaying by the Klemens mechanism.
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Phonon lifetimes have also been simulated in model solid
state systems. The theory of this lifetime simulation largely
follows that of Bhatt (1994), with some minor modifications.
Essentially the first anharmonic term in the inter-atomic
potential is treated in time-dependent perturbation
theory to produce decay rates. This treatment allows
for three phonon decay processes, including one high
energy phonon decaying into two lower energy phonons
such that energy and momentum are conserved.

Figure PP2.4a.2: (a) Schematic diagram of a simplecubic core-shell superlattice of QDs. The core region
[blue] is surrounded by a “light” (mcore:mshell = 7:1) and thin
shell region (grey) of approximately ~1 atomic monolayer
within a matrix material (red). The yellow cubes show the
repeat unit of the superlattice; (b) Phonon dispersion for
this configuration. The large phonon bandgap, sufficient
to inhibit first order phonon decay, is attributed to the light
shell atoms in the atomic system.

Figure PP2.4a.3 shows an application of the theoretical
phonon lifetime simulator to a nanostructured material. The
nanostructure was a periodic array of QDs in the diamond
lattice. The so called “interstitial sites” in the superlattice were
reduced to near single atoms in the simulation. These interstitial
site atoms were seven times lighter than the dot atoms.
Using this phonon simulation tool, the fastest phonon decay
paths in a given physical system can be investigated by an
exhaustive search of all possible decay paths available. Phonon
lifetime simulations on a typical phonon dispersion curve return
values of the order of 1 ps. This matches well with experimental
values available in the literature for bulk materials. However, the
decay path shown in Figure PP2.4a.3 returned a phonon lifetime
value of 230 ps, a value in excess of two orders of magnitude
greater than what is typical. This can be considered a positive
result, suggesting much longer phonon lifetimes and hence
slower carrier cooling, if such a structure could be fabricated.
HC solar cells efficiency model:
A model to calculate the limiting efficiencies of HC solar cells
has been developed. The limiting performance of an indium
nitride (InN)–based hot carrier solar cell (HCSC) with a bulk InN
absorber has been evaluated using an innovative approach
that takes into account absorber energy-momentum dispersion
relations, energy conservation, Auger recombination and impact
ionisation mechanisms simultaneously. The non-ideality of the
energy selective filters has also been included in the model.
In order to obtain practically achievable values of conversion
efficiency, the actual thermalisation velocity of hot carriers in
InN, measured using time resolved photoluminescence, is used.

Figure PP2.4a.3: (a) Fastest phonon decay path; (b)
density of states (DOS) for a superlattice of QDs in the
diamond configuration. In this configuration, despite the
lack of a phonon bandgap large enough to inhibit first
order phonon decay, phonons produced at the top of the
dispersion curve have lifetimes in the order of 230 ps. This
is substantially longer than the typical phonon lifetime in a
bulk crystal, which is near 1 ps.

The carriers flux travelling through the energy selective contacts
(ESCs) towards the cold metal electrodes has been described
using the expression in the following equation (Feng 2012).

Te,h represents the transmission probability of the HCs
through the respective ESC, f Tc,μe,h and f Trt,Ve,h are the carriers
occupation probabilities at the two sides of the ESC. A
unitary transmission probability has been considered for
energies within the transmission window of the contacts.
The values of the electrochemical potential separation
(Δμ) and carrier temperature (TC) at steady state can be
calculated solving the following system of equations.

FA and ĖA are respectively the incoming particle and energy
fluxes (from the sun), FE and ĖE represent the outgoing
particle and energy fluxes due to radiative recombination,
FIA is the particle flux associated with AR and II events and
ĖTH is the energy flux due to thermalisation of HCs, which is
directly related to the carrier thermalisation velocity τ TH.
Although the presence of the hot phonon effect was identified
in InN, it was found that the HCs cool down too fast to the
respective band edges. For the parameters used here the
limiting efficiencies of the HCSCs are 24% for 1000 suns, and
36.2% for maximal concentration, as shown in Figure PP2.4a.4
(a) and (b) respectively. Absorbers with longer thermalisation
time would be necessary to improve the energy conversion
efficiency of HCSC devices. Nanostructured absorbers, based
on quantum wells or QD superlattices have shown longer HC
relaxation times compared to bulk materials (Hirst 2011).

Highlights

Figure PP2.4a.4: HCSC efficiency versus width of energy
selective contacts transmission probability peak, for
different extraction energies: (a) 1000 suns; (b) maximal
concentration.

of these need increased computation power. Incorporate
higher level modelling approaches to interface with ab-initio
input parameters and thus decrease computational intensity.

•

Model of phonon dispersions of QD superlattices,
applicable to a wide range of superlattice compositions.

References

•

Model of HCSC efficiencies using an InN absorber.

Lax, M., 1974, Symmetry Principles in Solid State
and Molecular Physics, Wiley, New York.

•

Versatility of HC efficiency model to a range of
materials as absorber and ESC properties.

Maradudin, A.A., 1971, Theory of lattice dynamics in the
harmonic approximation, 2nd ed., Academic Press, New York.

Future work

Bhatt, A.R., 1994, J. Appl. Phys., 76, 3905.

Refine models to incorporate a wider range of materials and
structures. Incorporate superlattice defects in models. Both

Feng, Y., et al., 2012, Appl. Phys. Lett., 100, 053502.
Hirst, L. and Ekins-Daukes, N. J., 2011, Prog. Photovolt., 19, 286.

PP2.4a (ii) Investigate Hot Carrier Absorber Using Bulk Materials
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Aim
Investigate hot carrier (HC) absorber using bulk materials.
Determine appropriate bulk materials for slowed
carrier cooling through reduced phonon modes.
Fabricate materials of high quality and
characterise for carrier cooling.

Progress
A hot carrier (HC) absorber needs to slow the rate of carrier
cooling by setting up a surrounding bottleneck of longitudinal
optical (LO) phonons. We seek to modify phonon energy
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dispersions in candidate absorber materials such that they have
a large gap between optical and acoustic phonon energies
which can block or inhibit Klemens decay, wherein an LO
phonon decays into two LA phonons of half its energy, and of
equal and opposite momenta (Klemens 1966). There is evidence
for this inhibition in Indium Nitride, InN (Davydov 1999), which
correlates with longer carrier lifetimes in the material (Chen
2003). The difficult growth of the nitride alloys, however, may
lead to dislocations in the material and thence uncontrollable
aspects of phonon behaviour. The small electronic bandgap
of InN (0.7—0.9 eV) makes absorption of a large range of
photon energies possible, potentially making it useful as an
HC solar cell absorber. Furthermore, the mass density (hence
acoustic impedance) difference between indium cation and
nitride anion is sufficient to set up Bragg reflection of certain
phonon frequencies, much like the photonic structure of a
peacock feather does for light particles. In the bulk material this
gap is large enough to directly block Klemens decay. Indium
gallium nitride alloys, fairly close in lattice constant to InN, have
large phonon bandgaps and large electronic bandgaps.

Figure PP2.4a.5: Experimental dispersion curve of
InxGa1-xN as measured with IXS.

High-quality InN and GaN films have been grown with
molecular beam epitaxy (MBE) by our collaborators at
Saitama University, Japan and by the Energetic Neutral
Atom-Beam Lithography & Epitaxy (ENABLE) technique
at Los Alamos National Laboratory, USA (Williams 2013).
The latter state-of-the-art method is especially geared
to overcome the fundamentally different temperature
requirements for the growth of indium and gallium nitrides.
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Measurement of phonon bandgaps:
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Raman spectroscopy only provides information about modes
near zone-centre, whereas inelastic neutron scattering (INS) can
give full-zone information. However INS requires larger samples
(several mm3) hence are not suitable for thin-film samples. The
inelastic X-ray scattering (IXS) such as at the Spring-8 (Baron
2000) allows us to map points across the whole Brillouin zone,
and hence eventually build the full dispersions necessary
to completely characterise the allowed transitions and their
intensities. Extremely high brilliance of hard X-rays from an
undulator-source synchrotron is required to study phonons
with IXS due to the necessary energy resolution (a few meV).
Calibration and signal-test measurements utilised a 21.7 keV
(0.57 Å wavelength, ~1.5 meV energy resolution) incident
beam. The energy used for the actual experiment was
17.8 keV in order to keep penetration depth to a minimum.
Energy resolution at this wavelength was about 3 meV. The
spot size of the beam in standard measurement was ~100
µm in diameter, but broadened somewhat for most of our
measurements due to the glancing angle configuration
used due to the sub-micron scale nature of our films.
In addition to InN films, measurements were performed on
InGaN films, expanding on and guided by prior work on
InN and GaN (Ruf 2001, Serrano 2011). The results shown
in Figure PP2.4a.5 are in reasonable agreement with our
models, discounting phonons in the sapphire substrate within
the phononic bandgap of InN. The analysis of In0.27Ga0.73N
and In0.61Ga0.39N is shown in Figure PP2.4a.5. Interestingly,
in both InN and the lower crystalline quality (but higher Ga
concentration) InGaN sample, we find phonon energies
around 27 meV at the M-point corresponding to the InN
data presented by Serrano 2011, but not in the GaN analysis
of Ruf 2001. In contrast, the lower Ga concentration (but
higher crystalline quality, as determined by XRD) sample
does not appear to exhibit this energy at the M-point. This
could be an indication of domain separation and the effect
of crystalline quality on the suitability of these materials as
part of a Klemens decay inhibiting absorber. Perhaps the

Figure PP2.4a.6: Temperature fitting to tr-PL data for carrier
relaxation studies in bulk In0.27Ga0.73N.

most important result from these experiments is the clear
exhibition of high energy optical phonons versus low energy
acoustic phonons in higher indium concentration samples.
Measurement of slow carrier cooling:
Time-integrated steady-state photoluminescence (ss-PL) has
been used to study electronic band structure, and to support
the time-resolved photoluminescence (tr-PL). Primarily, ss-PL
was performed with a 405 nm excitation beam and a 442 nm low
pass filter. Carrier cooling rates have been measured with ultrafast femtosecond tr-PL spectroscopy. This technique allows
determining carrier lifetime and temperature. A preliminary
temperature fitting to tr-PL data from a 27% In InGaN alloy film
of about 1 micron thickness (grown on a sapphire substrate
with an AlN buffer layer) is shown in Figure PP2.4a.6. More
work remains to be done on InN, GaN and InGaN films grown
together by MBE and ENABLE.

Highlights
•

Inelastic X-ray scattering data on phonon
dispersions matches models well for InGaN.

•

High carrier temperatures up to 500 K
at 10 ps measured for InGaN.

•

InGaN has some promising slowed carrier cooling results.

Future work

References
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Aim
•

Investigate hot carrier (HC) absorber using nanostructures.

•

Measure carrier cooling rates in a range of quantum
well (QW) nanostructures obtained from collaborators
to determine carrier cooling mechanisms.

•

Fabricate quantum (QD) nanostructure arrays from
colloidal nanoparticles to modulate phonon dispersions.

Progress
Slowed carrier cooling in MQWs:

Multiple quantum wells (QWs) of InN with GaN barriers have
been grown at National Sun Yat-sen University, Taiwan using
a metal-modulated epitaxy (MME) MBE technique. InGaAs/
GaAsP structures (with no phononic bandgap) have also
been investigated to study the effect of increasing barrier
width on reducing HC diffusion or possibly phonon diffusion.
The arsenide-based structures are strain-balanced or quasistrain-balanced multiple quantum well (MQW) superlattices
grown by metal organic vapour phase epitaxy (MOVPE) at
the University of Tokyo. Examples of absorber structures
based on GaN/InN and GaAsP/InGaAs are schematically
shown in Figures PP2.4a.7 and PP2.4a.8, respectively.
Figure PP2.4a.9 shows TEM and high-resolution X-ray
diffraction of an InN/GaN MQW sample deposited
by plasma-assisted MBE. These results demonstrate
high crystalline quality of the material.
Figure PP2.4a.10 shows steady-state photoluminescence (ss-PL)
results from InGaAs MQW samples of varying barrier thickness
InGaAs/GaAsP MQWs. The strain-balanced conditions of this
composition (In0.17Ga0.83As wells with GaAs0.8P0.2 barriers) for
wells of 7.4 nm thickness dictate that they are between 12.5 nm
barriers. Three sets of samples were studied: strain balanced,
tensile strain (5.2 nm barriers), and compressive strain (20.5
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An alternative route to achieve a phonon bottleneck and
hence reduce carrier cooling rates is to arrange for reflection
of phonons from interfaces in double-interface narrow

cavities. This can possibly lead to long relaxation times in
multiple quantum wells (Rosenwaks 1993, Hirst 2011). Such
structures could be created as previously with InGaAs wells
and GaAsP barriers, or with InN wells and InGaN barriers.
The difficult growth of the nitride alloys, however, may lead
to dislocations in the material and thence uncontrollable
aspects of phonon behaviour. Indium gallium nitride alloys,
fairly close in lattice constant to InN, have large phonon
bandgaps, and large electronic bandgaps, suggesting
their use in barriers for MQW absorber structures.

Figure PP2.4a.7: Schematics of InN/GaN structure:
Layered HCSC MQW absorber.

Figure PP2.4a.8: Schematic of a GaAsP/InGaAs/GaAsP
MQW absorber structure.
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Figure PP2.4a.9: MME-grown InN multiple QW superlattice
structure with GaN barriers characterised by: (a) TEM;
(b) high-resolution XRD for ~4 nm GaN and 1 nm InN; (c)
reciprocal space mapping.
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Figure PP2.4a.11: Time-resolved photoluminescence
relaxation lifetime data from InGaAs MQW: (a) strain
balanced; (b) tensile-strained’ (c) compressivestrained samples. All data is scaled to ss-PL intensity
curves (Figure PP2.4a.10).
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nm barriers). The total thickness of the well and barrier part
of the strain-balanced sample is about 0.81 microns. The
lowest crystalline quality sample is 21% of maximum ssPL intensity for a peak over approximately the same range,
with full width at half maximum (FWHM) 2.4 times larger.
Figure PP2.4a.11 shows the ss-PL calibrated data. The
effects of the bulk GaAs substrate are evident for the strain
balance sample, but not so much for the strained samples.
This is apparent from the region at wavelengths shorter
than about 860vnm in the contour plot for said sample.
To this carrier relaxation study data (Figure PP2.4a.11),
preliminary temperature fittings have been made (Figure
PP2.4a.12) via ultrafast tr-PL measurements for the InGaAs
MWQ samples. These indicate a clearly elongated decay
time for the strain-balanced sample, and of the two strained
samples, a higher initial temperature but potentially more
rapid decay trend is observed in the tensile-strain sample.
The tensile-strained sample fit exhibits significant noise,
and quite possibly a quicker temperature decay at times
greater than 600 ps. The strain-balanced material has both
the better PL and significantly longer and hotter carrier
lifetimes – presumably because of material quality though
we are unsure of how that relates to HCs. The compressively
strained sample (i.e. thicker barriers) has longer/hotter
lifetimes than the tensile-strain sample. This would seem to
support the model that HCs are prevented from diffusing by
the thickness of the barriers, but such a difference may fall
within the margins of error at this point. The evidence is not
sufficiently conclusive to argue against or for the reflection
of phonons at interfaces or cooling retardation thereby.
Hot carrier properties of silicon nanoparticles (Si NPs):
Carrier dynamic in Si nanoparticles (NPs) was systematically
investigated with a series of samples with different

Figure PP2.4a.10: Steady state PL results from InGaAs
MQW samples of varying barrier thickness.

Figure PP2.4a.12:
Results of fitting to trPL relaxation lifetime
studies on InGaAs
MQW samples of
strain-balanced
(black line), under
compressive strain
(blue) and under
tensile strain (red
line).

nanoparticle sizes (2.2 nm, 3.8 nm and 6.2 nm). Steady
state photoluminescence spectra showed the same
trend for the Langmuir-Blodgett (LB) and drop case
films so only results for LB films are shown in Figure
PP2.4a.13 . A blue shift of the emission peak positions
is observed with the decrease of sizes of Si NPs. This
is expected due to the quantum confinement effect.
To investigate the HC behaviour in the Si NPs, 2D time-resolved
photoluminescence (tr-PL) mapping was acquired. Results
for 2.2 nm LB deposited nanoparticles are shown in Figure
PP2.4a.14 (a). In this map, a high energy area ranging from
570 nm to 610 nm appears within 20 ns. Figure PP2.4a.14
(b) clearly shows that this PL peak vanishes within 50 ns. It
is reasonable to predict that the carrier should be in a high
energy state in this range. Considering the carriers energy
states as a Fermi-Dirac distribution, a Planck-like distribution
is applied to the high energy tails of the PL peak. The equation
below shows the derivation from Fermi-Dirac distribution to
the Planck-like distribution used by Hirst et.al. (Hirst 2011).

where A and A’ are constant, E is the energy in the unit of
eV, EF is the Fermi energy level of the NPs, k is Boltzmann’s
constant, and T is temperature. In Figure PP2.4a.14 (c) the
data is re-drawn in log scale and fitting was applied. An
example of fitting is shown in the inset of Figure PP2.4a.14
(d). Summary of temperature calculated from the fitting
is also presented in Figure PP2.4a.14 (d). It indicates an
average temperature ~550 K for LB films and ~450 K for
drop casting films, which indicates that ordered, highly
packed LB films have high carrier temperature, and are
hence more promising as an HC absorber material.

Figure PP2.4a.13:
Steady-state
photoluminescence
(ss-PL)
measurement of Si
NPs LB film.

Highlights
•

Non-equilibrium temperatures measured in MQWs.

•

Slowed carrier cooling in MQWs.

•

Long HC lifetimes in Si NPs.

Future work
•

•

Fabricate and measure MQWs with varying barrier
thickness in lattice matched system. This will allow a
true determination of the effect of barrier thickness.
Fabricate arrays of Si NPs with close spacing
for phonon reflection and carrier transport.

Figure PP2.4a.14: Time-resolved photoluminescence
(tr-PL) mapping for: (a) 2.2 nm Si NPs; (b) PL peak in
short wavenumber range within ~40 ns; (c) enlarged
curves for the high energy PL tail; (d) summary of the
temperature fittings.
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Aim
•

Investigate energy selective contacts (ESCs).

•

Establish high quality resonant tunnelling structures.

•

Move on to triple barrier structures with asymmetric
wells for improved selection and carrier rectification.

its ideal 3D selection (Conibeer 2008). However, QD usually
suffer size non-uniformity, greatly degrading the resonance
and hence its performance (Veettil 2010). QW resonant
tunnelling structures are based on ultrathin films, and can
be more easily controlled than QD, leading to the realisation
of higher selectivity (Sadakuni 2009). The decrease in 3D
selectivity with QW resonance is expected to give only a minor
broadening so that effect on efficiency is small (Veettil 2008).
QW resonant tunnelling structures have been intensively
studied in the past decades. At least 70 previous papers on
double-barrier QW structures have reported room temperature
resonant tunnelling with peak-to-valley current ratio (PVCR)
> 1. About 70% of these papers are based on III-V materials
such as InGaAs/AlAs (well/barrier), GaN/AlN, GaAs/AlAs; 20%
are silicon-based, like Si/SiGe, Si/Al2O3, Si/CaF2; the rest study
metal compounds, like CdF2/CaF2, ErAs/GaAs, Fe3Si/CaF2.
Among these papers, the material groups with the most potential
for ESCs are Si/ γ-Al2O3 (Mosammat 2005), GaN/AlN (Kikuchi
2002) and CdF2 / CaF2 (Izumi 1997). Due to the abundance of
materials and the appropriateness of our fabrication facilities,
our work was mainly focused on Si/γ-Al2O3 structures.

