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1. Vorwort

Herzlichen Dank an unsere Studenten, Doktoranden, MitarbeiteGruppenleiter

f ¢ihrefantastischen Leistungen in 2021. Gemeinsam haben wir auch das zweite
Coronajahr bew2l tigt!

lch mechte allen danken, die mit wun
Genauigkeit fg¢r ei ne rRichtimierogesergtabheng t
Vorl esungen fg¢r das I nternet design
digitalisiert haben und sogar die Dur
Conference 2021, gemeinsam mit dem NREL (ngse.info) meistern konnten. @a 100
Teilnehmer w2hrend der dreit@gigen Kon
wi ssenschaftlichen Strategien um den "
Solarzellen zu ¢berwinden.

Besonders herzlichen Dank an unser Verwaltungsteam und unselisdbehn
Angestelltei ohne si e w2re eMEEITckkb m? bl ghei
l hnen allen, den Kooper at iMEMESTp aratnrkeer n ¢
die erfolgreiche Zusammenarbeitin202nd w¢nsche viel Spac
u n s e rigksitsb@richts.

erm
Z un.
t u
u c

Many thanks to our undergraduates, graduate students, staff, and group leaders for
their fantastic accomplishments in 2021. Togethehawee successfully managed

the second Coronayear!

I would like to thank everyone who workédelessly and meticulously to ensure
rigorous implementation of Corona policies, designed and delivered lectures
digitally, digitized our lab courses and supported the successful delivery of the 2021
Next Generation Solar Energy Conference with NREL (mgfg. About 1000
participants shared our fascination for scinetific concepts allowing to overcome the
detailed balance limit for single junction solar cells.

Special thanks to our administrative team and our technical stéfiout them, it

would notbe possible to rurMEET that successfully. | would like to thank all of

you, the cooperation partners and supporters of MEET for the successful
cooperation in 202 and hope you enjoy reading our activity report.

o S

Best, Christoph Brabec

Please note that some of our highlights can be foundBEEE T6 s yout ube
i-MEET Lab.

(https:/iwww.youtube.com/channel/UC6RHRI5xyzI-HI6FG3PA).

Please note also our alumni network at LinkedIn (InstitM&EET).
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2. Members of the Chair

Professors

Prof. Dr. Prof. Dr. Prof. Dr. Prof. Dr-Ing.
Christoph J. Brabec Wolfgang Heiss Olga Kasian Peter Wellmann
Head of the chair

Professors emeritus

Prof. Dr. rer. nat.
Georg Mgl oer Albrecht Winnacker

Secretaries

N

Manuela Baumer | r i na DElisabethiHenneberger Claudia Koch
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Academic Associate Professors
administration

PD Dr. PD Dr. Prof. Dr.Dr.-Ing. habil.
Miroslaw Batentschuk HansJoachim Egelhaaf Michael Thoms

Assistant lecturer

Dr. Dr.-Ing. Dr.-Ing.
Jens Hauch Thomas Heum¢gUl eif ke K¢gneck

Dr. Dr.
Ning Li Andres Osvet
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Technical staff

Dr. Leonie Brandner Joshua Kirsch
Anastasia Barabash
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Leonid Kuper HansDieter Schmidt Corina Winkler

RonaldWirth
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Friedrich-Alexander-Universitét
Technische Fakultat

Solar and Semiconductor Devices{SD
(Scientifical staff, doctoral candidates)

Prof. Dr.
Christoph J. Brabec
Group leader

PD Dr. Dr.-Ing.

Miroslaw Thomas Heumg¢l | e Ning'Li
Batentschuk
Grouwp leader Grouwp leader Grouwp leader