Progress
Fabrication of energy selective contacts:
Energy selective contacts (ESCs) are crucial requirements for
the hot carrier solar cell (HCSC) to allow carrier extraction with
minimum entropy gain and energy loss. We have identified
three ways to realise ESCs: mini-bands of impurities, quantum
dot (QD) resonant tunnelling and quantum well (QW) double
barrier resonant tunnelling structures (Conibeer 2003).
Practically, it is extremely difficult to control impurities in a
semiconductor in order to form only one energy level. Much
effort has been made towards studying QD tunnelling, due to

The simplest true single energy ESC is a triple-barrier QW
structure as shown in Figure PP2.4a.15 (b). The resonant
states in the QW are decided by band offset (V) and the
widths of barrier (Tb) and well (Tw) (Kim 1988). Hence, the
parameters of the triple-barrier QW structure can be adjusted
to match only one resonant state of each well (E2w1 = E1w2)
and mismatch the other confined energy levels to form a
single tunnelling channel. This triple-barrier structure can
be regarded as two double-barrier QWs as shown in Figure
PP2.4a.15 (c) whose physical structures is γ-Al2O3/Si/γ-Al2O3
on Si wafer. Technically, the challenge is to grow high-quality
ultrathin γ-Al2O3 film on Si and ultrathin Si film on γ-Al2O3.
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Methods and materials:
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Figure PP2.4a.15:
Schematic
diagrams for: (a)
HC solar cell; (b)
triple-barrier ESC
with band-offset
V and widths of
barrier (Tb1,Tb2,
Tb3) and well
(Tw1, Tw2); (c)
double-barrier QW
structure.
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Figure PP2.4a.16:
XPS depth profiles
of Al2O3 grown
at 500◦C and
reference sapphire.
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Alumina has several metaphases at different temperatures,
like γ, κ, θ, and α. These transition phases have similar
but distinct crystal structures and hence different lattice
constants and bandgaps. The bandgap of alumina can be
tuned by annealing to match with different semiconductors
to form different band offsets. Furthermore, the lattice
mismatch of γ-Al2O3/Si(111) is 2.4% – small enough to enable
heteroepitaxy (Wang 2005). Therefore Si/γ-Al2O3 holds potential
for ESC taking advantage of low deposition temperature,
reasonably large bandgap and small lattice mismatch.
The aim of the fabrication is to realise the layer-by-layer
heteroepitaxy (Frank–van der Merwe mode) of γ-Al2O3/
Si/γ-Al2O3 with good crystalline quality by sputtering. The
heteroepitaxy of Si/γ-Al2O3 has been done by sophisticated
growth methods such as MBE, CVD, EB, IBD on Si(111)
or Si(100); but the γ-Al2O3/ Si/ γ-Al2O3 QW structure
has only been made by MBE (Mosammat 2005).
In this project Al2O3 and Si films have been grown by RF
sputtering using AJA ACT-2200. The films were grown by
sputtering of Al2O3 and Si targets by argon (Ar) plasma at
500–600 ◦ C. A 5 nm Al2O3 capping layer was deposited if
the top layer was Si, to prevent surface oxidation. Samples
were characterised by AFM for roughness, glancing XRD
(G-XRD) and Raman spectroscopy for crystallinity, XRR
and UV-Vis-NIR for thickness, and XPS for composition.
Results and discussion:
AFM measurements have shown that the RMS roughness of
ultrathin Al2O3 films on Si and Si films on Al2O3 sputtered at 600 ◦ C
is around 0.2 nm. This value is the same as the roughness of the
bare Si wafer, which suggests that these films are grown in layerby-layer mode. Considering the typical energies hot carriers are
E=0.2~0.4eV above the band edges and assuming they impinge
on the ESC from one direction, the corresponding wavelength
of this collective movement is 4~2 nm (from λ=h/√(2m*E), where
h is the Plank constant and m* is the effective mass. Since
RMS is less than λ/10, the roughness scattering should be
small enough for these hot carriers, in analogue to optics.
The composition of Al2O3 affects its barrier height – higher
Al contents lower the barrier. In Figure PP2.4a.16, results

Figure PP2.4a.17: (a) XRD of a 26 nm thick film of
Al2O3 grown on Si(100); (b) reference γ-Al2O3 XRD
data from the literature; (c) TEM image of a 19 nm poly
γ-Al2O3 film on Si(111).

Figure PP2.4a.18: (a) TEM for a multilayer of Si/γAl2O3 with each layer of 6 nm; (b) XRR of the structure.
Simulation (red) and measurement (blue); (c) Raman
spectra of this structure before (black) and after
annealing (blue) on Si substrate (red).

Figure PP2.4a.19: (a) Results of a room temperature
I-V measurement on a typical Al2O3/Si/Al2O3 structure;
(b) results of two consecutive I-V measurements at
room temperature on a typical SiO2/Si QD/SiO2.The
open and filled data points represent the first and the
second measurements, respectively.

of XPS on a selected Al2O3 film and a sapphire wafer are
shown. In the bulk of the sample, oxygen and aluminium
depth profiles for the Al2O3 film are similar to that from the
sapphire wafer. This indicates that the composition of the
sputtered Al2O3 is very close to the ideal stoichiometry.
Crystallinity is also very important for a resonant tunnelling
device as resonance is based on the interference of carriers’
multi-reflection between the interfaces of two different
crystal structures. In Figure PP2.4a.17, XRD spectrum of
a nominally 26 nm thick Al2O3 film deposited at 500 ◦ C is
shown which clearly exhibits the three main γ-Al2O3 peaks
at 67◦ (440), 45.5 ◦ (004) and 36.5 ◦ (113), at nearly the same
angles as the bulk reference sample (Paglia 2004), which is
an indication of good crystallinity. This is also demonstrated
by the transmission electron microscope (TEM) image of an
Al2O3 film. As suggested earlier, these films grow in layer-bylayer mode. Hence, it may be expected that the crystalline
quality of ultrathin films (<5 nm) would be similar.

A smooth Si/γ-Al2O3 interface has been achieved and
crystal Si on γ-Al2O3 has been realised. Figure PP2.4a.18
(a) shows a TEM image of a multilayer structure of Si/γ-Al2O3
where each layer is 6 nm. XRR results show the interface
roughness is only about 0.1-0.2 nm, see Figure PP2.4a.18
(b). As-deposited a-Si (Figure PP2.4a.18 (c), black curve)
is crystallised by annealing at 1050°C, which is evidenced
by the 325 nm Raman (Figure PP2.4a.18 (c), blue curve).
In order to investigate resonant tunnelling through typical Al2O3/
Si/Al2O3 double-barrier structures, I-V measurements on these
samples were performed using a cryogenic probes station.
A result for a typical sample is shown in Figure PP2.4a.19 (a).
For this sample the thickness of the barriers and the well were
2 nm and 3 nm, respectively. Negative differential resistance
(NDR) was observed at ~0.9V which demonstrates resonant
tunnelling. For comparison I-V measurement on an SiO2 /Si
QD/SiO2 (Shrestha 2010) is shown in Figure PP2.4a.199b).
In the reference, the full width at half maximum (FWHM)
of the resonant peak is more than 400 meV. The observed
FWHM of the resonant peak in this work is ~65 meV which
is more than six times narrower than previous results.

Highlights
Double-barrier resonant tunnelling
structures identified and optimised.
•

High figures of merit for negative differential
resistance (NDR) curves.

•

Room temperature NDR curves with good quality factor.
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Aim

Figure PP2.4a.20: Schematic of sample with thin Ge layer
on HfN on Si substrate.

Progress
Hot carrier (HC) device fabrication:
Evidence for hot hole generation and collection in hot carrier
(HC) solar cells with energy selective contacts (ESCs).
To demonstrate proof-of-concept HC solar cells, devices
as shown in Figures PP2.4a.20 and PP2.4a.21 were
fabricated on either n-type or n+-type Si wafer. A 140
nm layer of sputtered hafnium nitride (HfN) is deposited
as the absorber. Previous studies have shown good
crystal quality and slow hot carrier relaxation time for this
material. Then a variety of top layers were deposited.

Figure PP2.4a.21:
Schematic of ESC
sample on HfN on Si
substrate.
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The development of electrically coupled devices of slowed
carrier cooling absorber with energy selective contacts.
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One group of samples with either thin layers
of Si or of germanium (Ge) sputtered at
thicknesses of 5 nm, 10 nm or 20 nm.
The other group with Al2O3 double barrier resonant
tunnelling contacts, with either sputtered Ge or Si QW
between, of thicknesses 3.5 nm, 7 nm or 13 nm.
Contacting was with Au on the back and
either Al or In/Ag on the front.
Figure PP2.4a.20 shows schematic band diagram of sample
with thin Ge layer on HfN on Si substrate. The valence band
offset between HfN and Si substrate ensures that holes
are reflected and means that electrons are collected at
the back contact. The small 0.3 eV conduction band offset
between HfN and the thin Ge layer means that electrons
are reflected from the front. But holes can be injected
into the valence band. These are warm carriers just 0.4
eV above the Fermi level, but with contact losses not very
hot holes, which is expected to result in a small VOC.
Figure PP2.4a.21 shows a schematic band diagram of a
sample with ESC on HfN on Si substrate. The confined energy
level in the valence band resonantly transmits hot holes
to the front contact, but the valence band offset with the
substrate blocks hot holes from being collected. The higher
energy level of the confined valence band state means that
a significantly higher photovoltage may be generated.
On the conduction band side, the higher level of the
confined conduction band level, due to the band offset of
Ge with HfN, means that hot electrons are reflected from
the front contact, but cold electrons can be collected
in the substrate due to the small barrier height.
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HfN versus Si absorption:
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The 140 nm HfN layer is very reflective for wavelengths longer
than 600 nm as shown in Figure PP2.4a.22. That light which

Figure PP2.4a.22: Transmission, absorption and reflection
measurements of HfN on MgO substrate.
is not reflected is absorbed in the zero bandgap HfN which
has high absorption for wavelengths shorter than 600 nm.
Figure PP2.4a.22 shows almost no transmission through
HfN, so that very little light is transmitted to the Si substrate.
Hence any photovoltaic effects observed from devices
shown in Figures PP2.4a.20 and PP2.4a.21 would not be
due to absorption in the Si substrate and then collection by
the HfN acting as a Schottky barrier. Work is in progress to
measure photovoltaic characteristics of these devices.

Highlights
•

HC solar cell test devices have been fabricated.

Future work
Future work will be focused on demonstration and
enhancement of solar cell performance by improving
the quality of absorber, contacts and their matching.
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Aim
The focus of our research activities during this period has
been on characterisation and modelling to be applied to
silicon quantum dot (QD) materials and solar cells.

Progress
The operating principle of a tandem cell is to divide the
solar spectrum into sub-spectra and convert the energy

contained in each sub-spectrum into electrical energy, using
solar cells optimally tuned to operate in those sub-spectra
based on their energy bandgap. The so-called “bandgap
tuning” can be achieved in all-silicon solar cells using silicon
nanocrystals. Taking advantage of quantum confinement
effects, reducing particle size allows us to engineer the
energy bandgap of the material, in this case, silicon. This
project investigated all-Si tandem cells where silicon
quantum dots (QDs) embedded in Si oxides are employed
to obtain large or medium energy bandgaps for the top or
intermediate cells required for a multiple-level tandem cell.
In this project, we have concentrated on developing multiple
layers fabricated via sputtering. The layers were made of
silicon QDs to be used as the top cell on a silicon bottom cell.
A range of bandgap energies were achieved by controlling
the size of the QDs. We have successfully developed a silicon
QD top cell with an open circuit voltage exceeding 500 mV
under controlled temperature conditions. The first tandem
device with a silicon QD solar cell mechanically stacked on
a Si thin-film solar cell was demonstrated with an improved
efficiency of 172% compared to the top cell. Vertical single
junction silicon QDs cells, that aimed to enhance the device
current output, have been investigated through two approaches:
devices fabricated on transparent conductive oxide (ZnO:Al)

or transition metal back contact (Mo); and membrane devices
made using a rear access method where holes were drilled in the
wafer to make a rear contact to an overhanging thin film device.
Modelling of the optimum parameters for two-level QD tandems:
This section presents the modelling of the optimum
energy bandgap combinations for the bottom and top
cells to achieve maximum tandem cell efficiency under
the assumptions of ideal conditions. This model is based
on the detailed balance limit for double tandem cells with
an arbitrary-bandgap bottom cell. The energy contour
diagrams with various energy combinations are obtained.

Figure PP2.4b.1:
1-sun AM 1.5
G spectral
irradiance.

Double tandem cells, which consist of two different junction
materials, are modelled based on detailed balance limit in
two stages. The 1-sun AM 1.5G spectrum as shown in Figure
PP2.4b.1 (with total intensity of 1000 Wm-2) is used in the following
sections. Starting with the case where two individual cells are
mechanically stacked without current matching constraints,
we made the following assumptions to simplify the calculation.
First, for both the top and bottom cells, all photons that have
energies exceeding the cell energy bandgaps are absorbed
and the remaining photons with lower energies are transmitted.
The top cell is exposed to the 1-sun AM 1.5G spectrum, while
the incoming photons to the bottom cell are those transmitted
from the top cell. Secondly, each absorbed photon generates
only one electron-hole pair, and the short-circuit current density,
, is equal to the total absorbed photon flux multiplied by the
electron charge. The dark saturation current, , is determined via
blackbody radiation. Without considering current matching, the
tandem device is treated as two cells operating independently
under a split spectrum with corresponding IV characteristics
determined by Equation 1 and Equation 2, respectively.
Therefore, the total power of the whole tandem structure is the
sum of the power generated by the top and bottom cells (see
Equation 3). The maximum power point is found when both
cells deliver the highest possible power, i.e. and . A maximum
efficiency contour plot for a range of bandgaps between 0.4
and 2.4 eV is generated based on this model and is shown in
Figure PP2.4b.2. The maximum efficiency achievable under this
scenario is 45% when the top cell has a bandgap between 1.4
eV and 2.3 eV and the bottom cell between 0.7 eV and 1.2 eV.

Figure PP2.4b.3:
Efficiency contour
plot with various
combinations of
top and bottom
cell bandgaps for
two-level tandem
devices with
current matching.

in the bottom cell. Under the requirement of current matching,
a tandem device with a top cell having a smaller bandgap than
the bottom cell will output zero current and hence zero power
as a whole. From Figure PP2.4b.22, the maximum efficiency of
45% is given by a 1.55 eV top cell fabricated on a 0.96 eV bottom
cell. If a Si solar cell (Eg = 1.12 eV) is used as the bottom cell, the
optimum top sub-cell is around 1.60 eV, which will achieve an
efficiency of approximately 43% under ideal circumstances.

Highlights
•

Demonstration of silicon QD tandem cells
on c-Si and thin film-Si bottom cells.

•

Modelling of optimum silicon QD tandem cells.

Future work
In order for a tandem solar cell with silicon to work, a material
with a higher bandgap namely around the 1.6–1.8 eV range is
needed. Our silicon QD material in this project, which allows
us to tune the bandgap, is still a good candidate. However
there are still some fundamental material properties that are
severely limiting the efficiency of this type of solar cell.
This brings us to the question of how we can improve on
our silicon QD material properties in order for it to serve
as the optimum top cell in an all-Si tandem solar cell with
a crystalline silicon bottom cell. First, we must look at what
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When two individual photovoltaic cells are electrically connected
in series, ideally the current flowing through each cell should be
identical and is limited by the cell with the lowest current output,
which restricts the range of energy bandgaps that can be used.
The second stage of our modelling takes this current matching
requirement into consideration. We adopt the same assumption
for the photon absorption in the first stage of modelling. The shortcircuit current density and the dark saturation current for the two
cells are calculated using photon flux and blackbody radiation,
respectively. To find the maximum power point of the device,
the IV curve of the tandem structure is simulated by following
3 steps: 1) determine the operating current range, where the
smaller short-circuit current density among the two cells will be
the upper limit of the matched current output of the whole device;
2) determine the operating voltages of each cell over the matched
current range using Equation 4 and Equation 5, respectively; 3)
determine the total operating voltage of the tandem device by
adding up the voltages of each cell at the same operating current
using Equation 6. Subsequently, the power-voltage curve can be
simulated based on Equation 7 and the maximum power point
is found, where . The efficiency contour diagram for a current
matched double tandem cell is shown in Figure PP2.4b.3. From
the diagram, the energy bandgap selection range is reduced and
constrained to the top-left region of the given range compared
to Figure PP2.4b.2. In the case where the energy bandgap of
the bottom cell exceeds the value of the top cell, the efficiency is
zero. This is because no photons with sufficiently large energies
are transmitted to the bottom cell as it is assumed they all get
absorbed in the top cell. Therefore no current will be generated

Figure PP2.4b.2:
Efficiency contour
plot with various
combinations of
top and bottom
cell bandgaps for
a two-level tandem
device without
the constraint of
current matching.
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an ideal silicon QD material would look like in terms of its
physical structure. Ideally, we want a QD array with:
•

narrow size distribution

•

close and evenly spaced silicon QDs

•

spherical silicon QDs

•

lower barrier height (e.g. using other matrix
materials such as Si3N4 or SiC)

•

well-passivated surfaces.

PP2.4b (ii) Develop Heterojunction Devices
Lead Partner

(Ar) at 1100°C are shown in Figure Figure PP2.4b.4. The

UNSW

UNSW Team
Dr Ivan Perez-Wurfl, Prof Gavin Conibeer

UNSW Students
Xuguang Jia, Ziyun Lin, Lingfeng Wu

Funding Support
ARENA

Aim
Develop vertical device structures through investigation
of conducting transparent layers for bottom contacts.
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Progress
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This project aims to develop two different structures for
vertical structured silicon quantum dot (QDs) solar cells to
avoid current crowding effects found in mesa-structures
previously. A vertical structure is expected to eliminate
the lateral carrier transport since all current would flow
perpendicular to the junction. Additionally, a vertical structure
will be necessary in the future to stack single junction silicon
QDs solar cells in a series to form a full tandem structure.
Molybdenum, aluminium zinc oxide and conductive substrates
have been investigated throughout this project. Transmission,
resistivity and surface roughness results of radio frequency
(RF)-sputtered as-deposited and annealed samples in argon

Figure PP2.4b.4: Transmission of as-deposited and
annealed ZnO and ZnO:Al samples.

sample thicknesses for both the as-deposited and annealed
films was roughly 300 nm estimated from ellipsometry
modelling using commercial analysis software, WVASE.
The high temperature processing required in nucleating the
silicon QDs has restricted many simple means of improving
the series resistance in our silicon QD solar cell devices.
Another possibility which has been suggested recently is
to use a laser to locally anneal the films, which may allow
the use of a large variety of conductive substrates or
transparent conductive oxides. This is certainly a promising
technique that can be researched for the future.

Highlights
•

ZnO films with high transmission.

PP2.4b (iii) Model Absorption and Electrical Properties of
Materials and Devices
Lead Partner
UNSW

UNSW Team
Dr Ivan Perez-Wurfl, Prof Gavin Conibeer

UNSW Students
Xuguang Jia, Ziyun Lin, Lingfen Wu, Terry Yang

Funding Support
ARENA

Aim
The aim of this activity is to complete the modelling of
absorption in silicon quantum dots (QDs) and to improve
our understanding of absorption and the origin of
photovoltage in order to optimise growth of good devices.

Progress
Identification of the practical limits of the technology
in terms of the range of bandgaps attainable:
From theoretical models we have determined the optimum
bandgap combinations for double- and triple-tandem silicon
QD solar cells. However, the modelling work did not consider
the practical limiting factors on the material properties. The
non-ideal scenarios put further constraints on the models and
lower the maximum attainable efficiencies. In this work, we
focus on the practical limitations in material properties such
as minority carrier lifetime, mobility, series resistance and Jsc,
as these are identified as the most challenging properties to
control and improve in silicon QD materials. The model is based
on a double-tandem cell structure with silicon QDs as the top
cell and Si as the bottom cell. In order to reduce the variable
factors and only focus on the more significant properties, we
discuss and pre-define the values of bandgap, doping density
and film thickness, which are more controllable in practice.
New sets of efficiency contour diagrams that reveal the
practical limits on tandem cells are generated and discussed.

Figure PP2.4b.5:
Silicon QD
bandgap depends
on dot size and
the comparison
between the results
for the matrix
material of SiO2
and SiNx (Huang
2013).

Figure PP2.4b.7: Effect of series resistance on a doubletandem silicon QD solar cell.

Double-tandem cells with a Si bottom cell:
In the following calculations for double-tandem cells, we
use a Si cell as the bottom cell which has a bandgap of 1.12
eV. The double-tandem cell efficiency under the current
matching constraint with the optimum top cell energy bandgap
is around 1.6 eV to achieve the maximum efficiency of
43%. This means that the size of the silicon QDs in an SiO2
matrix should be controlled at about 3.0–3.5 nm in diameter
according to the studies shown in Figure PP2.4b.5.
In the following model, we still apply the 1-sun AM1.5 G
illumination with an incident intensity of 1000 Wm-2. We
keep the current matching constraint and add practical
factors for the top cell in the following sections.
Effect of minority carrier mobility and lifetime on efficiency:
Silicon QD materials have much lower minority carrier
lifetime and mobility, , compared to bulk Si (Lin 2011).
These two limiting factors become the major challenges
for improving the performance of silicon QD solar cells. We
studied the theoretical effect of carrier lifetime and mobility
on efficiency and show the possibility of achieving a 15%
or greater efficiency solar cell even with a low lifetime of
500 ns provided the mobility is more than 1 cm2V-1s-1.
The top silicon QD cell is modelled as an n-p junction cell with
a thickness , consistent with the standard device structures
developed for this project (Perez-Wurfl 2009). The doping
concentration of was used as the optimum value in order
to keep the injection level low or medium, so the effect from
Auger recombination is negligible. We also assume the
surface recombination velocity VS to be 0 cm/s to simplify the
calculation of effective lifetime and thus dark saturation Jo. In
the simulations, the carrier lifetime was varied from 10 -10 to 10 0
s and the mobility from 10 -7 to 103 cm2V-1s-1. The calculated
efficiency contour map is shown in Figure PP2.4b.6.

Figure PP2.4b.8: Under the current-match constraint for
double-tandem cell, the requirement of the top cell JSC is
between 70 and 120 A/m2 for 15–20% solar cell efficiency.

From the results shown in Figure PP2.4b.6, an efficiency
as high as 24% can be achieved even for materials with a
mobility of around 1 cm2V-1s-1 and lifetime over 10 ns. For
lower mobility, a higher lifetime is needed to maintain the
efficiency. However, if the mobility is above 1 cm2V-1s-1, the
efficiency does not increase as markedly with increasing
lifetime compared to the improvement seen for a mobility
below 1 cm2V-1s-1. This is due to the thinness of the device
that limits the benefit of longer diffusion lengths. For silicon
QD materials with much lower carrier lifetime, improving the
mobility is essential for increasing the efficiency. To achieve
over 15% efficiency, a mobility larger than 1 cm2V-1s-1 is
necessary if the lifetime is lower than 1μs. For a lower carrier
mobility, improving the lifetime becomes more critical.
It should be noted that the product of mobility and carrier
lifetime directly determines the carrier diffusion length
Ld, representing the distance that approximately 63% of
the carrier can diffuse before recombining (Sze 1981),
where Vt is the thermal velocity of the carriers.
If the thickness of the absorber is larger than the diffusion
length, it becomes necessary to consider the effects on
current collection and quantum efficiency. However, from our
research, even though the carrier lifetime of our silicon QD
material is very low, it is reasonable to assume it to be at least
500 ns. From Hall and Capacitance–Voltage measurements,
the mobility of our silicon QD material can vary from 0.01 to 10
cm2V-1s-1 (Lin 2011, Zhang 2014), depending on doping density,
annealing, SiO2 barrier thickness and H2 passivation. It is then
reasonable to assume the lifetime is about 500 ns and the
mobility is over 1 cm2V-1s-1, which can give diffusion lengths
around 1000 nm. Therefore, for our silicon QD material, we can
assume all the generated carriers can be collected in the 300
nm thick device. This may not apply for the case of mobility
and lifetime lower than 1 cm2V-1s-1 and 500 ns, respectively.

5. Research Reprots

Figure PP2.4b.6: Effect of minority carrier mobility and
lifetime on the efficiency contour plot for the optimised
bandgap combination of a two-level tandem solar cell. The
top cell is a 1.6 eV bandgap silicon QD cell and the bottom
cell is a 1.12 eV bandgap Si solar cell.
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Effect of series resistance on efficiency:

Highlights

The series resistance is another important limiting factor
for silicon QD solar cells. The conductivity of silicon QD
materials is generally low even in the case of high doping
concentrations due to its low mobility. In the case of a thin
film of silicon QD material, the sheet resistance can be as
high as 1 MΩ which results in detrimental series resistance
for a lateral device structure. By using the IV results modelled
in the previous section and considering the lifetime of
1µs and mobility of 1 cm2V-1s-1, we are able to evaluate
the efficiency with the effect from series resistance.

•

Determination of practical limits of technology.

•

Effects of JSC, lifetime, mobility and
series resistance on efficiency.

For our single junction device, it is common to find the series
resistance to be 100 kΩ or higher. Considering a device area
of 0.05 cm2, RS is 250 Ωcm2, which will dramatically reduce
the efficiency to less than 4.7%. In order to achieve 15% or
higher efficiency, RS should be limited to less than 75 Ωcm2,
therefore the series resistance should be less than 30 kΩ for
a 0.05 cm2 device area. For the single junction device with a
thickness of only 300 nm, the vertical device structure using a
bottom conductive layer will be able to avoid the large sheet
resistance so as to boost the efficiency. In the double-tandem
solar cell, it is reasonable to expect that the vertical structure
can reduce the series resistance down to the 10–100 Ωcm2
if an indium tin oxide (ITO) front contact layer is used as is
generally done for amorphous Si solar cells (Figure PP2.4b.7).
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Effect of short-circuit current JSC on efficiency:
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Another assumption we made in the previous models is
an ideal Jsc. We assumed that all the incident photons with
energies larger than the bandgap can be absorbed, each
then would generate a carrier that would then be collected
with 100% collection efficiency. This result could be a gross
overestimation of Jsc for the top silicon QD cell. Following the
model in previous sections, we can further consider the effect
from lower absorption coefficient and the quantum efficiency
so that Jsc should be lower. It is easier to directly modify the Jsc
rather than considering the details of absorption coefficient,
light trapping, quantum efficiency and diffusion length.
As the JSC of the top cell changes, the bottom cell efficiency will
be limited under the constraints of current matching. The results
in Figure PP2.4b.8 indicate the requirement for the top cell JSC
should be in the range of 7–12 mAcm-2 to achieve an overall
15–20% cell efficiency.

Future work
To move towards 15–20% efficiency or even 25–30% for
an all-silicon QD tandem solar cell on crystalline Si would
involve first focusing on improving our silicon QD material to
obtain a single junction silicon QD solar cell with an efficiency
of at least 10–15% with a bandgap of 1.6 eV. Most likely
the structure would consist of a p-i-n structure with higher
uniformity, density and better size distribution of spherical
silicon QDs in the 3–3.5 nm diameter range. Doping would
also have to be lower than at present and more optimised.
Given the low limitation of mobility and lifetime the thickness
will be limited so improved light-trapping schemes must also
be implemented. From the previous milestone report, we
showed from modelling that even though currently our silicon
QD material suffers from low efficiency, its external radiative
efficiency (an important limiting factor in solar cells) of 2.4 ×
10 -6 is actually relatively high, or much larger than amorphous
silicon (a-Si with 5.3 × 10 -8). Currently the best amorphous
silicon solar cell, with all its parameters nearing optimum,
has a stable efficiency of only 10.2% even after decades and
decades of research and development. This means that with our
silicon QD material, which is a much more recent technology,
there is still much room for improvement in the future.

References
Huang, S. and Conibeer, G., 2013, J. Phys.
D: Appl. Phys., 46, 024003.
Lin, D., et al., 2011, Phys. Stat. Sol (b), 248, 472.
Perez-Wurfl, I., et al., 2009, Appl. Phys. Lett., 95, 153506.
Sze, S., 1981, Physics of Semiconductor
Devices: Wiley-Interscience.
Zhang, T., et al., 2014, 40th IEEE Photovoltaic
Specialist Conference, 2014, pp. 1115–18.

PP2.4b (iv) Investigate Other Materials Based on Silicon or Ge Quantum
Dots (QDs)
Lead Partner
UNSW

UNSW Team
Dr Santosh Shrestha, Dr Ivan Perez-Wurfl, Prof Gavin Conibeer

UNSW Students
Terry Yang, Keita Nomoto, Qiyuan Wu

Funding Support
ARENA

Aim
Investigate other materials and applications for
nanostructured group IV quantum dots (QDs).

Progress
Potential “spin-off” applications arising
from research on Si nanoparticles
Solar cell coupled with solar spectrum
compressing converter:
The two major loss mechanisms in conventional solar cells
are the sub bandgap photons not being absorbed and
energy loss due to above bandgap carriers thermalising
to the bandgap edge. The hot carrier solar cell (HCSC)
tackles these loss mechanisms electronically by using all
photo-generated carriers at an optimal energy level which
is directly related to the voltage the device can produce.
A possible spin-off of HCSCs is to address the loss mechanisms
in an optical manner rather than electronically. This novel
concept is very similar to that of the HCSC. The broadband
incident solar spectrum is absorbed and emitted near

monochromatic at the solar cell at its optimal wavelength for
the best efficiency, rather than converting photo-generated
electrons in a broad range to a small electrical range for
extraction via the energy selective contacts. The solar
spectrum-compression coupled solar cells circumvent the
need for energy selective contacts and can be used in
conjunction with commercially available high efficiency cells.
Knowledge and expertise established from HCSCs is
undoubtedly applicable to the development of the novel
concepts of solar spectrum compression. Both systems
exploit the physics on how systems, be it electrons or photons,
behave far from equilibrium, such as ultrafast dynamics and
energy transfer rates. This concept of high efficiency solar cell
coupled with a solar spectrum compressing converter can be
implemented on existing solar cell designs which are already
commercialised. This can not only improve the efficiency of
these existing devices but requires less development work as
it can be used in conjunction with existing technologies. While
the concept of the solar spectrum compressing converter is
at a very novel stage, with this technology it can be envisaged
retrofitting existing photovoltaic installations using such a
converter to enhance power conversion efficiencies.
Hot carrier solar cell–based energy selective
contacts in thermoelectric devices:
Thermoelectric (TE) devices convert electrical energy directly
into thermal energy and vice versa, thus they can be used either
as refrigerators or as power generators. These devices are
maintenance free and robust since they do not have mechanical
moving parts. Importantly, waste heat, for example, from thermal
plants or the exhaust system of automobiles, can be converted
into electricity. This approach thus has the potential to increase
overall energy efficiency and reduce greenhouse gas emissions.

Energy selective contacts (ESCs), one of the two major
components of hot carrier solar cells (HCSCs), can
potentially be applied to TE devices for enhanced efficiency.
Carriers in TE devices are limited to a very narrow energy
channel by ESCs to avoid thermal dissipation. In the HCSC
concept, demonstrated energy selectivity is achieved by
quantum mechanical structures, such as quantum wells,
or QD- based nanostructures. These structures can be
potentially applied to TE devices for the same purpose.
TE coolers and power generators are already being used
in a number of applications. For example, solid state TE
coolers are used to cool microprocessors and refrigerate
biological specimens and TE power generators are used
to supply power to heart pacemakers and deep-space
probes. Moreover, TE travel coolers/heaters are now
commonly available from retail shops. Adopting technology
developed for HCSCs into TE devices can expand the market
of TE devices through their enhanced performance.

Highlights
•

Identification of “optical hot carrier cell”
as possible “spin-off” application.

•

Enhancement of TE figure of merit using ESCs.

Future work
•

Develop optical HCSC further.

•

Investigate ESCs for TE cells.
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Currently commercially available TE devices are limited due to
their poor power conversion efficiency caused by low TE figure
of merit. Presently available TE devices have low efficiency,
typically less than 10%, which is a major limiting factor for the
wide application of these devices. Technology developed for the
HCSC can be adopted in TE devices to improve their efficiency.
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Program Package 3 Optics and
Characterisation
Overview
PP3, optics and characterisation, targets experimental
demonstration that previously accepted theoretical conversion
limits can be increased by use of structures that have a high
local density of optical states, with particular emphasis on
thin-film organic and inorganic solar cells. Of special interest
are devices thinner than the wavelength of light where there are
opportunities for much stronger absorption of light than would
normally be expected from the device thickness involved.
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There are two main themes in this program package. The aim
of the first theme, PP3.1, is to develop methods and theories to
better understand the structure-property relationships in thinfilm organic and earth-abundant solar cells. This activity will
contribute to programs PP2.1 and PP2.2 and provide a valuable
resource for the ACAP program overall. In 2015 this work has
built on the results reported in 2014 with the establishment of
a systematic relationship between electrode work functions
and maximum open-circuit voltage in planar homojunction
organohalide perovskite solar cells and the development of new,
combined methodologies to study recombination and transport
physics and their relationship to structure in organic solar
cells. The application of related techniques to produce the first
truly narrowband photodetectors with no input optical filtering
resulted in a high profile 2015 paper in Nature Photonics.
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The second theme studies plasmonic and nanophotonic light
trapping for a range of cell structures. Work at ANU and UNSW
(PP3.2a) applies a photoluminescent spectroscopy method
to compare a range of surface textures for silicon wafers and
to quantify their light-trapping performance against standard

texturing methods. In 2015 the team demonstrated the use of
photoluminescence spectroscopy to quantitatively measure light
trapping without the need to make a finished solar cell. High
light-trapping efficiency was measured for random pyramids
and plasmonic structures in combination with very low front
reflectance resulting from reactive ion etch texturing. This work
was also extended to new materials this year, with its application
to accurate determination of absorption coefficient of perovskite
materials. Complementary work at UNSW (PP3.3c) uses
polystyrene nanospheres to pattern plasmonic light-trapping
arrays for either transparent conducting layers on the front
or light-trapping layers on the rear of thin-film photovoltaics.
Simulation and preliminary experimental results show that some
nanosphere configurations provide significant enhancement
relative to the use of a mirror as a rear reflector. Small errors
in the optical constants of silver can be magnified several-fold
if it is used in plasmonic structures. Use of accepted values
can lead to significant inaccuracies in the modelling and
interpretation of results. The team at UNSW, working on the
PP3.2c task, has conducted a systematic study on the optical
constants of this important metal, which is of importance for
simulations of plasmonic enhancements and for extracting
important parameters. Moreover, the relationship between
grain sizes and relaxation times of silver was elucidated both
experimentally and theoretically. Task PP3.2f has developed
and applied cutting-edge characterization techniques,
especially time-resolved photoluminescence (TRPL), for
materials for photovoltaics. This work has, in 2015, developed
new analytical and numerical calculation methods for analysis
of silicon bricks and wafers, allowing the effects of bulk and
surface defects to be reliably separated, and a new TRPL
tool was built and shown to have exceptional performance.

PP3.1: Methods to Characterise the Optical and Electrical
Properties of Organic and Other Thin-Film Earth-Abundant
Solar Cells
Lead Partner
University of Queensland

University of Queensland Team
Dr Mike Hambsch, Dr Ardalan Armin, Prof
Paul Burn, Prof Paul Meredith.

University of Queensland Students
Martin Stolterfoht, Aren Yazmaciyan

Academic Partners
James Cook University

Funding Support
ARENA ACAP, University of Queensland

Aim
The aim of this program is to develop methods and theories
to better understand the structure-property relationships

in thin-film organic and earth-abundant solar cells –
structural, optical and electrical. In so doing, the University
of Queensland will contribute to programs PP2 and provide
a valuable resource for the ACAP program more broadly.

Progress
The following progress has been made in the reporting period:
An enhanced understanding of the basic physics of
organohalide perovskite solar cells: The maximum open
circuit voltage (VOC) of any solar cell is ultimately defined by
the optical gap of the junction via the Shockley–Queisser
thermodynamic limit. In simple planar organohalide perovskite
solar cells, a secondary limit is thought to be imposed by the
work function offset of the contacts. In this work, we tested this
theory using a range of anode work function modifiers based
on a family of p-type (donor) polymers with various degrees
of conjugation. In particular, we utilised a sulfonium precursor
polymer to poly(1,4-phenylenevinylene) (PPV) as a method of
forming an ultrathin interlayer with the required surface energy
for high-quality organohalide lead perovskite film formation
via solution processing, while at the same time having a large
enough ionisation potential to act as a hole extracting contact
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(Figure PP3.1.1). This approach overcomes the wetting and
solubility problems presented by many p-type interlayers that
are inserted between the anode and homojunction to control
active layer morphology and maximise the VOC. An ultrathin
solution-processed, partially converted PPV polymer interlayer
exhibited superior performance compared with other available
p-type interlayer materials. The optimised solution-processed
devices delivered power conversion efficiencies of ~15%.
This is an equivalent performance to our analogous high
efficiency evaporated junction devices but with a much simpler
processing strategy. Moreover, we investigated the bimolecular
recombination losses of these organohalide perovskite cells
with various interlayer thicknesses and found that a thin
partially conjugated PPV layer is ideal for increasing VOC and
reducing bimolecular recombination losses. This work was
published in Advanced Materials Interfaces (Lin et al., 2015).
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Figure PP3.1.2: UV-Vis spectra of high and low M̅W DPPDTT polymer films (a) and their blend with PC70BM (b).
Films were spun cast from chloroform (CF) and chloroform
+ 7 vol-% DCB (CF-DCB). (c) Optical micrographs
of low M̅W and high M̅W DPP-DTT films (top) and of
DPP-DTT:PC70BM 1:3 w/w blends (bottom). Distinct
microstructural features were observed for low M̅W DPPDTT. Addition of PC70BM to the polymer was found to
significantly reduce the characteristic domain size. No
corresponding features were observed in high M̅W DPPDTT films. The polariser-analyser system for polarised
micrographs is indicated with white arrows.

Combination of electrical and optical spectroscopies
with morphological analysis in organic solar cells: Bulk
heterojunction (BHJ) organic solar cells require optimised
active layer structures for both charge carrier photogeneration and extraction to occur efficiently. The most
efficient polymer-fullerene devices comprising narrow optical
gap donor polymers invariably have a high fullerene fraction.
In such circumstances photo-generated carrier extraction
is compromised as charge transport is often unbalanced
with electron transport in the fullerene dominating. In this

Application of organohalide perovskite solar cell understanding
to create narrowband photodetectors: Wavelength selective light
detection is crucial for many applications such as imaging and
machine vision. Narrowband spectral responses are required
for colour discrimination and current systems use broadband
photodiodes combined with optical filters. This approach
increases architectural complexity, and limits the quality
of colour sensing. In this project, we address this specific
unmet need and apply knowledge of electro-optical property
control from planar homojunction organohalide perovskite
solar cells. In particular, we have demonstrated the first truly
narrowband, filterless set of red, green and blue photodetectors
with tuneable photo-responses and FWHM <100 nm (Figure
PP3.1.3). The devices utilise organohalide perovskites and
mixed lead halides as solution-processable semiconductors.
The optical and electrical properties of the photo-active films
were controlled by the addition of an organic component.
Two absorption onsets were engineered, with the positions
determined by optical gap tuning of the semiconductor, and
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Figure PP3.1.1: (a) Basic synthetic scheme for the
creation of the partially converted PPV-based work
function modifying electrode interlayers. Note x and y
can vary depending on the conversion conditions. (b)
X-ray diffraction spectrum of a CH3NH3PbI3 organohalide
perovskite film spin-coated on partially converted PPV (the
sharp (110) peak at ~14o and (220) peak at ~28o indicate
the organohalide perovskite film is highly crystalline).
(c) Schematic structure of organohalide perovskite
solar cells. (d), (e) and (f) Cross-sectional scanning
electron microscopy images at different magnification of
organohalide perovskite solar cells containing partially
converted PPV-based interlayers.

project we studied the high efficiency blend system poly(Nalkyldiketopyrrolo-pyrrole dithienylthieno[3,2-b]thiophene)
(DPP-DTT):phenyl C71 butyric acid methyl ester (PC70BM).
We showed that by manipulating the packing of the (DPP-DTT)
chains (Figure PP3.1.2), large hole mobilities >0.02 cm2V-1s-1 can
be obtained in a simple polymer-only diode. More importantly,
when blended with PC70BM in a 1:3 ratio by weight the hole
mobility was found to increase to 0.2 cm2V-1s-1 . This is the first
case of a polymer:fullerene solar cell where the charge carrier
transport is limited by the electron mobility of the fullerene
rather than the hole mobility of the donor material. Photophysical
measurements revealed that the charge generation quantum
yield is also enhanced when the DPP-DTT chains are optimally
packed. The simultaneous improvement of the charge transport
properties and charge generation quantum yield delivers an
order of magnitude increase in the power conversion efficiency.
These results showcase the importance of high charge carrier
mobilities for efficient organic BHJ solar cells, and provide a
new route towards high efficiency thick junction devices with
better light harvesting capabilities. This work was published
in the Journal of Materials Chemistry C (Armin et al., 2015).
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choice of the organic component of the composite film. The
onsets were sharp and establish the optical conditions for
realising charge collection narrowing (CCN) – the creation of
two spectral regimes: Beer–Lambert and cavity dominated.
The basic crystal structure of the organohalide perovskites and
mixed lead halides within the composite films were the same as
in the neat semiconducting materials, although the crystal size
was decreased and hence delivered an increase in the overall
film disorder. All the composite films had high static dielectric
constants suggesting they possess non-excitonic charge
generation physics, i.e., they are suited for the simplest possible
homojunction photodiode architectures. The added organic
components in the composite films acted to increase free
carrier recombination, allowing only volume-generated carriers
to be collected and thus achieving the electrical requirements
for CCN. The strategy therefore relies upon making the film
transport properties worse rather than better, an unusual
approach in optoelectronics. The transport efficiencies of neat
organohalide perovskites of the type used in thin film solar cells
are simply too high to achieve CCN. The red, green and blue
photodiodes were fully characterised and delivered state-ofthe-art narrowband performance metrics: low dark current, high
specific detectivities, large LDRs and fast frequency responses
that will likely be transit-time rather than RC-limited in practical
applications. Critically, all the photodiodes were highly selective
for their design windows with sharp photo-response rises and
falls. This is very promising for purer illuminant independent
colour recognition and contrast. These results further emphasise
the potential of organohalide perovskite and related leadbased materials for low cost, next generation optoelectronics.
This work was published in Nature Photonics (Lin et al.,
2015) and is also the subject of a provisional patent filing.
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New transport methodologies to understand the physics
of thin-film earth-abundant solar cells: Decoupling charge
generation and extraction is critical to understanding loss
mechanisms in polymer-fullerene organic solar cells, but has
thus far proven to be a challenging task. In this project we
developed a methodology involving the application of steady
state and time-resolved intensity dependent photocurrent
in combination with repetitive photovoltage to estimate the
total charge inside an organic solar cell during steady state
photoconduction. We used this methodology to demonstrate
that non-geminate recombination losses of any order are
minimal in organic solar cells that are intrinsically un-doped
under operational conditions in a regime where the total
photo-generated charge is significantly less than the charge
stored on the electrodes (~CU). This manifests as the linear
intensity dependent photocurrent (iPC) regime. The condition
for remaining below the CU limit can be fulfilled by sufficiently
high mobilities, small amounts of trap states and low dopinginduced charge carrier densities. This work suggests that
pseudo first-order non-geminate trap-assisted recombination
does not limit the photovoltaic performance of organic solar
cells. We believe that this finding is somewhat generic for
organic light harvesting systems since the absence of nongeminate recombination in the linear iPC regime is clear despite
low carrier mobilities (~6x10 -7 cm2 V-1s-1), which is often a
signature of significant trapping. Furthermore, this work shows
that iPC is a suitable tool to disentangle the efficiencies for
generation and extraction and in our case we have confirmed
these findings using TAS as an independent measure at low
light intensities. The ability to quantify both the generation
efficiency and transport losses, and to understand the order
of the dominant recombination mechanism is important to
systematically design organic solar cells and photo detectors

Figure PP3.1.3: Device performance summary of red,
green and blue narrowband CCN photodiodes. EQE
spectra at -0.5 V of optimised narrowband photodiodes
and related junction absorption coefficients clearly showing
how the CCN concept can be realised across the visible
spectrum.
with improved performance. This work was published in the
Journal of Physical Chemistry C (Stolterfoht et al., 2015).