Dr. Dr.
Larry Le¢er Andres Osvet
Grouwp leader Group leader
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Research ofhe group is devoted to the design, simulation, processing and analysis
of modern innovative semiconductors, electronic materials as well as advanced
devices. Next generation concepts for electronic devices and future light harvesting
techniques completeuoresearch focus.
Development of low cost, long lived and highly efficient printed solar cells is one
major vision of this research group. This includes the development of stable and
efficient materials, the development of printed multilayer tandem tdohies,
ternary sensitization and controlling microstructure formation. Advanced organic
semiconductors, fype & ntype interface layers, printed transparent / opaque
electrodes, flexible substrates and low cost barriers are further activities of this
resarch group.
Organic semiconductors, perovskite hybrid composite semiconductors as well as
colloidal quantum dots are the material fundament of our dexMiggneeringand
process development activities. Further activitietudelow temperature processed
chalcogenideandkesterites.
o v, The Device Group at iMEET focuses on the development of
& S solutionprocessed emerging photovoltaic devices with
Emerging excellent performance and device stability, in particular for
organic and perovskitdbased photovoltaic technologies. In
%rq,% o order to develop efficient, cheap and stable optoelectronic
devices, we explore advanced materials, novel device
architectures and characterize relevant fundamental and loss mechanisms. In close
collaboration with partner groups atMEET, HI-ERN and ZAE Baye, the
scientific research findings obtained by the Device Group will help further promote
the industrialization of emerging photovoltaic technologies
Research oMaterials for optoelectronic applications group is focused on the
development of phosphofsr light conversion, on semiconductors for optical er x
ray detectors and lighkgmitting devices, and other functional materials used in
optoelectronics. The applications of the light conversion phosphors range from
LED-based ambient or horticultural litthg to liquid crystal displays. A specific
application is harvesting the ultraviolet and infrared solar emission in solar cells,
based on transforming the emission by apdownconversion effect into the most
efficient spectral range of a solar cell. Timaterials can be roughly divided into
rareearth or transition metal doped inorganic phosphors on one hand, and
semiconductor quantum dots, thin films, and micropowders on the other hand.
The Lifetime group develops novel characterization methods and device
architectures to improve the loitgrm stability of organic solar cells. Advanced
optical and electrical time resolved measurements are combined vsith stability
testing under controlled atmospheitleymination and temperature.

Photovoltaics

system g
\iegratio,
Olupay
Amgense
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Vanessa Arango Elshaimaa Mostafa Dr. Yakun He

Darwish Maria Hammer
MSc MSc MSc
Doctoral candidate Doctoral candidate Postdoc Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

O

£

Huiying Hu Violetta Kalancha Andr ® Ka mMengginKong
MSc MSc MSc MSc
Doctoral candidate ~ Doctoral candidate  Doctoral candidate ~ Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

Christian Kupfer Dr. Dr.
MSc Vincent Marc Le Corre  Jihoon Lee Junsheng Luo
Doctoral candidate Postdoc Postdoc Postdoc
i-MEET i-MEET i-MEET i-MEET
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Zijian Peng Juan Sebastian Fahimeh

Rocha Ortiz Shahvaranfard
MSc MSc MSc MSc
Doctoral candidate Doctoral candidate ~ Doctoral candidate ~ Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

«\

f “ M
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Albert These Jingjing Tian Rong Wang Paul Weitz
MSc MSc MSc MSc
Doctoral candidate Doctoral candidate  Doctoralcandidate Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

Y
Zhigiang Xie QianXie Junyi Xu Difei zhang
MSc MSc MSc MSc
Doctoral candidate Doctoral candidate Doctoral candidate Doctoral candidate
i-MEET i-MEET i-MEET i-MEET
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Heyi Zhang Kaicheng Zhang

MSc MSc
Doctoral candidate Doctoral candidate
i-MEET i-MEET
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Friedrich-Alexander-Universitat NURNBERG
Technische Fakultat

Solution-ProcessedSemiconductorMaterials (SOPSEM)
(Scientifical staff, doctoratandidates)

WolfgangHeiss
Group leader

Dr.
Mykhailo Sytnyk
Task leader

Solution processed semiconductor materials are
synthesized as a basis for the development of
electronic devices. The materials include colloidal
nanocrystal quantum dots and médialide
perovskites. For the perovskites their epitaxial growth
has been achved by inkjet printing on various
substrates, as a first step towards the development of epitaxial heterostructures.
Micro-crystallites of perovskites are grown to provide laser cavities, which exhibit
lasing under optical pumping. Metakide nanocrystal are applied as
electrochromic materials, exhibiting within an electrochromic device color changes
upon intercalation or dimtercalation of Liions. For their application as electrodes
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in the devices, films of the colloidal nanocrystals are preparedsevfumction rely
heavily on ligand treatments procedures which are developed in our group. The
resulting electrochromic devices have the potential to be used in smart windows,
providing diming from sun light upon electrical activation. PbS nanocrystals are
synthesized and applied as absorber in infrateatodiodes and solar cells. For their
fabrication within a single deposition step the ink formulation is of uppermost
importance. Solvent mixtures are applied, in order to allow the deposition of ~
micron thick films within a single step, which are smooth, free of cracks and contain
a minimum amount of organic residuals. Such inks are usable not only by spin
coating but also by doctor blade deposition, enabling the scaling of the device
fabrication to largereas. They are used for the development of infrared solar cells
and photodetector arrays.