Highlights
Establishment of a systematic relationship between
electrode work functions and maximum VOC in planar
homojunction organohalide perovskite solar cells.
•

Development of new combined methodologies to
study recombination and transport physics and their
relationship to structure in organic solar cells.

•

Creation of the first truly narrowband
photodetectors with no input optical filtering.

Future work
•

Translation of understanding of VOC control in organohalide
perovskite solar cells to large area devices (PP2.1i).

•

Potential commercialisation of narrowband
photodiode technology.

•

Continued advancement in our understanding of
organohalide perovskite solar cell physics and combination
with additional electro-optical spectroscopies.

•

Re-application of new electro-optical
methodologies to other thin-film platforms.

References
Lin, Qianqian et al., 2015, Adv. Mat. Interf.,
DOI:10.1002/admi.201500420.
Armin, Ardalan et al., 2015, J. Mat. Chem. C 3, 10799.
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PP3.2 Plasmonic and Nanophotonic Light-Trapping
PP3.2a Photoluminescence Spectroscopy
Lead Partner
ANU / UNSW

ANU Team
Assoc Prof Kylie Catchpole, Dr Tom
White, Assoc Prof Klaus Weber

Together with FZ Juelich we have fabricated nano-imprinted
materials for measurement with PLS. It is expected that
these measurements will be performed in January 2016.

Highlights
•

Use of PLS to quantitatively measure light-trapping
without needing to make a complete solar cell. High
light-trapping efficiency measured for random pyramids
and plasmonic structures together with very low front
reflectance using reactive ion etch texturing.

•

Ultra-accurate determination of absorption
coefficient of perovskite materials.

ANU Students
Chog Barugkin, Jin Jin Cong, The Duong

UNSW Team
Dr Supriya Pillai

Academic Partners
FZ Juelich

Future work

ARENA / ACAP

Future work will focus on: 1) the use of PLS to determine
the potential for current enhancement of novel
structures in silicon solar cells; and 2) use of PLS to
characterise the quality of perovskite materials.

Aim

References

•

Barugkin, C. et al., “Optics Express”, 23(7) A391 (2015)

Funding Support

Measure photoluminescence spectroscopy
(PLS) for a range of light-trapping structures
fabricated on silicon wafers.

•

Measure optical properties of perovskite films and
develop an optical model for their behaviour.

•

Apply nano-imprinted structures to silicon
wafers and quantify light-trapping.

Barugkin, C. et al., “Journal of Physical
Chemistry Letters”, 6(5), pp 767 (2015)

Progress

We have also used spectrally resolved photoluminescence to
measure the band-to-band absorption coefficient of organic −
inorganic hybrid perovskite methylammonium lead iodide ﬁlms
from 675 to 1400 nm. Unlike other methods used to extract the
absorption coefficient, photoluminescence is only affected by
band-to-band absorption and is capable of detecting absorption
events at very low energy levels. Absorption coefficient as
low as 10−14 cm−1 are detected at room temperature for long
wavelengths, which is 14 orders of magnitude lower than
reported values at shorter wavelengths, from modelling
with obtained information about the radiative recombination
coefficient and intrinsic carrier density of perovskite materials.
This fundamental information is crucial for understanding
the efficiency potential of perovskite materials. These results
were published in the Journal of Physical Chemistry Letters.

Figure PP3.2a.1: Photoluminescence spectra and
extraction absorption coefficient from a perovskite film
showing measurement of the absorption coefficient over 14
orders of magnitude.

5. Research Reprots

We have measured PLS for a range of light-trapping
structures fabricated on silicon wafers. The results showed
that both random pyramids and plasmonic structures
can provide highly effective light-trapping, and that they
can be fabricated with high minority carrier lifetimes of
over 1 ms, compatible with high efficiency silicon solar
cells. These results were published in Optics Express.
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PP3.2c Plasmonics for Thin-Film and Silicon Photovoltaics
Lead Partner
UNSW

UNSW Team
Dr Supriya Pillai, Dr David N. R. Payne, Dr Michael E.
Pollard, Prof Martin Green, Prof Darren M. Bagnall

UNSW Students
Claire E. R. Disney, Yuanchih Chang

Funding Support

Figure PP3.2c.2:
Image of 690 nm
NS arrays on Si
wafers showing a
very clear diffraction
effect at different
angles relative
to the camera,
demonstrating array
quality.

ACAP, ARENA, UNSW

Aim
To investigate the potential of using novel plasmonic
structures on the rear of device structures and to
study its potential as a light-trapping layer.
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Progress
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Rear plasmonic structures were successfully fabricated on the
rear of ultrathin 20 μm cells and optically characterised. The
structures were comprised of an array of hexagonal dielectric
nanospheres overcoated by metal to form a nanotextured
metal as shown in Figure PP3.2c.1. Good uniformity and
large area fabrication of nanospheres was achieved using
nanosphere lithography (NSL) described in our 2014 report.
Large area fabrication was accomplished using spin coating,
and nanosphere (NS) diameters were then altered using plasma
etching. The strong diffraction pattern seen from the samples
shown in Figure PP3.2c.2 demonstrates the success achieved
in the fabrication process. The NS arrays were then coated with
silver (Ag) using thermal evaporation in order to complete the
back reflector structure. No isolated metal nanoparticles are
formed using this technique, but rather it forms a continuous
nanostructured back reflector metal with plasmonic scattering
effects. Finite-difference time-domain simulations were
used to study the optimum design of such structures.

Figure PP3.2c.1:
Schematic of the
novel plasmonic
structure proposed
where dielectric NSs
are embedded in
the metal on the rear
of Si.

Simulation results show that a variety of the NS configurations
provide significant enhancement relative to the use of a rear
mirror as a reflector. For this work we therefore chose 690
nm diameter NS based on our simulation results presented
previously. These larger periodic structures may be favourable
for implementation due to the larger NSs they are formed
from, increasing the practicality of their fabrication. Another
reason is that the 690 nm period would be more suitable as

Figure PP3.2c.3: Jsc enhancement in 2 µm thick Si for
the case of 600 nm NSs with varying array periods, as
compared to the Ag mirror alone.

the absorption enhancement occurs strongly over a larger
wavelength range. Figure PP3.2c.3 shows the calculated Jsc
enhancement in 2 µm thick silicon for the case of 600 nm NSs
with varying array periods, as compared to the Ag mirror alone.
For our preliminary study two device structures were
investigated: one full-cell design with back contact fingers
deposited prior to NS array deposition, and one purely optical
design with no contact fingers. This allowed for investigation
of the effect of contact fingers or point contacts on the NS
array deposition, as they could have a detrimental effect on
the spinning process. In both cases, control samples with
no NS arrays were also fabricated. All samples received an
optically thick coating of Ag on the back to complete the
device structure. Samples were characterised optically using
reflectance and transmittance measurements. Absorption was
then calculated and compared to the case of a planar rear
reflector in order to determine any enhancement due to the novel
structure. One such absorbtance plot on a 20 μm thick c-Si is
shown in Figure PP3.2c.4 which shows a 9.5% enhancement
for the device structure with the plasmonic structure.
While optical measurements account for parasitic absorption
in the metal other complementary characterisation techniques
like photoluminescence (PL) imaging and PL were adopted
to characterise the samples. One such PL image from our
samples is shown in Figure PP3.2c.5 clearly showing the
increased PL counts for the case with the nanostructured
metal. Study is underway to find a compromise between
parasitic absorption in metal and enhanced absorption in Si.

Figure PP3.2c.5: PL image of the optical structures
with (right) and without (left) NS arrays showing clear
improvement in PL counts for the case with the plasmonic
rear structure.

Figure PP3.2c.4: Measured absorptance for optical and
full-cell structures with (dotted lines) and without (solid
lines) rear metal nanostructures.

Future work

Highlights

Angular distribution measurements will be carried out
to provide comprehensive information on light-trapping
from the structures located on the rear of the device.

Our simulation results together with our preliminary optical
results clearly show the potential of the novel plasmonic
structure for light-trapping when compared to planar reflectors.

Future work will investigate the effect of the plasmonic structure
on the generated photocurrent from finished devices.

A compromise between parasitic absorption
in metal and enhanced absorption in Si will
also be investigated using simulations.

PP3.2d Optical Constants of Silver
UNSW

UNSW Team
Dr Supriya Pillai, Prof Martin Green

UNSW Students
Yajie Jiang

Funding Support
ACAP, ARENA, UNSW

Aim
Accurate measurement of optical constants for silver (Ag)
is necessary for reliable theoretical predictions; however,
measuring the optical properties of a layer while avoiding
exposure to air is challenging. A novel method is used to
measure the optical constants of silver in air without the problem
of surface tarnishing and without the need for an ultra-highvacuum atmosphere. Since the optical constants vary with
different grain sizes, the relationship between different grain
size and the corresponding relaxation times is established.

Progress
A novel method of extracting the optical constants of
thermally evaporated Ag, by avoiding the air-exposed side,
was investigated. Drude-Lorentz-Gaussian oscillators were
used to fit the measured reflectance and ellipsometry data.
An improved set of optical constants for Ag was determined
over a wide spectral range that could be used with
confidence in simulations. Good agreement with Nash and
Sambles’ data (Nash and Sambles, 1996) was established
which supports the reliability of the new data set. Work is
underway to extract and tabulate the optical constants.

It was determined that the optimal condition to achieve
high-quality Ag/SiNx interface was pre-annealing SiNx films
at 400°C for 15 minutes to minimise the unwanted effects
from hydrogen release to Ag films. Subsequently, Ag films
were annealed at 200°C for 2, 5 and 10 minutes to obtain
different grain structures that could be observed by EBSD
(Figure PP3.2d.1). The optical constants of the four samples
were extracted by conducting ellipsometry and reflection
measurements in the wavelength range 300–2000 nm.
As shown in Figure PP3.2d.2, the refractive index n exhibits a
decreasing trend with an increase of grain sizes, which in turn
increases with longer annealing time at 200°C. This is due to
the relief of internal strains and removal of defects associated
with the annealing process, which lead to higher reflectivity
and thus lower n values. On the other hand, the extinction
coefficient k is less dependent on grain boundary scattering.
In addition, the relation between relaxation times and grain
sizes was analysed and applied to the experimental results
(Schulz and Tangherlini, 1954). The experimentally determined
AC and DC relaxation times show a slight dependence on the
grain sizes, which is consistent with theoretical expectations.

Highlights
We have conducted a systematic study on the optical
constants of Ag, which is of significant importance for
simulations of plasmonic enhancements and extracting
important parameters. Moreover, the relationship
between grain sizes and relaxation times of Ag was
elucidated both experimentally and theoretically.

References
Nash, D. J. and Sambles, J. R. 1996, J. Mod. Opt., 43, 81.
Schulz, L. G. and Tangherlini, F. R. 1954,
J.Opt. Soc. Amer., 44, 362.
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Lead Partner
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Figure PP3.2d.2: Comparison of the optical constants of
Ag for different anneal conditions.

Figure PP3.2d.1: EBSD orientation maps of the grain
structure of the surface of Ag film annealed at 200°C for
various times as stated in the images.

PP3.2 Characterisation Tools
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PP3.2f Characterisation of Photovoltaic Materials
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Lead Partner
UNSW

UNSW Team
Dr Henner Kampwerth, Dr Binesh Puthen-Veettil, Dr Ziv
Hameiri, Dr Ivan Perez-Wurfl, Prof Martin Green

UNSW Students
Xiao Qi Xu, Kai Wang, Robert Lee Chin

Academic Partners
Assoc Prof William McLean, School of
Mathematics and Statistics, UNSW

Industry Partners
Open Instruments Pty Ltd

Funding Support
ACAP, ARENA

Aim
A range of advanced techniques and tools for characterisation
of photovoltaic materials is underway, in four main strands.
Excitonic Binding Energy Measurement
The effect of excitonic binding energy on absorption spectra
is subtle, but important for material and cell optimisation.
Theoretical values for silicon, copper-zinc-tin-sulphur (CZTS)

and perovskites need to be experimentally verified. Standard
reflection-transmission (R/T) spectroscopy techniques are
not sufficiently sensitive to measure this. UNSW is building
a customised system that is three orders of magnitude more
sensitive to these spectral changes compared to standard
systems. The technique measures differential changes of
the R/T spectrum by forming a lock-in signal between two
wavelengths instead of measuring absolute intensities.
Time-Resolved Photoluminescence Model
from Silicon Wafers and Bricks
Time-resolved photoluminescence measurement data
contain information about surface- and bulk lifetimes.
Current mathematical models are not sufficient to extract
all lifetime data from measurements. In order to use
measurement data more efficiently, a sophisticated
mathematical model and realistic algorithms are required.
Advanced System for Time-Resolved
Photoluminescence Measurements
Time and spectral resolved photoluminescence spectroscopy
are two of the most powerful characterisation techniques
for photovoltaic materials. For a better understanding
of complex material characteristics it is necessary to
combine both techniques into one system. This would allow
seamless parameter sweeps to study better electronic- and
optical-band structures, various carrier lifetimes, defect
characteristics and transport phenomena. Relatively
new materials such as perovskite and copper-zinc-tinsulphur (CZTS) would benefit most from such a system.

Injection Dependent Short Lifetime Measurement
Injection dependent carrier lifetimes are one of the most
important material characteristics in PV research. Materials,
such as GaAs, CZTS, perovskite and quantum dots, have
very short lifetimes in the low ns range. Existing measurement
instruments can measure their lifetimes, but not injection
dependence. Due to the stronger focus on such materials, our
school has decided to build a system with such capabilities.

Progress
Excitonic Binding Energy Measurement
The system is set up and is presently being optimised
for maximum sensitivity and repeatability. Preliminary
results of the very weak excitonic effect on the absorption
spectrum of silicon at 25°C are promising.

Figure PP3.3f.2: A silicon wafer is illuminated by
monochromatic G(z,t) light with an absorption coefficient of
α1 and photoluminescence Φ(t) is measured at a wavelength
with an absorption coefficient at α2. Surface recombination
velocities S at the front z=0 and back z=W, as well as the
bulk lifetime τb are taken into account. External and internal
surface reflections Rf and Rfn are also considered. The
lateral dimension of the silicon wafer is assumed to be
much larger compared with its dimensions in z direction,
allowing us to establish a one-dimensional mathematical
model to study the depth and time dependent excess
minority carrier density.

Figure PP3.2f.1: Absolute and differential absorption
spectrum of silicon at room temperature. The red curve
shows measurement data from the literature and the blue
points are our early preliminary measurements result before
system optimisation. Numbers are theoretical values to
be confirmed. The purple line is the absolute absorption
spectrum which is insensitive to the subtle changes made
visible in the differential spectrum.

An integral mathematical model and reasonably fast
algorithm has to be developed that integrates all relevant
physical effects. Of particular importance are optical
absorption and emission profiles, multiple internal
reflections, carrier continuity equations, individual bulk
and surface carrier lifetimes, charge carrier transport
movement and full depth dependency of all parameters.
An analytical solution was found for silicon bricks. In addition
a two-wavelength excitation time-resolved measurement
technique was developed to reliably separate surface and
bulk effects. Signal-to-noise conditions were also studied.
For silicon wafers a numerical solution was found and
an efficient algorithm developed. It was successfully
verified against slower semiconductor simulators.
Furthermore an algorithm was developed to extract carrier
density dependent surface and bulk properties from
measurement data. It is filed as a provisional patent now.

Figure PP3.3f.3: The equations for silicon bricks generate
two parameters φ and δα out of measurement data.
Their intercept indicates a valid combination of surface
recombination velocity S and bulk lifetime τb.

measurement conditions. In particular the following have to be
variable: the illumination wavelength, the time resolved detection
wavelength, the sample temperature and spatial resolution.
Injection Dependent Short Lifetime Measurement
The first prototype has been designed based on the
principle of frequency modulation for a lifetime range
from 12 ps to 40 ns. It is optimised for measurements of
quantum dot material. A second version has also been
designed suitable to measure CZTS and perovskite.

•

An analytical solution was found for time-resolved
measurements of silicon bricks. It allows a reliable
separation of surface and bulk effects.

5. Research Reprots

Time-Resolved Photoluminescence Model
from Silicon Wafers and Bricks

•

A numerical solution was found for silicon wafers.
Together with a developed algorithm it allows also
the separation of surface and bulk effects.
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Highlights

Advanced System for Time-Resolved
Photoluminescence Measurements
Over the span of three years, a time resolved measurement
system is to be built that allows exceptional freedom on

Figure PP3.2f.6:
Close-up photo
of the filter stage
right before the
light is detected
by the detectors.
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Figure PP3.2f.4: Schematic layout of the system. The
upper half describes the light source with its optical
multiplexer that selects and conditions the correct output
beam from the laser. The bottom right side depicts the
confocal microscope arrangement and bottom left the
detection components. All ‘M’ notated components are
mirrors, ‘TL’ are translation stages, ‘BD’ are beam dumps,
‘ND’ are neutral density filters, ‘SF’ are spectral filters, ‘FC’
are optical fibre collimators, ‘OF’ are optical fibres, ‘BS’ are
beam splitters, ‘L’ and ‘DIF’ are lenses and diffusive lenses,
‘LS’ is a visible light source for alignment purposes only
and ‘PD’ are highly sensitive avalanche photo detectors.
All lenses ‘L’ in the blue and read beam path are confocal
mirror lenses to avoid chromatic aberration effects.
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Figure PP3.2f.5:
Photo of the
system with
removed covers.
The three major
sections from the
previous image
are indicated.

Figure PP3.2f.7: The basic principle of exciting light (blue)
and the emitted photoluminescence (orange). The phase
shift between both φ, as well as the ratios of average
interties A and B and modulation depths a and b can be
used to calculate the luminescence lifetime τ.

References
Kampwerth, H., 2015, 25th International Photovoltaic
Science Engineering Conference.
Provisional application number: 2015904228, 2015.
Wang, K. and Kampwerth, H., 2014, Energy Procedia, 55, 161

•

The time –resolved photoluminescence system was built
and tested with exceptional performance. It achieved:

Wang, K. and Kampwerth, H., 2014,J. Appl. Phys., 115, 173103,

•

a time resolution of 170 ps

Wang, K. and Perez-Wurfl, I., 2014, Energy Procedia, 55, 155

•

a photon current sensitivity from 17 fA

•

a wavelength range from 350 nm to 2300 nm

•

a temperature range from 100 K to 380 K

•

an optical resolution of 20 um.

•

UNSW has completed the build of a system
that is capable of measuring:

•

injection dependent lifetime below 1 μs

•

lifetimes as short as 12 ps, without the use of
expensive fs lasers in Kerr-gated arrangements.

Future work
The “Time-Resolved Photoluminescence Model from Silicon
Wafers and Bricks” work was completed in December 2015.
Due to various component failures, the time and spectral
resolved photoluminescence spectroscopy system is
presently out of order. It is expected to be operational
again for work on perovskite and CZTS in 2016.
It is planned that both versions of injection dependent
short lifetime measurement (one for QD and one for
CZTS/perovskite) will be built and tested in 2016.
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Program Package 4 Manufacturing Issues
Overview

The manufacturing costing program aims to deliver a
substantiated methodology for assessing module manufacturing
costs of different technologies. The objectives are: (i) to quantify
the potential of new technologies; (ii) to inform decision-making
around research priorities; and (iii) to guide resources to cost ($)
and performance (W) opportunities.

PP4.1 Cost Evaluations
Lead Partner
UNSW

UNSW Team
Dr Anita Ho-Baillie, Dr Richard Corkish,
Assoc Prof Renate Egan, Prof Martin Green

UNSW Student
Nathan Chang

Partner
NREL, CSIRO, ANU, Monash, UoM ,UQ

Team
Input on processing sequences from all nodes will be
required for successful completion of this package.

Academic Partners
Dr Paul Basore, Dr Donald Chung, Dr
Michael Woodhouse, NREL
Prof Tonio Buonassissi, Massachusetts
Institute of Technology, (MIT)

Aim
The cost targets are set to a level such that PV would be
competitive with other electricity generation options. Benchmark
comparison is made to the US government’s SunShot targets for
photovoltaic costs, with the expectation that one or more of the
ACAP technologies will meet these targets. These cost targets
are set with a view to ensure that the technologies developed
are internationally competitive, taking into consideration all
aspects of the costs for PV manufacturing. The relevance
of these cost reduction targets is that their achievement
would be recognised as a very major technological advance
internationally and would provide the stimulus needed to
encourage serious investment in the new technology.
The SunShot Initiative has defined residential, commercial
and utility scale goals for the levelised cost of electricity
(LCOE) for unsubsidised PV systems by 2020, shown

Table PP4.1.1: US SunShot targets for residential, commercial
and utility scale solar in 2020. The breakdown for utility scale
solar into module lifetime, cost and efficiency is shown.
in Table 4.1.1, along with module targets for lifetime,
cost and efficiency to reach these LCOE costs
The utility scale PV system cost target for 2020 is $1/W
and an LCOE of $0.06/kWh. To achieve this LCOE, the
SunShot PV program has the following input targets:
•

Module cost to the end customer of $0.40/W.

•

Module efficiency of 20%.

•

Degradation rate of 0.2%/annum.

The ACAP research program aims to meet these targets
through new materials and device developments,
described in PP1, 2 and 3. The Manufacturing Issues
program (PP4) will provide the framework for comparing
the manufacturability and competitiveness of the innovative
technologies under investigation within the ACAP group.
Driven by a need to provide a framework for costing of new
technologies, the aim of the Manufacturing Issues program is
to deliver a methodology for assessing manufacturing costs
for the different technologies under investigation under the
ACAP program. Modelling of cost and competitiveness, will
help inform decisions around priority areas for research giving
consideration to potential benefit, risk, scale and capital cost.
The SunShot targets are used as benchmarks for comparison
of the outcomes of the cost calculations. The aims for
ACAP are to develop technologies with costs lower than
the SunShot targets to motivate further research and
ultimately to provide the stimulus needed to encourage
serious investment in the new technology developments.
The deliverable for this year is to have analysed a total of two
sequences for production at commercial scale with target
costs equal to or better than the 2015 US SunShot module
cost target. In future years, we aim to develop the tools to
cost each of the ACAP technologies, with a view to informing
research effort on the opportunities and key drivers.

Progress
The task under PP4 Manufacturing Costing is to
provide a resource for assessing the cost of different
processes to understand how the technology fits on
the cost and market roadmap for photovoltaics.
Building on the 2014 analysis of standard screen printing
technology, in 2015, the manufacturing cost analysis
activities included development of internal costing
methodologies and then a cost analysis of one of the
more mature ACAP technologies, liquid phase crystalline
silicon on glass (LPCSG) (refer to section PP2.3).

5. Research Reprots

Photovoltaic technologies are already a competitive option when
considering alternative new investments to meet peak day-time
demand and are increasingly competitive in a much broader
range of applications. We can expect to see new technologies,
like those being developed at the Australian Centre for Advanced
Photovoltaics (ACAP) being commercialised and deployed
in next generation technologies, as we are seeing now with
the manufacturing deployment of passivated emitter rear cell
(PERC). As we work towards this, we need to be very aware of the
competitive marketplace that we are delivering technologies into.
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Figure PP4.1.1: Cost factors for manufacturing of LPCSG.

In addition, collaboration was established with NREL
and MIT, who have established international best
practice in the area of techno-economic analysis and
are natural partners under the AUSIAPV partnership.

A Costing Methodology
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Over 2015, we reviewed the different methodologies
available related to manufacturing costing with a
view to developing a methodology for the costing
work of this program. Examples include:
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•

the use of commercial cost calculators such as
Yole and Factory Commander software

•

MIT c-SI PV models, available online

•

in-house developed calculators.

We’ve elected to use the Factory Commander software
to calculate the costs, plus some internally developed
calculators, which are based on a similar methodology
to Factory Commander, but with modifications
more suited to less mature technologies.
Broadly speaking, the methodology involves the following steps:
•

Understanding the current status of the technology – the
process sequence, equipment and materials currently
used to manufacture (for a commercialised technology)
or in the lab (for a technology under development).

•

Define the sequence, processing method
and materials to be estimated.

•

Estimate the inputs to the calculator – equipment and
material costs, tool throughput, material utilisation,
operating and labour costs, factory size, etc.

•

Run the calculator to get cost results.

Costing a Technology: Liquid Phase
Crystalline Silicon on Glass (LPCSG)
During 2015, the manufacturing costs of a thin-film technology,
LPCSG, was calculated. This technology was initially patented
at UNSW and taken into manufacturing by Pacific Solar/ CSG
Solar and has been under investigation over the last three
years on an ARENA/ACAP project. It is representative of the
type of cost analysis needed for thin-film technologies.
In this technology, a thin film of silicon is deposited on
glass, crystallised, processed to make contacts and then

Figure. PP4.1.2: Impact on cost factors for manufacturing
of LPCSG that come about from reducing the cost of the
glass substrate and reducing the silicon thickness.
encapsulated. Unlike the wafer technologies, the processing
is all done monolithically – rather than handling individual
wafers and so the technology has advantages of scalability. It
also uses much less silicon than wafer-based technologies.
An earlier study (Egan et al., 2009) identified the key cost
drivers as: (i) efficiency – which needed to be increased
above 10%; (ii) the crystallisation process which was a
slow, thermal process; and (iii) the substrate materials.
Research over the last few years at UNSW has been
looking at addressing these issues and has demonstrated
improvements in: (i) efficiency and (ii) alternative crystallisation
processes (Varlamov et al., 2013; Chang et al., 2015).
The current process was costed for a module efficiency of
12%, 110 MW line, 1.4 m2 module. In US dollars, the cost was
calculated at $155/module, or $1.01/Wp for a 12% module,
with the key cost drivers being materials ($86/module),
capital depreciation ($28/module) and operational costs
($27/module), see Figure PP4.1.1 (Chang et al., 2015).
The key materials cost remains the borosilicate glass (BSG)
substrate. This cost could be improved by more competitive
pricing for BSG that would arise from increased manufacturing
volumes, or a move to a lower cost glass substrate.
The key capital depreciation item is the evaporator used
for the silicon deposition process. This can be improved
by increasing the tool throughput by increasing the
deposition rate or by reducing the silicon thickness, both
resulting in an improvement in capital efficiency.
Further analysis allows us to look at the impact of improving
key cost drivers. Assuming efficiency, throughput and yield
remain unchanged, then replacing the BSG with a lower cost
glass reduces the cost from $1.01/W to $0.80/W. Reducing
the silicon thickness reduces the cost to $115 per module or
$0.75/W. The impact on module cost is shown in Figure PP4.1.2.
If the efficiency could also be increased from
12% to 15%, this would reduce the cost per Watt
further to $0.60/W (Chang et al., 2015).

Costing a Technology: Silicon Cell
Module Manufacturing by Screen
Printing
The most common manufacturing technology currently
in use relies on modules assembled from silicon wafers
processed into cells using screen print technologies

to apply metal contacts to the processed wafers. The
manufacturing cost of this sequence has been calculated
and reported in the 2014 ACAP annual report.
In the past year, this costing estimate has been transferred to the
Factory Commander software. This estimate will be the starting
point when assessing new ACAP process sequences that are
substantially similar to the standard manufacturing process, but
introduce a variation for reduced cost or increased efficiency.
US Collaboration

The figures illustrate that it is possible to achieve the utility scale
target of 6c/kWhr with a range of metrics, differentiated from
the specified targets of 20% efficiency, 30-year lifetime and
$0.40/W module price identified in Table 4.1.1. For example:

Figure PP4.1.3: Metric sets to achieve the utility scale
solar SunShot goals [Jones-Albertus, 2015]

Highlights

A lower module efficiency could be competitive at lower
costs but only up to a point; a minimum efficiency of 12%
is needed to be competitive, even if the module is free.
This is because of significant balance of system (BOS)
costs such as the inverter and mounting systems.

The team at ACAP have established working relationships with
lead US researchers in the area: Prof Tonio Buonassisi (MIT),
Dr Michael Woodhouse (NREL) and Dr Paul Basore (NREL). In
partnership with NREL, we have applied for US Department
of Energy for support to formalise the collaboration in an
Funding Opportunity Announcement round for resources at
NREL for ‘Cost Evaluation of Emerging PV Technologies’.

A longer lifetime module would be competitive with a lower
efficiency or higher cost and still meet the target. Conversely,
a shorter module lifetime would require a higher efficiency
and/or lower cost. Again, because of BOS costs, a 10-year
lifetime module would need at least 26% efficiency to meet
the utility scale target, even if the module was free!

ACAP supported the Australian Photovoltaics
Institutein completing a survey and report on soft
costs (approvals, project management etc.) for system
installation in Australia. The outcomes of this study
were shared with NREL and the International Energy
Agency for international reporting (pending).

This analysis frames the aims and resourcing for technology
development in ACAP, bearing in mind that:

A costing methodology based on Factory Commander
and internal calculators has been developed.

These LCOE curves are for 6c/kWhr and utility market
targets in 2020. The equivalent curves for the residential
and commercial targets at 7 and 9 c/kWHr make
possible more relaxed cost and efficiency targets.

Two technologies have been costed: silicon waferbased manufacturing based on screen printing and
thin-film silicon on glass manufacturing LPCSG.

The assumptions in the modelling include a reduction in BOS costs
of 30% from current US cost by 2020, in addition to reductions
leveraged by improved cell technology. A further reduction in BOS
costs will move the curves upwards and to the left, relaxing the
cost, efficiency and lifetime requirements to meet the LCOE target.
The modelling does not take into account the need for
storage as PV penetration increases. Storage costs will
add to system costs, moving the curves downwards,
and making the targets more challenging.
It is clear from this analysis, that technology developments
in all areas, efficiency, lifetime and cost, as well as
BOS, are needed to reach these targets.
Much of the work in ACAP addresses these key areas; in
particular the Solar Silicon Project (PP1) aims at developing new
contact technologies and improving efficiency, as well as reducing
the cost of the raw input material and at developing processes
to enhance performance using low-cost, low-quality silicon. The
thin-film, third generation and hybrid devices seek to develop
technologies with new materials and structures, including tandem
cells, with lower cost paths to market through optimising material
usage, manufacturing process streams and conversion efficiency.

Future work
In future years, we will extend the cost analysis to novel
technologies under investigation within ACAP, such as PERC,
perovskites and copper tin zinc sulphur modules. Analysis will
be done to assess near term opportunities for improvement
and to guide research into the highest impact areas. The
outcomes of the cost analysis will be compared with the
US Department of Energy SunShot module price targets.

References
Jones-Albertus, R. et al., 2015, http://energy.gov/eere/
sunshot/downloads/technology-advancesneededphotovoltaics-achieve-widespread-grid-price-parity.
Egan, R. et al., 2009, Proceedings European
PVSEC, Hamburg 2009. www.eupvsecproceedings.com/proceedings?paper=4447.
Varlamov, S., et al., 2013, Sol. Energy Mat. Sol. Cells, 119, 246.
Chang, N. et al., 2015, Asia Pacific Solar Research
Conference, Brisbane 2015, http://apvi.org.au/solarresearch-conference/wp-content/uploads/2015/12/
ACAP-Conference-Paper-Nathan-Chang-V12.pdf.
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During 2015, colleagues at NREL published a sensitivity analysis
of the impact of module efficiency and lifetime on LCOE (JonesAlbertus, 2015). Figure PP4.1.3 shows the relationship between
efficiency, lifetime and cost for the target 6c/kWhr. The curves are
iso-LCOE lines at 6c/kWhr for different lifetimes/degradation rates.
The conclusion from the sensitivity analysis is that for the target 6c/
kWhr for utility scale solar, the technical targets for modules need
to be 20% efficiency at 40c/W module cost and a 30-year lifetime.
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Program Package 5 Education, Training
and Outreach
Overview
Within the PP5 Education, Training and Outreach package,
ACAP has specific targets for high quality publications and for
the number of researchers in different categories who benefit
from the infrastructural support it provides, as well as for the
number and length of researcher exchanges. A significant
number of outreach events is also targeted for each year. As well
as major events such as those reported in the PP5 section of this
annual report, other outreach activities in 2015 have included
public lectures on material relevant to ACAP’s activities, a
high-level book chapter introduction to solar energy, newspaper
and magazine articles, and visits, information papers and
presentations for policy developers and their advisors.
Of particular note for 2015 was the very strong international
interest in the articles by ACAP researchers in leading
journals. A remarkably high number of these were “Hot
Papers” and “Highly Cited Papers”, as identified by the
Web of Science. See Section 2 of this report for further
information. In general, interest in and citations of AUSIAPV/
ACAP’s work have grown considerably over the year.
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The biennial World Solar Challenge was held in October 2015
and the ACAP-sponsored sedan-style Sunswift performed
admirably after being relegated to the back of the starting
grid following a tyre blowout in the time trials. The associated
project, including the two-year preparation for the race, involved
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outstanding educational and business training experience
for the team, a huge outreach program for, especially, school
children, and significant social media and global press attention.
Anita Ho-Baillie was an invited speaker at the prestigious
2015 Professor Harry Messel International Science School, at
the University of Sydney, from 28 June to 11 July, delivering
lectures to elite final-year high-school students (133 attendees)
from Australia, China, India, Japan, Singapore, Thailand, New
Zealand and the UK. Past lecturers to the event include Nobel
laureates James Watson, Jerome Friedman and Brian Schmidt.
The Virtual Production Line, the interactive resource for
teaching photovoltaics manufacturing, has been publicly
available to engineering educators all over the world through
the year, in the form of the new PV Factory platform (see
Section PP5.2a), through a partnership with PV Lighthouse,
which is expected to become a formal Collaborating Industry
Participant in ACAP in early 2016. The interest level has been
high, with hundreds of students around the world benefiting.
The final report on the first detailed assessment of photovoltaics
research infrastructure and equipment was released by ACAP
in 2015. The associated Research Capability Directory will
facilitate sharing of equipment and minimisation of duplication
in the years to come. See Section 5.2f of this report.

PP5.1 Multi-Node Activities
PP5.1a Annual ACAP Conference
Lead Partner
UNSW

Oral Presenters
Prof Martin Green (ACAP), Mr Hugo Llorens (US Consul General,
Sydney), Dr Pierre Verlinden (Trina Solar), Dr Greg Wilson
(NREL), James Bullock (ANU), Mathias Rothmann (Monash),
Kyra Schwarz (U Melb), Dr Brett Hallam (UNSW), Jenny
Donaghey (UQ), Dr Mei Gao (CSIRO), Hieu Nguyen (ANU),
Steffen Meyer (Monash), Prof David Jones (U Melb), Dr Xiaojing
Hao (UNSW), Hui (Hellen) Jin (UQ), Dr Doojin Vak (CSIRO)
Carolyn Goonrey (ARENA), Prof Andrew Blakers (ANU), Prof
Yi-Bing Cheng (Monash), Prof Paul Meredith (UQ), Assoc
Prof Renate Egan (UNSW), Dr Richard Corkish (UNSW)

Poster Authors
ANU: Teng Choon, Di Yan, The Duong,
Yiliang Wu, Dale Grant, Chang Sun
University of Melbourne: Jegadesan Subbiah, Valerie Mitchell,
Paul Geraghty, James Banal, Calvin Lee, Sacha Novakovic
Monash: Anton Ivanov, Qicheng Hou, Feng Li, Mathias
Rothmann, Anuradha Sepalage, Liangcong Jiang, Alex Pascoe

University of Queensland: Martin Stolterfoht, Nasim
Zarrabi, Safa Shoai, Sarah McGregor, Qiangquiang Lin,
Xin Li, Ardalan Armin, Aren Yazmaciyan, Dani Stoltzfus
UNSW: Nathan Chang, Anita Ho Baillie, Gavin Conibeer,
Xiaojing Hao, Claire Disney, Ziheng Liu, Brett Hallam

Funding Support
ARENA / ACAP

Aim
ACAP holds an annual research conference near the end of
each year in order to keep ARENA and its National Steering
Committee informed, and to exchange research results,
enhance collaboration and reinforce one-on-one contacts
between students and staff from the different nodes.
The program includes an oral summary of progress
and plans for each node by its leader as well
as oral and poster presentations of technical
progress from staff and student researchers.

Progress
The 2015 conference ran with a new format, with
a public forum on Day One, followed by a closed
workshop for ACAP participants only on Day Two.

Day Two followed with summary presentations of
progress in each of the Program Packages. The Fifth
ACAP National Steering Committee meeting and the
tenth Management Committee meeting were held on
the afternoon of the second day of the conference.

Highlights

Figure PP5.1a.1: ACAP Conference 2015.
Day One was held, in partnership with the APVI
Asia-Pacific Solar Research Conference, at the
Brisbane Convention and Exhibition Centre. The
conference had over 250 registered participants.
The ACAP proceedings ran as shared plenary session,
chaired by Prof Martin Green, with invited speakers
including AUSIAPV representatives Hugo Llorens, US
Consul General and Dr Greg Wilson from the US National
Renewable Energy Laboratories as well as ACAP industry
representative Pierre Verlinden from Trina Solar.
The plenary session was followed by two technical
presentations from each of the six nodes, describing detailed
progress in selected tasks from within the ACAP program.
Formal presentations were followed by an afternoon
poster session, with 36 presentations.

•

Announcement by Monash of having achieved the
8% 1 cm2 milestone for thin- film solar cells.

•

First results of a validated costing methodology
for two of the ACAP technologies.

•

Australian research into solar has received international
recognition with Andres Cuevas receiving the prestigious
Becquerel Prize and Prime Minister Malcolm Turnbull
referencing Australian leadership in the area at the
Paris Conference of Parties 21 in December 2015.

•

Ten ‘Highly Cited’ papers and seven
‘Hot’ papers recorded for 2015.

•

Promoted knowledge sharing and engagement between
the nodes through a friendly, collaborative interaction.

Future work
The next ACAP conference will be held in co-ordination
with the third Asia-Pacific Solar Research Conference,
at the Australian National University, Canberra, on 29
November to 1 December 2016. The first day will again
overlap with the final day of the Asia-Pacific Solar Research
Conference and the ACAP presentations on that day will
form a special session of the more general conference.

PP5.1b: Annual APVI Conference
UNSW

three parallel streams covering such areas as organic PV, PV
devices, solar heating and cooling, policy and field experience.

Industry Partners

Highlights

Australian Photovoltaics Institute (APVI)

•

Plenary speakers Day One: Prof Martin Green,
Dr Manuel Blanco (ASTRI), Louise Vickery (ARENA).

Aim

•

Plenary speakers Day Two: Michelle Taylor,
Prof Zhengrong Shi, Danny Kennedy.

•

Plenary Speakers Day Three: Hugo Llorens
(US Consul General), Dr Greg Wilson, (NREL,
US), Dr Pierre Verlinden (Trina Solar).

•

Co-ordinated to run a parallel stream with the annual
ACAP Conference as a knowledge-sharing event.

•

Participation by Australian Solar Thermal Research
Initiative ASTRI in a parallel stream on days one and two.

The APVI’s Asia-Pacific Solar Research Conference aims to
provide a forum for development and discussion of content
specific to Australia and its region, and an opportunity to
foster collaboration between institutes, and to promote
engagement between industry and academics. ACAP aims
to engage with the APVI and support the development of the
conference program through participation in its organisation
and through scheduling ACAP presentations at the conference.

Progress
The second Asia-Pacific Solar Research Conference (http://
apvi.org.au/solar-research-conference) was held on 8–10
December 2015 at the Brisbane Convention and Exhibition
Centre, Queensland. Representatives of three ACAP nodes,
UNSW, Monash University and ANU were involved in the
organisation. Staff and students from the nodes participated
in academic review committees and contributed papers and
posters to the conference. The conference drew over 250
participants from academia, government and industry, and ran

Future work
With the success of the combined events, being the
second Asia-Pacific Solar Research Conference and the
third annual ACAP Conference, the two events will be
held together again in 2016, at the Australian National
University, in the same week as the Energy Change
Institute open day and the annual Solar Oration.
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Lead Partner
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PP5.1c APVI Engagement
Lead Partner
UNSW

Australian Photovoltaics Institute (APVI) and ACAP partners
have been active members of APVI throughout 2015.

Team

ACAP collaborators contributed to and participated
in a number of outreach events including:

UNSW: Assoc Prof Renate Egan, Dr Richard Corkish

•

Australian representation on the Executive Committee
for the International Energy Agency, PV Power Systems

•

APVI New Business Models Workshop,
held in Sydney in July 2015

•

second APVI Asia-Pacific Solar Research
Conference in December 2015 (see PP5.1b)

•

the co-hosting of a Solar Innovators and Entrepreneurs
Panel, 14 December 2015 (see PP5.1g).

UQ: Prof Paul Meredith
Monash: Prof Yi-Bing Cheng, Dr Jacek Jasieniek
ANU: Prof Andrew Blakers

Industry Partners
APVI: Assoc Prof Renate Egan, Dr Rob Passey

Funding Support
ACAP and APVI subscribers and supporters, including ARENA

Aim
To collaborate with APVI to advance aims shared with ACAP

Progress
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The Australian Photovoltaics Institute (APVI) is one of the more
effective vehicles for Australian policy development through
its focus on data, analysis and collaborative research. ACAP
became a founding ‘Large Organisation’ member of the
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This series of events and activities brought together
solar researchers, industry partners and advocates
and created media attention for ACAP and ARENA.