Hany Elsayed Niall Killilea Oleksandr Mashkov

MSc MSc MSc
Doctoral candidate Doctoral candidate Doctoral candidate
i-MEET i-MEET i-MEET

Max-Quast Pascal Viktor Rehm ShuyuYhou
MSc MSc MSc
Researchassociate Doctoral candidate Doctoral candidate
i-MEET i-MEET i-MEET
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Technische Fakultat

Crystal Growth Lab (CGL)
(Scientifical staff, doctoral candidates)

Prof. Dr:-Ing. Peter Wellmann
Group leader

In the Crystal Growth Lab @ FAU headed by Prof.-IDg. Peter Wellmannthe
research activities are devoted to modern topics in semiconductor technology and
include crystal growth, epitaxy and characterization of various electronic materials.
Since December@7 the successful activities of Crystal Growth Lab are listed by
the European Union as a Key Enabliing
Industrial Services n Cr y st al Growth of Si Co.

The R&D activities of the Crystal Growth Lab lie in the areas of materials for
power electronics energy saving& novel photonic applicationswith a major
focus on the semiconduct&iC:

9 SiC for power electronic devices is a key player fanergy saving The lab
focuses on bulk of SiC using th®/T method and the newly develope@S-PVT
process

i SiC for novel photonics includes applications likeoptical waveguides
quantum information, intermediate bandgap solar cells photocatalytic water
splitting andfluorescent SiC The lab focuses on bulk like materials and thin films
processed using tHeS-PVT process as well &hemical Vapor Deposition

1 The lab environment covers all processing steps fronsyhéhesisof the SiC
source material, therystal growth process of SiC boules and thin films, grinding
andwafering, as well asvafer inspection

1 In the field of semiconductor characterization a large variety oklectrical,
spectroscopic and structural techniques are used which serve the better
understanding of materials processing. Special emphasis is put on
topographic/mapping methods.
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1 As a future material system, the synthesis and layer depositicdmatifogenide
perovskiteslike BaZrS, BaZrSe, BaSrS, BaSrSeare investigated.

1 Other topicsinvestigated in the lab include (Bmmonothermal growth of
nitride semiconductors lik&aN, (i) CIGSSe and CZTSSe thin film solar cell
materials recently, (iiijyprinted electronic layers using nanoparticles and hybrid
organic semiconductor & nanopartickkomposites, (iv)hybrid nanomagnet
semiconductor structures (v) rare earth doped semiconductorsand (vi)
semiconductor superlatticesand quantum dot structures.

In all fields service for industrial and institutional partners may be provided.

Matthias Arzig Tim Freund Manuel Kollmuss
MSc MSc MSc MSc
Doctoral candidate  Doctoral candidate  Doctoral candidate ~ Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

—
A \‘
Johannes KDrlDlplelng Dr.-Ing. Johannes Steiner
MSc Ul ri ke K ¢:Saskia &ckimmel MSc
Doctoral candidate Scientifical staff Postdoc Doctoral candidate
i-MEET i-MEET i-MEET i-MEET
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Friedrich-Alexander-Universitét S AP AR . NURNBERG
Technische Fakultat ZAE BAYERN

Solar Factory of the Future SFF)
(Scientificalstaff, doctoral candidates)

-
v _
7 =

N

PD Dr.
HansJoachim Egelhaaf
Group leader

Dr. . Dr.

Andreas Distler Michael Wagner
Task leader Group leader

The ASol ar Factory of t he Futureo d
photovoltaic (PV) modules and diigh-throughputprocesses for their production.