Highlights
The Solar Innovators and Entrepreneurs Panel brought
together internationally recognised Australian innovators
to meet with local and international experts on translating
research into commercial outcomes. Key participants
included Dr Greg Wilson from NREL, Danny Kennedy
from CalCEF and formely of Sungevity, Prof Zhengrong
Shi, founder of Suntech, now with UNSW.

PP5.1f: Australian PV Cell and Module Research lnfrastructure Plan and
Feasibility Study
Lead Partner
UNSW

ANU Team
Prof Andrew Blakers

Monash University Team
Prof Udo Bach

Industry Partners
Mr David Jordan, Australian PV Consulting
Dr Allen Guo, Jinko Solar

Funding Support
ARENA

Aim
•

Produce a comprehensive inventory of existing
solar PV cell and module research facilities and
tools in Australian public and private institutions.

•

Draft agreement outlines for shared access.

•

Catalogue desirable additional tools and
facilities and rationalisation of those existing,
to support PV research in the near term.

•

Investigate feasibility of comprehensive
sharing of research capabilities.

Progress
An additional milestone, for a report on existing and
future research infrastructure, was added to the ACAP
program in 2014. A report, “Australian Solar PV Cell and
Module Research Infrastructure Plan and Feasibility Study
1-SRI001”, and an associated online directory, “Australian
PV Research Capability Directory”, were delivered to
ARENA in September 2015. They capture and catalogue
current solar PV cell and module research and support
capability across Australia, including all known sites willing to
participate – university, industry and CSIRO research sites,
plus several analytical and specialised fabrication groups.
The directory offers a publicly available, searchable register
of Australian-based research capability in the fields of
photovoltaic materials, cells, modules and environmental
stability within universities, government agencies, analytical
centres, technology fabrication centres and industry. The
drop-down menus present data from all participating
locations, offering toolset filtering by process type and
toolset names. It facilitates national and international
collaboration through the easy access from the ACAP
website to basic information on the tools available.
The report summarises Australian capabilities as of 2015,
including a technology roadmap and gap analysis. A detailed
review of the many institutions involved in this survey was
conducted, canvassing the status of their current research
activities, their projected technology development roadmap
over the next few years, the capability gaps identified in
delivering that roadmap, suggestions from respondents
on how those gaps are best addressed by additional

facilities or toolsets in terms of location and timing, and
estimates for costs associated with addressing those
gaps (both capital and, where possible, operational).
In order to promote additional collaborative activity, a generic
Access Agreement has been developed to cover the many,
often problematic, issues associated with third-party access
to facilities and usage of equipment. This agreement is
necessarily a template only, as each institution has sitespecific management guidelines and operating protocols. A
comprehensive set of Access Guidelines has been drafted to
address the many issues involved with access management.

Highlights
•

The first ever comprehensive catalogue of solar
PV cell and module research facilities and tools
in Australian public and private institutions.

•

Collection of desirable additional tools and
facilities and rationalisation of those existing, to
support future PV research in the near term.

•

A potential framework for enhanced sharing
of PV research infrastructure.

Future work
ACAP intends to regularly revise the catalogue of solar
PV cell and module research facilities and tools

References
Jordan, David 2015, “Australian Solar PV Cell
and Module Research Infrastructure Plan and
Feasibility Study 1-SRI001”, www.acap.net.au/sites/
default/files/u12/ACAP_MS4A_Report.pdf
Jordan, David 2015, “Australian PV Research Capability
Directory”, www.acap.net.au/acap/directory/locations

PP5.1g Solar Innovators and
Entrepreneurs Panel
Lead Partner
UNSW

UNSW Team
Assoc Prof Renate Egan, Dr Richard Corkish

NREL Team
Dr Greg Wilson

Figure PP5.1g.1: Solar Innovators and Entrepreneurs Panel
– the panel (seated): Mark Bonnar, Danny Kennedy, Paul
Fox, Amy Kean, Kevin Cullen, Judith Smith, with Chair, Mark
Twidell, standing.

Industry Partners
Australian PV Institute

Aim
The panel session was aimed at bringing together future and
experienced innovators and entrepreneurs in solar technologies
to discuss the opportunities and issues in solar innovation.

The Australian Centre for Advanced Photovoltaics and the
Australian PV Institute organised an afternoon of Q&A,
conversation and debate about entrepreneurship and
the innovation space around solar PV technologies.
Two panels were assembled consisting of Australian
and international innovators and enablers who were well
positioned to offer insights into opportunities and strategies for
commercialising innovation in Australia and internationally.
Solar Innovators and Entrepreneurs discussion with Dr
Greg Wilson of NREL, Prof Shi Zhengrong of UNSW,
formerly of Suntech, Chris McGrath of 5B, Stefan
Jarnason of Solar Analytics, Sue Neill of GSES.
Solar Enablers with Danny Kennedy of CalCEF, Dr Mark
Bonnar of Southern Cross Venture Partners, Paul Fox of
AGL New Energy, Amy Kean the NSW Renewable Energy
Advocate, Dr Kevin Cullen of New South Innovations,
Judith Smith Director on the ARENA Board.

Figure PP5.1g.2: Solar Innovators and Entrepreneurs Panel
– the audience.

A select audience was assembled to include a further
range of experts, innovators and enablers who are making
PV happen in Australia. Questions were solicited from
the panel and audience in advance of the workshop.
Mark Twidell, MD of SMA Australia and Chair of
the ACAP Steering Committee, acted as Chair and
facilitator for the afternoon, guiding discussion
between the audience and the panel.
Inaugural Australian meeting focussed on facilitating and
encouraging PV entrepreneurship and innovation

Future work
Feedback from the panel afternoon was very positive and
ACAP looks forward to hosting similar panel sessions in 2016.

5. Research Reprots

Progress
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PP5.2 UNSW-Led Activities
PP5.2b: Sunswift, SunSprint,
MiniSprint, Solar Boat Race, Solar
Pursuit
Lead Partner
UNSW

UNSW Team
Robert Largent, Dr Richard Corkish

Sunswift 2015 Team

Figure PP5.2b.1: Arriving early before the start of the 2015
World Solar Challenge in Darwin.

Simba Kuestler, Isaac Carr, Rob Ireland, Gabriel Mendoza,
Anmol Thind, Nicholas Henry, Adam Joffe, Aly Agda, Anthony
Li, Ashley Graf, Botong Cheng, Chris Colbourne, Daniel
Chen, Davina King, Elizabeth Scott, Gabriele Hernandez,
Glenn Ong, Hayden Smith, Jason Chan, Jessica Lay,
Marcus Lee, Mathew Samaras, Matthew Phillips, Michael
Nam Lee, Minh Chau, Olivier Mason, Ravi Raj, Sam Mitchell,
Simon Ambrose, Tim Williamson, Tom Dransfield, Vinson
Zheng, Vivian Ngo, Wing Ki, Kylie Chan, Zuni Dierk

Academic Partners
North Sydney Institute of TAFE, participating
secondary and primary schools

Industry Partners
World Solar Challenge

Figure PP5.2b.2: UNSW Dean of Engineering, Prof Mark
Hoffman chatting with the team at the race start.
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Sunswift Sponsors and Supporters
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Thales, Core Builders, Nova Systems, Solbian, Sunpower,
Leap Australia, Graphique Solutions, JGID, Weatherzone,
TeXtreme, Google Australia, Comply Serve, Downer, Green
Power, Altium, Bunnings, Coilcraft, Mo Milling, 3M, Addcom
Contact Solutions, Calm Aluminium, Benelec, Quickstep,
Hamburg Sud, OrionVM, Volta Racers, Triotest, Keysight
Technologies, Solgen, RS Components, NSW Office of
Environment and Heritage, Bathurst Regional Council, Sydney
Dragway, Honda Australia Rider Training, Hunter Valley Electric
Vehicle Festival, Atlassian, SESA, Sydney Motor Sport Park,
MDTC, Moir Group, NinjaBlocks, The London Hotel, EV West,
CST Composites, ADR Compliant Services, HTC, Akubra

Funding Support
UNSW Faculty of Engineering, UNSW School of Photovoltaic
and Renewable Energy Engineering, ARC@UNSW,
UNSW School of Computer Science and Engineering

Aim
The Sunswift and SunSprint and related activities enthuse
and engage school and university students in science and
engineering and are a major outreach activity for ACAP.

Progress
Since August 2014, the Sunswift team has been redesigning
the car, “eVe”, to become Australia’s first road-legal solar
sports car. In order to achieve this they had to strip out,
redesign and rebuild eVe in accordance with the Australian
Design Rules (ADRs). The extent of these requirements has
resulted in a much safer but heavier car. The final Single
Uniform Type Inspection by the Federal Government came in

December 2015, with full confirmation expected. One important
outcome will be the opportunity to drive around the city, a
perfect opportunity for media and sponsorship leverage.
October 2015 saw the team compete in the 2015
Bridgestone World Solar Challenge (WSC). From Sydney,
Sunswift travelled to Port Augusta, and through the heart
of Australia, four days of testing and seven blow-outs.
Another blow-out during scrutineering before the race
in Darwin forced eVe to start in last place and eventually
finished in Adelaide in fourth place in the class.
The bulk of the resulting publicity was via social media.
Sunswift’s Twitter page over the past year saw:
•

Over 180,000 Tweet impressions.

•

Over 12,000 unique profile visits.

•

An average of over 40 mentions per month.

•

Fans increased from 1600 to 2067.

On Facebook:
•

Sunswift’s page was exposed to
6,000 people on 27 October.

•

Visits during the race averaged 4,000 people per day.

•

Engagement (number of people to like/click/share/
comment on a post) regularly reached 15,000 for
some posts with median engagement 3,000 per
post and mean engagement: 1,000 per post

•

Currently with 4,300 likes, an increase
of over 500 since 2014.

Figure PP5.2b.4: SunSprint is a serious competition!

Figure PP5.2b.3: SunSprint, MiniSprint and Model Solar
Boat Competition courses in the UNSW quadrangle.
Instagram has only been a focus of the team for the last few
months of the year. Over that time, the number of followers has
increased from 400 to 1,000, with a large increase in interactivity
with the audience. Posts regularly receive upwards of 30 ‘likes’.
Over the course of 2015, the team saw two spikes in mainstream
media interest. The first was in May, with attendance at the
CeBIT Expo and the second was during the 2015 race.
Television coverage included SBS, Channels 7 and 9, ABC and
(for future release) Imax and Discovery Channel. The print and
internet news media also provided extensive exposure, including
through The Australian, Mashable, Daily Mail (UK), news.com.
au, CQ magazine (Germany), Adelaide Times and Cybershack.
The team also participated in a range of public events,
including UNSW O-Week and Open Day, CeBIT Australia,
Vivid Festival, Science in the Swamp and others and presented
to hundreds of school students across many venues.

The average vehicle costs over $600 and takes the team over
four months to design and build. Many schools throughout
NSW have allowed final-year design and technology
students to adopt SunSprint as their year-long major
project. High-school physics and science teachers have
also used SunSprint as a class-based teaching project, as
SunSprint addresses several aspects of the curriculum.
The MiniSprint Model Solar Car Challenge and the Model
Solar Boat Challenge are offshoot events allowing primary
school students to design and build solar vehicles and
then experience the thrill of competition. The MiniSprint
competitors start with a kit containing all of the important
parts of the solar car that can be constructed in an
evening by means of soldering, gluing and taping.
The Model Solar Boat Competition requires much more student
design than the MiniSprint category. The boats can be made
of any material and can use almost any size or combination of
solar cells and motors. The challenge for younger competitors
is to get their boat to float right-side up and to move through
the water successfully in competition with others.

The SunSprint Solar Challenge is a collection of ageappropriate solar races designed for K–12 school students.
The event encompasses the SunSprint Model Solar Car
Challenge (grades 7–12), MiniSprint (two categories: K–6 and
7–12), Solar Boats (K–6 and 7–12) and the Solar Pursuit Race
(using MiniSprint-style cars and is open to all, teachers as
well). The event is held on the first Saturday in September.

The national event of the AIMSC brings together winning teams
from each state to compete for the national championship.
In 2015, Strathfield South High School (NSW) won SunSprint
and went on to win the AIMSC national championship.

The SunSprint Model Solar Car Challenge is a photovoltaics
project-based learning event designed for high-school
students. Solar cars are designed and built according to
specifications provided by the Australian-International Model
Solar Challenge (AIMSC), a national organisation overseeing
and linking all of the state events. These specifications
provide design criteria that, when followed, allow students
all over Australia to build model solar cars that are uniformly
competitive with respect to design, cost and use of materials.
The students contribute ideas, inspiration, time and money.

•

2015 World Solar Challenge

•

2015 SunSprint Model Solar Car Challenge

Highlights

Future work
The Sunswift has started its preparations
for the 2017 World Solar Challenge

Lead Partner

Academic Partners

UNSW

The University of Sydney: Dr Girish
Lakhwani, Dr Penelope Crossley

UNSW Team

The University of Manchester: Prof Tony Peaker

Dr Ziv Hameiri, Prof Martin Green, Dr Fa Jun Ma, Prof Richard
Tilley, Dr Rob Patterson, Dr Merlinde Kay, Dr Dirk König

Leibniz University Hannover: Dr Pietro Altermatt

ANU Team

Helmholtz-Zentrum Berlin: Prof Dr Klaus Lips, Martin Liebhaber

Prof Andres Cuevas, Dr Matthew Stocks

UNSW Students
Matthew Wright, Amir Neshed, Yang Li, Zhongtian Li, Zhong Lu

ECN: Dr Gianluca Coletti
University of Bath: James Cave
Technion: Prof Efrat Lifshitz
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PP5.2f: Lunchtime Public Seminar Series

CSIRO: Dr Ricky Dunbar
University of Cambridge: Prof Neil Greenham
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Imperial College London: Dr Adam Hawkes

•

University College London: Long Seng To

Industry Partners
Soitec Solar: Shelley Bambrook, Francisca Rubio-Berenguel
Pollinate Energy: Monique Alfris
UBS: David Leitch
Solar Business Services: Nigel Morris
Photon Energy: Michael Gartner
Solar Analytics: Jonathon Dore
First Solar: Sachit Grover
SMA: Scott Partlin
Tigo Energy: Jeff Routledge
Citizens’ Climate Lobby: Rod Mitchell
City of Melbourne: Russell French

Aims
•

Public dissemination of research progress and results.

•

Foster collaboration between research institutes.

Allow researchers to be informed about relevant
issues outside their narrow research topics.

Progress
The UNSW School of Photovoltaic and Renewable Energy
Engineering, with ACAP support and involvement, hosts a
series of lunchtime seminars by visitors and local researchers.
In 2015, a wide range of very interesting presenters from
all around the world were involved. Many of the speakers
consented to audio/video recording of their sessions
and subsequent web access, thus creating a significant
and persistent education and outreach resource.

Highlights
The quality of the talks, including: Pietro Altermatt –
Leibniz University Hannover, “Understanding the fill
factor by means of characterisation and simulation”.

References
Public Research Seminars, http://www.engineering.unsw.
edu.au/energy-engineering/public-research-seminars

PP5.2i Program Stream Revisions
Lead Partner
UNSW

UNSW Team
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Dr Santosh Shrestha, Dr Ivan Perez-Wurfl, Dr Anna Bruce, Dr
Merlinde Kay, Assoc Prof Alistair Sproul, Prof Darren Bagnall
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Funding Support
UNSW

Aim
Continuous improvement in the quality of the
Photovoltaics and Solar Energy Engineering
and Renewable Energy undergraduate and
postgraduate coursework programs at UNSW.

Progress
An additional advanced level course, SOLA9104 Hybrid
Renewable Energy Systems, has been developed. This
course is aimed at developing the skills and knowledge for

designing, sizing and specifying hybrid renewable energy
systems. This course is offered as an “advanced disciplinary”
course in the Master of Engineering Science (8338) in
Photovoltaic and Renewable Energy Engineering. Senior
undergraduate students with sufficient academic standing can
also take some of these courses as professional electives.
BE (Honours) in Renewable Energy has been revised to
include two project courses. These courses will provide
continuity of hands-on experience throughout the program. At
the completion of these courses students will gain technical
skills necessary to complete an engineering project.

Highlights
•

Addition of two project courses in BE
(Honours) Renewable Energy.

•

Establishment of Hybrid Renewable
Energy Systems course.

Future work
Both of the undergraduate degrees will be reviewed in
2016 by Engineering Australia for re- accreditation.

PP5.2k: Deliver ASU’s Advanced PV Manufacturing Course at UNSW
Lead Partner

Academic Partners

UNSW

Arizona State University

UNSW Team

Funding Support

Dr Alison Lennon

UNSW/SPREE, with sponsorship from ACAP for
external international participant support funding

Arizona State University Team
Dr Jeff Cotter (Adjunct)

Aim

Highlights

To deliver the Advanced PV Manufacturing course
as a short course during the UNSW summer
semester with the assistance of Dr Jeff Cotter.

•

Successful first-time delivery of the course
as an intensive short course.

•

Development of a course segment in which board
meetings and technology reviews were simulated to
give students an impression of how these processes
were conducted in a manufacturing company.

•

Successful completion of the six UOC
course by 23 UNSW students.

Progress
The course was successfully convened by SPREE over the
four weeks from 20 January as an intensive short course with
Dr Jeff Cotter co-teaching. It comprised a series of lecture
sessions in the mornings and then group tutorial work in
the afternoons. Participants completed three assignments,
a mid-term and a final exam. There were a total of 52
attendees (including two participants from Trina Solar, whose
attendance was supported by ACAP). A total of 23 UNSW
students completed the course for six units of credit (UOC)
towards their Bachelor of Engineering (Hons) degrees.

Future work
The course will now be run annually as an intensive short
course during the UNSW summer semester. In future years the
course will be offered under the course code of SOLA9120.

PP5.2l AQF Level 9 Specialisation of the Master of Engineering Science
UNSW

UNSW Team
Dr Santosh Shrestha, Dr Anna Bruce, Assoc
Prof Alistair Sproul, Prof Darren Bagnall

Aim
•

Improve program quality and consistency
through compliance with Australian Quality
Framework (AQF) Level 9 criteria.

•

Improve the quality of the postgraduate programs in
photovoltaic and renewable energy engineering.

Progress
In 2015 the UNSW School of Photovoltaic and Renewable
Energy Engineering (SPREE) has introduced Master of
Engineering Science streams in Photovoltaic and Solar
Energy SOLACS8338 and Renewable Energy SOLADS8338.
They are two-year (full-time) programs and are compliant
with Australian Quality Framework Level 9 program criteria.
These streams have replaced Master of Engineering Science
and Master of Engineering Science (Extension) programs in
PV and Solar Energy, and Renewable Energy Engineering
(SOLAAS8538, SOLABS8538 and SOLAAS8539). In order
to fulfil the requirements the degree students must complete
a total of 96 units of credit (UOC) consisting of 72 UOC
specialisation courses (including 18 UOC of inquiry-based
courses), and 24 UOC elective courses, including at least 6
UOC of an Engineering and Technology Management course.
SPREE has also started to offer new Diploma in Engineering

Science in (i) Photovoltaic & Solar Energy and (ii) Renewable
Energy. Students must complete a total of 48 UOC
comprising of Disciplinary Knowledge, Advanced Disciplinary
Knowledge, Engineering and Technical Management (ETM)
and elective courses. Descriptions of these programs
are available at the websites referenced below.
In addition draft proposals for accredited Master
of Engineering Science in Photovoltaic and
Renewable Energy have been prepared.

Highlights
•

Establishment of Master and Graduate Diploma
of Engineering Science degrees in Photovoltaic
and Solar Energy and Renewable Energy.

Future work
Review courses offered in the above
programs for their relevancy.

References
Master of Engineering Science – Photovoltaic
and Solar Energy: www.handbook.unsw.edu.au/
postgraduate/plans/2016/SOLACS8338.html
Master of Engineering Science -Renewable Energy:
www.handbook.unsw.edu.au/postgraduate/
plans/2016/SOLADS8338.html
Graduate Diploma of Engineering Science – Photovoltaic
and Solar Energy: www.handbook.unsw.edu.au/
postgraduate/plans/2016/SOLAES5341.html
Graduate Diploma of Engineering Science –
Renewable Energy: www.handbook.unsw.edu.au/
postgraduate/plans/2016/SOLAFS5341.html

PP5.2n WIRE
Lead Partner

UNSW Students

UNSW

Cath O’Neill, Belinda Lam

UNSW Team

Industry Partners

Assoc Prof Renate Egan, Prof Darren Bagnall

Arup, Lend Lease
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Funding Support
ARENA, UNSW

Aim
WIRE was established in 2010 to inform,
educate and empower current and future female
photovoltaics and renewable energy students.

Progress
WIRE provides a fun and casual environment for
students across all stages of their degree programs.
Members are able to socialise and support each other by
means of various activities, such as fortnightly picnics,
networking events and excursions, thus enhancing their
perspectives on various renewable energy fields.
These events foster strong friendship ties between
industry associates and the UNSW School of
Photovoltaic and Renewable Energy Engineering. Such
ties provide members with a support system, both at
university and once they enter the workforce.
In 2015, WIRE members were privileged to be given tours of
Arup and 30 The Bond/Lend Lease premises to explore energy
efficient buildings. We also held an industry networking evening
in which three industry members from various companies
and positions were invited to discuss the topic “Developing
your career” and their experiences. Both the tour and the
networking evening included Q&A sessions allowing students

Figure PP5.2n.1: WIRE Industry Networking Event,
Semester 1, 2015.
to gain an insight into future careers. The society also hosted
social events for members to meet their fellow students as a
board games event at a campus restaurant and the picnics.

Highlights
•

Tour of Arup office building.

•

Tour of 30 The Bond/Lend Lease building .

Future work
WIRE will continue to support the female students to engage with
industry in the very positive setting of the COP21 agreement.

Australian Centre for Advanced Photovoltaics – Annual Report 2015

PP5.3 ANU-Led Activities

96

PP5.3a: Energy Update 2015
PP5.3b: Solar Oration
PP5.3c: Outreach Events
Lead Partner
ANU

ANU Team
Prof Andrew Blakers, Assoc Prof Kylie Catchpole, Prof Andres
Cuevas, Dr Evan Franklin, Assoc Prof Dan MacDonald, Dr Matt
Stocks, Assoc Prof Klaus Weber, Tom White, Prof Ken Baldwin

Funding Support
ANU

Progress
The ANU Energy Update 2015 was held on Tuesday 8
December at the H. C. Coombs Lecture Theatre, ANU. The
opening address was by Prof Brian Schmidt, Nobel Prize
Winner and spokesperson for the Mainau Declaration 2015
on Climate Change and the keynote address was given by
Byron Washom, University of California, San Diego on the
topic of “UC San Diego’s Microgrid: The World’s Largest,
Most Diversified Portfolio of Distributed Energy Resources”.
A panel discussion and Q & A, on the theme of renewables
and energy efficiency, chaired by ANU’s Prof Wojciech

Lipinski, followed. Panel members were Ms Alicia Webb (Clean
Energy Council), Prof Andrew Blakers (ANU node of ACAP),
Lachlan James (ACT Government) and Prof Alan Pears,
RMIT University. Ian Cronshaw (International Energy Agency)
gave a presentation on “The 2015 World Energy Outlook”.
The ACT Government / ANU Solar Oration is an annual public
lecture that focuses on the latest developments in solar energy
technology and policy. In 2015 it was held on 7 December
and was presented by Dr Pierre J. Verlinden, Vice-President
and Chief Scientist at Trina Solar, an ACAP industry partner.
The ANU node had significant media coverage during 2015, with
several interviews and articles in the local and national media.

Highlights
•

ANU Energy Update 2015 ACT
Government / ANU Solar Oration

PP5.4 UQ-Led Activities – Undergraduate Course in
Nanoscience: Synthesis
Lead Partner
University of Queensland

UQ Team
UQ Academic Staff

Funding Support

Progress
The course was run as expected in second semester 2015.

Highlights
30 students participated in the course.

University of Queensland

Future work

Aim

It is anticipated that the course will run in 2016 with essentially
the same content with regard to the area of photovoltaics.

The aim of this course run by the School of Chemistry and
Molecular Bioscience is to provide students with an introduction
to materials as well as photovoltaic devices including linear and
bulk heterojunction devices, and dye sensitised solar cells.

PP5.5 UoM-Led Activities
Lead Partner
UoM

University of Melbourne Team
Dr Wallace Wong, Dr David Jones, Prof Kenneth Ghiggino,
Dr Jegadesan Subbiah, Prof Andrew B. Holmes.

Funding Support
ARENA, ACAP, University of Melbourne, ARC (Future Fellowship)

Aim
The aim of the University of Melbourne program was
to introduce a module into the Masters program on
Organic Electronic Materials from materials design
and synthesis through to device characterisation.

Progress
The Masters course was introduced in 2014 and was
taught again in 2015. The course had the highest
attendance of any of the offered modules.
The research into OPV and Printed OPV at the University

of Melbourne continues to be of significant interest around
the world. The research and researchers have been
highlighted in a number of high profile publications.

Highlights
High course attendance for the module.

Future work
There remains the opportunity to invite ACAP partners
to teach specific components in the Masters module
and this will be followed up in the next year.

References
ARC Archway article: http://www.arc.gov.au/
news-media/news/organic-electronics-displayingdiverse-benefits-industry-and-nation
The Guardian: http://www.theguardian.com/
university-of-melbourne-partner-zone/2015/oct/19/
printing-the-next-generation-of-solar-cells
Research Highlighted in Sustainability at Melbourne:
http://sustainable.unimelb.edu.au/our-stories

PP5.6a: John Monash Science School
Lead Partner

Academic Partners

Monash

John Monash Science School (Dr Barbara McKinnon)

Monash Team
Prof Yi-Bing Cheng

Monash Students
A. Pascoe

Aim
Introducing to high-school students the fabrication
of dye-sensitised solar cells (DSSCs) as well as the
basics of solar cell operation and characterisation.
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Progress
Monash University has maintained a strong relationship
with John Monash Science School (JMSS) over the last five
to ten years, promoting the benefits of scientific research
and attracting prospective students to Monash’s Faculty
of Engineering. In 2015, JMSS students fabricated and
characterised a collection of DSSCs as part of a school science
project. The students first printed the TiO2 layers, loaded them
into the dye solution, prepared the cathodes and sealed the
electrolyte between the two electrodes. Monash University
provided the materials for the solar cell fabrication, and Alex
Pascoe demonstrated the experiments and also produced some
higher-performance devices for solar cell characterisation.
After the fabrication of the devices, the students measured
the open-circuit potentials and short-circuit currents of the
solar cells, and obtained a basic current-voltage curve using
a variable resistor. The students then chose to investigate the
role of the illumination colour on the open-circuit potential,
which formed the primary focus of their science report.

Figure PP5.6a.1:
Fabrication of
the mesoporous
TiO2 layer used
in the working
electrode.

Figure PP5.6a.2:
Measuring the
current-voltage
performance of
the DSSCs.

Highlights
JMSS students fabricated and characterised DSSCs.

Future work
JMSS has expressed strong interest in continuing
involvement with the demonstrations performed by
Monash University staff and students. We expect to assist
the JMSS students in another project during 2016.

PP5.6c: Visits by Local and Federal Government
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Lead Partner
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Monash

Monash Team
Prof Yi-Bing Cheng, Prof Udo Bach

Academic Partners
University of Bayreuth, DAAD – The German
Academic Exchange Service
Monash University Global Initiatives, Global Engagement

Industry Partners

Figure PP5.6.1: Opposition Leader, Mr Bill Shorten, visiting
the Monash University Renewable Energy Labs

Woodside Energy

Funding Support
ACAP, Monash University

Aim
Solar cells that are cheaper, flexible and more practical
are being developed at Monash University.

Progress
Federal Opposition Leader and Leader of the Labor
Party, Bill Shorten and Victorian MP Anna Burke
toured the Renewable Energy Labs in New Horizons,
Monash University, promoting Labor’s aspirational
50% renewable energy policy by 2030 target.

Figure PP5.6.2: Prof Udo Bach explaining the Monash
University Renewable Energy Labs.

“What we see here is there’s technology which will
revolutionise manufacturing and our capacity to turn
sunlight into electricity for Australian consumers
and small businesses,” Mr Shorten said.
Mr Shorten also visited UNSW and ANU to highlight
the innovations developed at those ACAP nodes.
Monash University’s solar printer was the focus of a tour by
industry representatives, professors and researchers from
Peru, Colombia, Mexico, Chile, Brazil and Argentina, as part
of the Australia Awards Fellowships program and coordinated
by the Office of the President & Vice-Chancellor (Global
Engagement). The tour was part of an effort to improve bilateral
connections with scholarship authorities and decision makers,
showcase Monash capacity and capability as a choice
destination for South American scholars and students, support
the Victorian government in their endeavours to consolidate
South America as a key plank in their economic diplomacy
agenda, and potentially seed Victorian government–funded
opportunities in South America with other Victorian institutions.

Another Renewable Energy Labs tour was used to promote
facilities and equipment available at Monash University
and strengthen collaboration with the University of
Bayreuth and DAAD, the German Academic Exchange
Service. DAAD has a long tradition of uniting people and
academia. Founded in Heidelberg in 1925 on the initiative
of a single student, the DAAD has since become one of
the most important funding organisations in the world for
the international exchange of students and researchers.
Woodside Energy toured the Monash node’s
Renewable Energy Labs on 18 March 2015.

Highlights
•

Media coverage.

•

Guest speaker Abid Khan, Deputy Vice-Chancellor
and Vice President (Global Engagement).

•

Solar printer tour.

PP5.7 CSIRO-Led Activities
CSIRO

CSIRO Team
Dr Fiona Scholes, Dr Gerry Wilson, Dr Doojin Vak,
Dr Hasitha Weerasinghe, Dr Andrew Scully, Jyothi
Ramamurthy, Dr Mei Gao, Régine Chantler

Stanford University Team
Prof Reinhold H. Dauskardt

Academic Partners
Monash University Art Design & Architecture (MADA)
Stanford University

Funding Support
ARENA, VICOSC, UTS

Aim
CSIRO is committed to taking part in the
community to advance science awareness.
In particular, in the context of ACAP, CSIRO promotes
photovoltaic technologies via numerous show-andtell activities involving printed PV modules. The
Organisation also has a number of knowledge sharing
activities both domestically and internationally.

Progress
Following the success of the inquiry oriented learning
developed at the University of Technology, Sydney (UTS) using
organic photovoltaic (OPV) modules, UTS have requested
more printed PV modules as the laboratory-based course
is being rolled out to more undergraduate students.
The printing trial conducted in July gave us the
opportunity to manufacture 100 modules and provide
UTS with newer PV modules that allow more indepth comparison characterisation exercises.

The flexible electronics laboratory showroom has undergone a
facelift to provide a better experience to visitors. It was also at
the heart of high-profile visits (MPs, CEOs, SMEs ) and media
releases such as Talk About It for the ABC (Figure PP5.7.1).
Dr Fiona Scholes was also interviewed in Australian Quarterly
magazine and Cosmos Magazine alongside Dr Doojin Vak.
Thanks to connections built via the ACAP network, we have
expanded our collaboration with universities, government
bodies and industry in the United States. During a
three-week visit, Dr Doojin Vak had the opportunity to
reinforce our engagement with Stanford University and
the National Institute of Standards and Technology (NIST)
while engaging in discussion with OneSun Solar.
The work conducted by Stanford provided greater
insight on degradation and mechanical properties
of our encapsulation structure and will contribute
to a paper due to be published later in 2016.
CSIRO is hoping to take advantage of analytical
facilities at NIST to better understand the photodynamic
of printed perovskite solar cell materials.
A group of six Monash University industrial design students
chose printed OPVs as the topic for their main research
project. The students developed concepts that highlighted
the unique benefits of printed OPVs and developed the
concepts further through discussion with CSIRO.
The students designed and created prototypes which
later formed part of an exhibition (Figure PP5.7.2). One of
the prototypes will be developed into a full-size concept
to be showcased at an international exhibition.
Over an 11-day period in Sydney and Melbourne 10,000
swung for a collective time of 580 hours on CSIRO’s “Infinity
Swing” (Figure PP5.7.3). The purpose was to engage
the general public in a conversation about energy – how
difficult it is to generate. In addition to the 10,000 people
on the ground our energy messages reached a staggering
8 million people through social and traditional media.
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Figure PP5.7.1: Dr Fiona Scholes and Del Irani during
interview for Talk About it, ABC program.

Figure PP5.7.2: Industrial Design student prototypes
(clockwise from top left): Solar Creature, Solar-gami, Solar
Tree, Solar Plant, Solar Tree, Solar Playground, E-bike
Maintenance Charger.

Highlights
•

We were able to print reproducibly 100 OPV
modules for UTS which will reinforce their
undergraduate inquiry oriented learning course.

•

Collaboration with a US institute was essential in the
characterisation of encapsulation mechanism.

•

CSIRO and Monash collaboration led to a new design
concept for the future of printed PV in real-world products.

•

CSIRO’s energy messages reach 8 million people.

References
Irani, D., 2015, Talk About It for the ABC, Season 5 Episode 10.
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http://www.abc.net.au/news/programs/talkaboutit
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Richter, V., 2015, “Printed solar cells poised
for a through”, Cosmos Magazine
https://cosmosmagazine.com/technology/
printed-solar-cells-poised-breakthrough
Scholes, F., 2015, “Race To Renewables”,
Australian Quarterly magazine, issue 86.4.
http://issuu.com/aqaustralianquarterly/
docs/86.4_issuu/1?e=9578748/30515972
Monash University Art Design and
Architecture, Design Exhibition 2015.

Figure PP5.7.3: Infinity Swing: a campaign to engage
people in a conversation about energy.

AUSIAPV
International
6. Activities
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The Australia-US Institute for Advanced
Photovoltaics (AUSIAPV) encompasses the local
activities of the Australian Centre for Advanced
Photovoltaics (ACAP) as well as international
collaborations with US-based partner organisations.
The AUSIAPV program is directed at the highest
level through an International Advisory Committee,
with representatives from the key partners in
Australia and the US, with engagement fostered
through the development of collaborative research
programs and the annual AUSIAPV conference.
A paper based on the Power Cube collaboration
(Section 6.1), which established a new record
of efficiency in excess of 40% in late 2014, was
selected for an Opening Plenary presentation
at the 2015 European Photovoltaic Solar Energy
Conference in Hamburg. The work reported
was identified as a conference highlight,
the sole highlight referring to a specific
technological development, in a subsequent
press release by the conference organisers
Specific project activities that leverage the benefits
of the AUSIAPV relationship also include key
projects in Section 6.2 regarding the development
of organic/inorganic solar cells in partnership
with UC Berkeley and the Lawrence Berkeley
National Labs and Section 6.3 as part of the
Foundation Program to Advance Cell Efficiency II
(FPACE II) as well as a collaboration under the US
Department of Energy Sunshot Inititiave, where
UNSW is involved in a program led by Arizona
State University and involving California Institute of
Technology, Massachusetts Institute of Technology
and École Polytechnique Fédérale de Lausanne.
The AUSIAPV collaboration described in Section
6.4 is a long-standing one that records the current
status of a whole range of photovoltaic technologies
in the maintenance and publication of Solar Cell
Efficiency Tables as well as new developments

in shared teaching program development in
PV manufacturing, reported in Section 6.5.
In addition to the specific activities captured
in this chapter, many of the reports already
presented as detailed research reports also
involve collaborations with US partners. These
include the silicon tandem cell reported in
PP1.3a, where well-established collaborations
with Institutes such as NREL, QUESST, Ohio
State University, Colorado School of Mines and
Arizona State University are complemented by
industry partner contributions from key players in
the semiconductor foundry industries including
Epistar Corp., Veeco and Amberwave.
The Monash ACAP node reports on working
closely with the Molecular Foundry and other
parts of Lawrence Berkeley National Laboratories,
NREL, Stanford University and Georgia Institute of
Technology on the development of novel materials
for organic and inorganic solar cells. The Melbourne
node is continuing a valuable and effective
partnership with Georgia Institute of Technology to
develop a new class of high performance molecular
p-type materials for organic photovoltaics.
Further, the education, training and outreach
activities reported in PP5 include a wide range
of international interactions, such as the World
Solar Challenge which is, arguably, the biggest
and most stimulating international congregation of
solar engineering students in the world, the ACAP
conference, regular and special public lectures and
partnership arrangements in teaching and on-line
learning, such as the development and delivery of
courses between institutes in the US and Australia.

Figure 6.1.1: Photovoltaic power tower: (a) A heliostat field directs sunlight to a central tower housing a dense photovoltaic
array receiver in the CPV system being developed by RayGen (artist’s impression; image courtesy of RayGen); (b) Possible
design of an advanced receiver implementing the demonstrated improvements at scale.

6.1 Improved Sunlight to Electricity Conversion Efficiency:
Above 40% for Direct and Above 30% for Global Sunlight
LeadPartner
UNSW

UNSW Team
Dr Mark Keevers, Prof Martin Green

UNSW Students
Bruno Concha Ramon, Jessica Yajie Jiang

NREL Team
Dr Keith Emery, Larry Ottoson, Tom Moriarty

Industry Partners
RayGen: Ian Thomas, John Lasich

generated can be increased by approximately
10%. The combination of such a spectrum splitting
or “Power Cube” receiver and a CPV power
tower system (Figure. 6.1.1) has the potential to
reduce the cost of utility-scale photovoltaics.
The original aim of the project was to design,
fabricate and test a proof-of-concept, prototype
spectrum splitting CPV module demonstrating an
independently confirmed efficiency above 40%.
With this record performance level achieved in
2014, the project was extended in 2015 to target
42% efficiency CPV module efficiency and over
30% efficiency for a non-concentrating, flat-plate
implementation of the approach, both for 2016. As
a contribution to the AUSIAPV program, NREL has
provided extensive independent testing of module
performance and advice on module design.

Trina Solar: Dr Pierre Verlinden,
Yang Yang, Xueling Zhang
AZUR SPACE: Werner Bensch

Funding Support
ASI/ARENA, AUSIAPV, NREL, Spectrolab,
RayGen, Trina Solar, AZUR SPACE, UNSW

Aim
In 2013 and 2014, this project explored the use
of spectrum splitting to improve the performance
of a concentrator photovoltaic (CPV) receiver. By
optimally dividing the solar spectrum between
commercially available triple-junction (TJ) and
Si solar cells, the overall amount of electricity

Progress
Prototype design
The original prototype design was based
on reflective concentration optics, a custom
bandpass (spectrum splitting) filter, and two 1
cm2 high-efficiency commercial CPV cells, one
Si and the other a triple-junction III-V cell, each
mounted on a concentrator cell assembly (CCA)
and a water-cooled heatsink, with an optional
reflective secondary optical element (SOE) to
improve flux uniformity. The mechanical design
– based on optomechanical components – was
iterated to achieve a lightweight, robust and
fully adjustable structure, enabling optimisation
about all critical linear and rotation axes. The
cooling design was iterated to allow control of
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Figure 6.1.3: Design hardware simulation of reflection from
the new dielectric mirror, calculated as above 99.5% over
the entire spectral response range of the cells used in the
prototype.

Figure. 6.1.2: The prototype under testing at UNSW on 22
October 2014 with an efficiency of over 40% measured on
that day.
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the CCA temperature – an approximation to the actual cell
temperature – rather than simply the heatsink temperature.
More design details are given in the 2013 and 2014 ACAP
Annual Reports. A photograph of the actual system under
testing at UNSW in 2014 is shown in Figure 6.1.2.
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The triple-junction cell used in the prototype was a commercial
Spectrolab concentrator cell (C3MJ+ cell, nominally 39.2%
efficient at 500 suns-concentration, mounted on a ceramic
substrate), while the Si cell was a SunPower back-contact cell
of circa 1998 vintage (nominally 26% efficient at 200 suns),
mounted on a ceramic substrate and encapsulated under glass
by ENEA, Italy, followed by MgF2 anti-reflection coating (ARC)
at UNSW. This combination gave a record 40.4% efficiency
in testing at NREL at the end of 2014, the first demonstrated
conversion of sunlight to electricity with efficiency over 40%.
Improved parabolic mirror
A key feature of the present approach is the energy selective
bandpass filter. Since operating under several hundred–times
sunlight concentration, a non-absorbing illuminated-surface
dielectric interference filter is used. As the multijunction cell is
the primary contributor to high efficiency, it is important not to
reduce sunlight intensity either on the III-V cells or on the Ge
cell at energies below the Si bandgap. Since dielectric filters
are more readily designed for near 100% reflection than for
100% transmission, an early design decision was to reflect light
onto the multijunction cell, while transmitting light to the Si cell.
The filter was custom-designed by Omega Optical, Inc. and
performed almost ideally, with measured characteristics of
filters supplied closely matching design values. In particular,
reflection was close to 100% at the desired wavelengths. This
stimulated the first design modification in 2015. This was to
replace the “enhanced silver” parabolic mirror simulating the
heliostat field output by a dielectric mirror, custom-designed
by Omega Optical based on design principles suggested
by Dr Keevers. Figure 6.1.3 shows the calculated reflection,
exceptionally close to 100% over the entire wavelength range.

The new mirrors have now been delivered. Since reflection is
too close to 100% for our accurate measurement, a sample has
been sent to an accredited international measurement centre
specialising in such measurements for accurate certification.
One-sun module
The project was extended in 2015 to investigate how the
spectral splitting approach could be applied to standard
non-concentrating solar modules that have to respond to
sunlight from a wide range of incident angles. The approach
adopted was based on an earlier UNSW discovery (Mills
and Guitronich, 1978) of the near-ideal angular response
properties of glass prisms. The module concept is shown
in Figure 6.1.4. Light reflected from the first cell along the
prism hypotenuse is channelled to the second cell.

Figure 6.1.4: Initial one-sun module design concept where
prisms are used to steer light reflected from one cell to the
second for a wide range of incidence angles.

The initial concept was to place a bandpass filter above the
first cell to achieve the desired spectral splitting. However,
measurement of the reflectance properties of the high
performance III-V cells supplied by AZUR SPACE showed that
the cells already had reflectance properties approximating
the ideal if the cell positions were reversed (Figure 6.1.5).
This allowed rapid implementation of the first mini-module
segment (Figure 6.1.6) by combining these cells with high
performance Si cells provided by ACAP partner, Trina Solar,
with an efficiency of 34.2% measured in UNSW testing. The aim
is now to combine several such segments to produce an 800
cm2 module demonstrating comparable or higher performance.
The present certified efficiency record for a module this size
is 24.1% with a large increase in this figure anticipated when
performance is certified at NREL during the first half of 2016.