The main goal of our activities is the upscaling of highly efficient small size solar
cells to industrially viable roflto-roll (R2R) producible large area solar modules at
minimum efficiency losses. This inWwes: the formulation of inks based on green
solvents, the optimization of R2R printing and coating processes, the development
of advanced patterning processes for high efficiency organic and perovskite solar
modules by laser ablation and ink jet printidgvelopment of novel concepts for the
encapsulation of printed PV modules, and the integration of our modules in mobile
applications and in building integrated PV installations.
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Jos® Gar ci hirol@®asng i | | o TianDu Sarmad Feroze

MEng MSc Dr MSc
Doctoral candidate Doctoral candidate Postdoc Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

1?6
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Ezgi Nur Gulianr MadeleineHeyder DongJu Jang
HaffnerSchirmer
MSc MSc Dipl.-Ing MSc
Doctoral candidate Doctoralcandidate Research associate Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

YingLok Lee MohammedJohsun Shudi Qiu Marc Steinberger

MSc MSc MSc MSc
Doctoral candidate  Doctoral candidate  Doctoral candidate ~ Doctoralcandidate
i-MEET i-MEET i-MEET i-MEET
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Kai Cheong Tam Josua Wachsmuth

MSc MSc
Doctoral candidate  Doctoral candidate
i-MEET i-MEET
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Friedrich-Alexander-Universitét
Technische Fakultat

Helmholtz-Institut Erlangen-N ¢, r n b il ERN) (
(Scientifical staff, doctoral candidates)

Dr.
Jens Hauch
Head of Research Unit
Group leader

Dr.
lan Marius Peters
Group leader

Dr-Ing. Dr Dr. MSc
Thomas He umbpihglLier Larry L ¢ elerrit Wagner
Task leader Taskleader Task leader Task leader
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The research unit AHIi gh T Rattheldl ERNuaims Me t
to develop materials, processes and technologies fostering a sustainable and
significant cost degression of photovoltaic technology, from small-gmah
connected energy harvesting to large scale energy production and from the Watt
scak to the Terawatt scale. The research combines achievements from automated
materials research, digitization, simulation and -dédga methods with the
specialized knowledge of Photovoltaic technology. The research unit is a
cooperation between the Bavarig@@enter for Applied Energy Research (ZAE
Bayern), the FriedriciAlexanderUniversity ErlangerNuremberg (FAU) and HI
ERN and performs its research in two active research groups:

1 High Throughput Materials and Devices for PV

1 High Throughput CharacterizatioméModelling for PV
With their research the groups address specific challenges in the fields of materials
and device development, highly productive processes for the manufacture of PV
modules as well as the maintenance and operations ofargeyscalesdar power
plants.

| =3
< doos
-
‘ SN
Vanessa Arango Ecem Aydan Christian Berger Manuel Daum
MSc MSc MSc MSc
Doctoral candidate Doctoral candidate Doctoral candidate Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

Bernd Doll Dr. Dr. StefanLangner
MEng Xiaoyan Du Johannes Hepp MSc
Doctoral candidate Postdoc Postdoc Doctoral candidate
i-MEET i-MEET i-MEET i-MEET

Report 2021-MEET, Materials for Electronics and Energy Technology, University of Erlahgenr nber g
-24-



Chao Liu Abdus Saboor Jonas Wortmann Dr.

MSc MSc MSc Jianchang Wu
Doctoral candidate Doctoralcandidate Doctoral candidate Postdoc
i-MEET i-MEET i-MEET i-MEET

Jiyun Zhang Dr.
MSc Yicheng Zhao
Doctoral candidate Postdoc
i-MEET i-MEET
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External doctoral candidates

4
! e
A L
Fabian Carigiet Sarah Deumel TobiasH¢ bner
MSc MSc MSc
ZHAW Siemens Healthineers Osram
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Visitors
Bayerischer Rundfunk (15.04.21)
Avancis GmbH (11.05.2021)
ACP Systems AG (09.09.2021)
CDU Delegation (18.10.2021)
Stadtverfgsghrungen N¢grnberg (18.10.2021
Fa. Epishing11.11.2011)

Prof. Dr. Serdar SariciftcLinz Institute for Organic Solar Cells (LIOS), Physical
Chemistry, Johannes Kepler University LifiA.11.2011)

S c h géseermaniKestenKo | | egs (NJdi2@bHer g

Prof. Dr. Wolfgang Arltf Department Chemiaund Bioingenieurwesen (CBI)
Lehrstuhl fg¢r Ther mi s,dFARIL7ME2021r hr enst ec

Christog Erban und Maksim Toropov, Fa. Sunnovation, (10.2021)

Lukas Zdragil, Depart ment of Uniheysityiofc a |
Olomouc, Czech Republic
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3. Highlights 2021

Paul takes the leadership in publishing a review on historic and future
NFA developments on behalf of Advanced Energy Materials 10th
anniversary

184 —@— Fullerene OSCs
1 —7— SM-NFA OSCs (Vaccum deposition)