Figure 6.1.6:
Photograph of first
one-sun prototype,
with a III-V cell
supplied by Azur
Space along the
prism hypotenuse
combined with an
Si cell supplied
by Trina Solar. An
efficiency of 34.2%
was measured in
UNSW testing.

Figure 6.1.5: Measured reflectance of the highperformance III-V triple-junction cells supplied by Azur
Space. Also shown (dashed-line) is the ideal reflection for
this cell.

Highlights
A paper based on this work was selected for the opening
plenary presentation at the recent 2015 European Photovoltaic
Solar Energy Conference in Hamburg. The work reported
was identified as a conference highlight, the sole highlight
referring to a specific technological development, in a
subsequent press release by the conference organisers.

Future work
Further refinement of the concentrator prototype design is
expected to allow an efficiency of 42% to be demonstrated,
increasing the margin over alternative CPV and solar
thermal approaches. Applying a similar approach to a
standard non-concentrating, flat-plate module is expected to
significantly improve the performance of these modules with
confirmation of a record 34% efficiency expected in 2016.

References
Mills and Guitronich, 1978, Solar Energy, 21, 423.

6.2 Dye-Sensitised Solar Cells
Monash University

Monash Team
Prof Yi-Bing Cheng, Prof Udo Bach, Prof Leone
Spiccia, Dr. Muhammad Kalim Kashif

Monash Student
Rebecca A. Milhuisen

Academic Partners
University of California Berkeley: Christopher
J. Chang, Jeffrey R. Long

Funding Support
ACAP, ARENA, VICOSC, ARC, Monash

Aim
Solid-state dye-sensitised solar cells (ssDSCs) are of huge
interest within the scientific community due to the attractiveness
of renewable energy sources that are compatible with
robust and inexpensive manufacturing technologies like
inkjet and roll-to-roll thin-film printing. Spiro-OMeTAD is the
classical hole transport material (HTM) used in ssDSCs,
however, it requires an expensive synthesis route and
has a low charge-carrier mobility and pore-filling ability.
Furthermore, this classical HTM requires certain humidity
and oxygen exposure under light soaking conditions for
best performance when applied in ssDSCs. Therefore,

our research aims at developing new HTMs (or charge
transport materials, CTMs) which have diverse properties
and that are easy to process for application in ssDSCs.

Progress
Our research into CTMs focuses on exploiting the properties
of hybrid organic/inorganic materials. We have focused
on the synthesis, characterisation and application of
solution-processable transition metal complexes, a field
that remains largely unexplored. Here, we have used solidstate thin films of newly developed high denticity metal
complexes and have provided one of the first reports of
CTMs based on our newly developed metal complexes.
The ssDSCs were fabricated and achieved respectable
solar energy conversion efficiencies of 5.7% in the very first
application of a cobalt-based complex CTM (see Figure
6.2.1). Cross-sectional scanning electron microscope
images of the ssDSCs before and after infiltration of the
solid-state matrix of our newly synthesised cobalt complex
(see Figure 6.2.2) demonstrate its good pore-filling ability.

Highlights
•

Developed a new class of solutionprocessable solid-state CTMs.

•

Achieved impressive solar energy conversion efficiencies
of up to 5.7% when this newly developed high denticity
metal complex is employed as a CTM in an ssDSC.
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Figure 6.2.1: Current-density voltage curves measured
under simulated AM1.5G (1000 Wm-2) sunlight (solid) and
in the dark (dashed) for Y123-sensitised ssDSCs employing
our newly synthesised higher denticity cobalt complex
(blue) and archetypal Co(bpy)3 (red) as the CTM.

Figure 6.2.2: Cross-sectional SEM images of the TiO2
film in ssDSCs before (a & c) and after (b & d) infiltration
with the solid-state matrix of our newly synthesised cobalt
complex.

6.3 Carrier Selective Contacts for Boosting Silicon Solar Cell Efficiency
Key Researchers
Australia (UNSW): Dr Stephen Bremner, Dr Anita Ho-Baillie,
Prof Martin Green, Steven Limpert, Ibraheem Al Mansouri
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USA (Arizona State University): Assoc Prof Stuart Bowden,
Prof Christiana Honsberg, Prof Zachary Holman, Prof
Stephen Goodnick, Assist. Prof Mariana Bertoni
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USA (California Institute of Technology): Prof Harry Atwater
USA (Massachusetts Institute of Technology):
Assoc Prof Tonio Buonassisi
Switzerland (École Polytechnique Fédérale de
Lausanne): Prof Christophe Ballif, Dr Stefaan DeWolf

Project supporters
ARENA, Department of Energy (USA)

Aim
UNSW has been partnering with a consortium of top US
and international universities on next-generation silicon
solar cells with targeted efficiencies of 29%, as part of the
US Department of Energy SunShot Initiative (Foundational
Program to Advance Cell Efficiency II (FPACE II)). This
US$3.5 million grant is led by Arizona State University
(ASU) with UNSW listed as a collaborator, along with MIT,
Caltech and the Swiss Federal Institute of Technology.
UNSW’s involvement is being coordinated through the
Australia-US Institute for Advanced Photovoltaics (AUSIAPV).
The aim of the program is to develop a novel device structure
for ultrathin crystalline silicon (c-Si) solar cells based on “carrier
selective contacts”, (Figure 6.3.1a), with targeted efficiencies
of 29%. UNSW contributes device modelling (e.g. using

Sentaurus TCAD), materials deposition (e.g. via atomic layer
deposition), characterisation and integration of selected wide
bandgap materials (e.g. GaP) as carrier selective contacts for
the novel silicon cell structure as part of a collaborative effort.
The motivation of using carrier selective contacts (CSCs)
via deposited semiconductor layers that can induce strong
inversion in the underlying silicon (Figure 6.3.1b), while allowing
efficient carrier transport, is to avoid non-idealities associated
with diffused junctions. The very low surface recombination
velocities that can be achieved using these hetero-structures
allow much higher open circuit voltages, especially on
ultrathin silicon with appropriate light-trapping schemes.

Progress
UNSW has developed a predictive model for carrier
selective contact solar cells achieved using Sentaurus
TCAD, building the device based on the doping
profiles and optical generation models and taking
material and interface parameters into account.
Using this predictive methodology, a working model for
a thin silicon device with front GaP/Si electron carrier
selective contacts was produced. The effect of GaP-i/
Si interface recombination velocities showing record
performance is achievable even for a relatively high interface
recombination velocity of 1000 cms-1, due to a lack of
minority carriers in the GaP and at the GaP/Si interface.

Future Work
This task has now been completed.

Figure 6.3.1: Schematic of the carrier selective contacts solar cell (a) structure, (b) band diagram
based on strong inversion

6.4 Solar Cell Performance Documentation
Researchers:
UNSW: Martin Green
NREL: Keith Emery

Funding:
AUSIAPV, UNSW, NREL
A long-standing research collaboration between UNSW and
NREL, now being conducted as an AUSIAPV collaborative
project, involves the reliable documentation of the current status
of the whole range of photovoltaic technologies worldwide.
This is by the biannual publication of the “Solar Cell Efficiency
Tables” in the Wiley journal, Progress in Photovoltaics.
By enforcing guidelines for the inclusion of solar cell efficiency
results into these Tables, this not only provides an authoritative
summary of the current state of the art but also ensures
measurements are reported on a consistent basis. One criterion
that has been important to enforce has been that results be
independently certified at one of a limited but increasing
number of “designated test centres”, generally of a national
facility status, with a certified measurement capability and
additionally involved in international “round robin” testing.

limelight. The other important role has been in developing
measurement standards when international standards
are not available. Figure 6.4.1 shows standards in this
category developed for defining the area used for efficiency
determination for experimental laboratory cells.
Several results from the AUSIAPV/ACAP program set
new world standards and are featured in these Tables.
In 2015, this included a new record efficiency for a
concentrating photovoltaic submodule, the first to
convert sunlight to electricity with efficiency over 40%.
ACAP partner, Trina Solar, also featured prominently,
setting a new world record for commercially dominant
multicrystalline cells, with 20.8% reported for a large-area
commercially sized device based on the UNSW-developed
Passivated Emitter and Rear Cell (PERC) approach.
The Tables are widely used and referenced by the
photovoltaic research community. According to the ISI Web
of Knowledge, the six versions prepared since 2013 under
the banner of AUSIAPV have all been among the most
cited papers published since then in the entire engineering
discipline worldwide, already holding four of the top
seven positions, including second and third positions.

Figure 6.4.1: Spectral response
measurements for some recent
record performance solar cells.

6. AUSIAPV International Activities

This rigour has been important particularly as new device
technologies come to the fore and groups relatively
inexperienced with cell testing suddenly are thrust into the
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6.5: PV Factory
Lead Partner
UNSW

UNSW Team
Dr Alison Lennon

QESST (USA) Team
Assoc Prof Stuart Bowden, Adj. Prof Jeff Cotter

Industry Partners
PV Lighthouse: Dr Keith McIntosh, Dr Malcolm Abbott

Funding Support
ACAP, UNSW, PV Lighthouse

Aim
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Many students come to UNSW wanting to learn how solar cells
are manufactured. However silicon solar cell manufacturing
involves a diverse range of processing, ranging from chemical
etching, plasma physics and metal alloying to screen printing.
Understanding all of these processes, and how they interact in a
production line, is challenging, to say the least, especially when
it is not possible to take students to see a cell production line.
Combined with the need for students to learn how to optimise
a process with so many interrelated steps, a major educational
challenge arises. To address this challenge, in 2001–2002
Prof Stuart Wenham and Dr Anna Bruce from the School of
Photovoltaic and Renewable Energy Engineering at UNSW
developed a simulation of the production of screen-printed
silicon solar cells, called the Virtual Production Line (VPL).
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In 2014, PV Factory (a cloud-based simulation platform) was
developed through an ACAP-supported collaboration involving
PV Lighthouse, UNSW and Arizona State University as a
teaching application that could engage PV and Solar Energy
Engineering students as they learned about how solar cells are
made. This platform utilised revised versions of many of the
earlier algorithms developed for VPL. Hosting of the simulation in
the cloud has made it simpler for students to use the simulation
– with the software being hosted on the cloud there is no
limitation regarding downloads nor version control. Cloud-based
delivery has also enabled the implementation of leaderboards

where students can compete with their classmates and
users across the world to achieve the highest cell efficiency.
PV Factory was released to the public in January 2015 and
can be accessed at: https://factory.pvlighthouse.com.au.
Since its release 4,085 users have visited the “Factory” (Google
Analytics) and over 1.2 million solar cells have been fabricated.
PV Factory was successfully used in the delivery of PV
Manufacturing courses at both ASU (EEE498 Science
and Technology of Solar Cell Fabrication) and UNSW
(SOLA3020 PV Technology and Manufacturing) in 2015. At the
completion of the UNSW course, SPREE and PV Lighthouse
jointly funded prizes for students who obtained the highest
efficiency on their final assignments (see Figure 6.5.1). The
2015 UNSW winners are also now leading the world-wide
leaderboard for the most efficient batch of silicon solar cells.

Progress
Creation of the tool was completed 16 December 2014 but
testing and enhancement was a continuing task through 2015.

Highlights
Successful use of PV Factory in the teaching of PV
Manufacturing courses at both ASU and UNSW in 2015.

Future work
PV Lighthouse will continue to evolve the PV Factory
application. At UNSW, student projects will be used to
enhance the algorithms in the UNSW simulation so that
it can remain technologically current and relevant.

References
Abbott, M., et al., 2015, 42nd IEEE Photovoltaic
Specialists Conference, New Orleans, Louisiana.
Lennon, A., et al., 2015, IEEE International Conference
on Teaching, Assessment, and Learning for
Engineering (TALE), Zhuhai, China, p. 267.

Figure 6.5.1: Award of PV Factory prizes
in November 2015. Shown from left to right
are Prof Darren Bagnall (SPREE), Jack
Fletcher, Charles Hall and Dr Malcolm
Abbott (PV Lighthouse).

6.6: International Exchange Visits
UNSW

Partner

short laser excitation. A donor:acceptor blend ratio study was
chosen, with the intention to relate the local charge carrier
dynamics with the carrier moblities on hundreds of nm-length
scales and the quantum yield of photogenerated charges.

University of Queensland

Progress

University of Queensland Student

The team was able to set it up quickly as the required electrical
equipment and a laser were already ready to use. They built a
resistor-box to vary the load resistance at the oscilloscope and
installed a photodiode to trigger the photovoltage signal upon
the laser excitation pulse. Several OPV systems and materials
developed at NREL were successfully tested during the visit.

Martin Stolterfoht

Academic Partners
NREL: Dr Nikos Kopidakis, Dr Bryon Larson

Funding Support
ACAP, University of Queensland

Aim
Each year, the ACAP Management Committee selects an
ACAP node to have the opportunity to nominate a student,
post-doctoral or early researcher for an international
exchange visit to work with one of our US partner institutes.
Alternatively nodes can nominate a US candidate to come
to work with an ACAP institute. Mr Martin Stolterfoht, from
the University of Queensland node, visited NREL in 2015.
The objective of our partners at NREL, Dr Nikos Kopidakis
(head of the Organic PV group) and Dr Bryon Larson
(postdoctoral research fellow), was to set up a charge
transport measurement technique that had been developed
at UQ (Stolterfoht et al. 2014; Philippa et al. 2014). The
“resistance dependent photovoltage (RPV)” technique
allows the quantification of charge carrier mobilities in
operational organic solar cells under relevant conditions.
The aim of the visiting student, Martin Stolterfoht, was to
continue his investigations on the dissociation of the so-called
charge-transfer (CT) states, a critical step in the generation
process of free charges in blends of organic semiconductors.
NREL’s expertise on time resolved microwave conductivity
(TRMC) Savenije 2013) measurements allows one to probe
the product of “local” charge carrier mobilities (on an nmlength scale) and the generation yield of free charges after a

The group studied different blend ratio compositions of a
small non-polymeric donor (SMCN) with PC70BM as acceptor.
SMCN is a newly developed material by NREL, which when
blended with PC70BM gives solar cells with efficiencies of 5% at
NREL. Photo-active layers and complete cells were fabricated
from neat SMCN and six different SMCN:PC70BM blend ratio
compositions (10:1 to 0.1:1) as shown in Figure 6.6.1. The blend
ratio composition was changed to effectively vary the charge
carrier mobility in the bulk, since the electron (hole) mobility
usually increases with the amount of acceptor (donor) in the
blend, respectively (Savenije et al. 2013). Several measurements
were conducted on these films and the corresponding devices.
These include: 1) UV-Vis (for film absorption); 2) current-voltage
(device performance); 3) RPV (bulk mobilities); 4) SCLC (to
double-check RPV mobility in neat SMCN); 5) TRMC (product
of charge carrier mobility sum ΣμLOCAL and generation yield
ϕ); 6) Transient Photoluminescence (quenching of excitons
in blends). Duplicate devices have been sent to UQ for
additional measurements such as: 7) intensity dependent
photocurrent (IPC, for generation yield, bimolecular losses,
slower carrier mobility); 8) EQE/IQE (efficiency product of
device absorption, charge generation and charge collection).
The differences in the yields at the two different wavelengths
(Figure 6.6.2(a)) might be attributed to differences in the exciton
quenching (dissociation) efficiency. For comparison the trend
of the short-circuit current density is shown as a function of
the MR. At low acceptor concentrations (MR 10 to 1.3) the
yield-mobility product increases in line with the short-circuit
current density. In contrast, at low donor concentrations (MR
0.1 to 0.6) the yield-mobility product continues to increase while
the short-circuit current density decreases. This is likely due
to the increasing contribution of the electron mobility as the
fullerene content is increased. Low-donor blends exhibit high
electron and low hole mobilities, while low-acceptor blends
exhibit high hole and low electron mobilities (Figure 6.6.2(b)).
The bulk mobility is expected to be 1 or 2 orders of magnitude
lower than the local mobility since carriers have to hop between
domains, which reduces the mobility and causes the drop of
the electron/hole mobility in low acceptor/donor compositions.
Measuring the generation yield with another independent
method will allow the disentanglement of the components
of ϕ ΣμLOCAL, and will help to determine the relationship
between the bulk mobility and local mobility. Evaluating
the dissociation yield of CT states will provide valuable
insights into the dynamics of dissociating CT states.

Figure 6.6.1: Illustration of the six different blend ratio
combinations that were studied. CT states are created after
excitons reach the SMCN/PC70BM interfaces and after
the charge transfer of the electron (hole) to the acceptor
(donor) has occurred. The impact of the local (and bulk)
mobilities on the dissociation efficiency of the remaining CT
state was studied in this work.
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Figure 6.6.2: (a) The product of the generation yield and the local electron and hole mobility sum
at two different excitation wavelengths, 600 nm (red) and 400 nm (blue), as a function of the SMCN/
PC70BM mole ratio (MR). (b) The electron and hole mobilities for different SMCN/PC70BM MRs. Lowdonor blends exhibit high electron and low hole mobilities, while low-acceptor blends exhibit high hole
and low electron mobilities. The bulk mobility is expected to be 1 or 2 orders of magnitude lower than
the local mobility since carriers have to hop between domains, which reduces the mobility and causes
the drop of the electron/hole mobility in low acceptor/donor compositions.

Highlights
•

Set up a UQ charge transport
measurement technique at NREL.

•

Study of different blend ratio compositions of a small
non-polymeric donor (SMCN) with PC70BM as acceptor.

References
A. Armin et al., 2014, Adv Energy Mater 4, 1300954.
B. Philippa et al., 2014, Sci. Rep. 4, 1.
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M. Stolterfoht et al., 2014, Appl. Phys. Lett. 105, 013302.
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In December 2012, a grant of $33.1 million from
the Australian Government through ARENA
was announced to support the 8-year program
of the Australia-US Institute for Advanced
Photovoltaics (AUSIAPV). This support leveraged
an additional $55.4 million cash and in-kind
commitment from AUSIAPV participants taking
the total value of the project to $88.5 million.
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AUSIAPV commenced on 1 February 2013 after
the signing of the Head Agreement between
ARENA and UNSW, and with the receipt of letters of
confirmation of participation under the terms of the
Head Agreement by the other project participants.
Collaboration Agreements with the Australian
participants in the Australian Centre for
Advanced Photovoltaics (ACAP) were completed
on 1 July 2013. This was somewhat later than
originally expected due to the complexity of the
multiple-party legal negotiations involved.
The Milestone 4 payment from ARENA to UNSW
was paid in July 2015. Disbursements were
made to each node following confirmation
of institutional cash contributions.
An extension to the program, to undertake an
Australian Solar PV Cell and Module Research
lnfrastructure Plan and Feasibility Study was
signed in October 2014, generating an additional
milestone, 4A. This project was completed and
Milestone 4A was paid in October 2015.

Good progress was made in 2014 and 2015 towards
regaining the original budgetary expenditure timelines.
A robust and transparent process to distribute
collaboration funds was developed in 2015 and also
implemented in a small first funding round in that year.
A larger, second round was developed and begun
in 2015, for completion in the first quarter of 2016.
All technical milestones for 2015 were achieved.
The breakdown by institution of the $10.5 million
total 2015 cash and in-kind expenditure budget is
shown in Figure 7.1(a). The actual total 2015 cash
and in-kind expenditure was $13.6 million and its
breakdown is as shown in Figure 7.1(b), with additional
irrevocable cash commitments carried into 2016.
Cash and in-kind contributions from industry
partners were substantial in 2015, amounting to $983
thousand dollars. This included provision of laboratory
services and materials and researchers' time for
collaboration. ARENA funding has been strongly
leveraged to attract cash and in-kind contributions
from institutional and industry partners that far exceed
the ARENA commitment. In 2015, the ARENA cash
contribution of $4.0m leveraged overall cash and inkind contributions from all sources valued at $13.3m.
Negotiations were started with three potential new
collaborating industry participants during 2015
and one of these, PV Lighthouse, has formally
agreed at the time of preparation of this report.

A

$895,000 (8.6%)

$668,786 (6.4%)

$1,082,400 (10.4%)

$3,076,689 (29.4%)

Admin/Collab.

$900,000 (8.6%)

UNSW
ANU
Melbourne

$813,580 (7.8%)

Monash
UQ
$837,300 (8%)

CSIRO
$2,176,245 (20.8%)

$861,670 (6.3%)

Figure 7.1:

$1,016,152 (7.5%)

(a) Total AUSIAPV/
ACAP cash and in-kind
expenditure budget for
2015 broken down by
institution;

$935,854 (6.9%)

$1,250,282 (9.2%)

$4,583,956 (33.7%)

$979,530 (7.2%)

$1,358,153 (10%)

(b) Actual cash and
in-kind expenditure
breakdown by institution
for 2015.
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8. Publications
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Corkish, R., Lipinski, W. and Patterson, R.,
“Introduction to Solar Energy”, in Solar Energy,
World Scientific Series in Current Energy Issues,

Vol. 2, World Scientific (in press for March 2016
publication). ISBN: 978-981-4689-49-6
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