@ —#— SM-NFA OSCs (Solution deposition) A
€ 144 —A-— Polymer-NFA OSCs A
> /
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1985 1990 1995 2000 2005 2010 2015 2020
Year

The emergence of a family ohaterialsthe nonfullerene acceptors (NFA&)has
rocked OPV science and technology during the last 5 years. NFAs have delivered a
discontinuous advance in cell efficiencies, with the significant milestone of 20%
now in sight. These materials challenge fiveepted wisdom of how organic solar
cells work and force new thinking in areas such as morphology, charge generation
and recombination. This perspective provides a historical context for the
development of NFAs, and also addresses current thinking $e teas but also
critically questions how far can they can be further pushed, and whether they will
deliver on equally important metrics such as stability
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M) Check for updates

REVIEW “ENERGY
MATERIALS
10th Anniversary Article www.advenergymat.de

A History and Perspective of Non-Fullerene Electron

Acceptors for Organic Solar Cells

Ardalan Armin,* Wei Li, Oskar J. Sandberg, Zuo Xiao, Liming Ding, Jenny Nelson,
Dieter Neher, Koen Vandewal, Safa Shoaee, Tao Wang, Harald Ade, Thomas Heumiiller,

Christoph Brabec, and Paul Meredith*

Organic solar cells are composed of electron donating and accepting
organic semiconductors. Whilst a significant palette of donors has
been developed over three decades, until ly only a small number
of acceptors have proven capable of delivering high power conversion
efficiencies. In particular the full have dominated the land

In this perspective, the emergenue of a family of materials—-the non-
fuller!n: acceptors (NFAs) is described. These have delivered a discon-

dy in cell effici with the significant milestone of
20% now in sight. Intensive international efforts in synthetlr. chemistry
have established clear design rules for molecul ing enabli
an ever-expanding number oflllgh efficiency ﬂndldabes. However, these
materials challenge the d wisdom of how organic solar cells work
and force new thinking in areas such as morphology, cll:rge generation
and bination. This persp pi ical context for the

development of NFAs, and also addresses current thinking in these areas
plus iders important ability criteria. There is no doubt that
the NFAs have propelled organic solar cell technology to the efficiencies

ry for a viable ial technology-but how far can they be
pushed, and will they also deliver on equally important metrics such as
stability?

1. Introduction

Photovoltaics based upon earth abundant,
low embodied energy semiconductors
have been the source of intense research
and innovation efforts for nearly four
decades. One technology which has long
promised this apparent renewable energy
Nirvana is organic photovoltaics (com-
monly referred to as OPV)-with the light
harvesting component being sub-micron
layers of solution processed! or low tem-
perature vacuum deposited organic semni-
conductors.!l The first functional organic
solar cell was reported as far back as
1986-this was a two-layer heterojunction
based upon copper phthalocyanine and a
perylene tetracarboxylic derivative®l This
architecture is directly analogous to a con-
ventional p-n inorganic semiconductor
junction, but with some key differences,
notably: i) the organic semiconductors in
question are molecular not banded solids:
ii) the device is excitonic at room tempera-
ture since the low dielectric constants of
the constituent semiconductors are not

Dr. A. Armin, Dr. W. Li, Dr. O. ]. Sandberg, Prof. P. Meredith
Sustainable Advanced Materials (S&r SAM)
Department of Physics Swansea University
Singleton Park, Swansea SAZ 8PP, UK
E-mail: ardalan.: @ ac.uk; paul.
Prof. Z. Xiao, Prof. L. Ding
Center for Excellence in Nanoscience (CAS)
Key Laberatory of and | Fabrication (CAS)
National Center for Nanoscience and Technology
Beijing 100130, China
Prof. | Nelsan
Department of Physics and Centre for Plastic Electronics
Imperial College London
Lendon SW7 247, UK
Prof. D. Neher, Prof. 5. Shoaee
Institute of Physies and Astronomy
University of Potsdam
Karl-Liebknecht Strafle 24-25, Potsdam-Golm D-14476, Germany

The ORCID identification number(s) for the author(s) of this article

can be found under https:fjdoi.org[10.1002 faenm.202003570.

Prof. K. Vandewal
IMO-IMOMEC

acuk Prof. T. Wang

Prof. H. Ade

DOI: 10.1002 /aenm. 202003570

Ady. Energy Mater. 2021, 11, 20003570 20003570 (1 of 42)

Hasselt University
Wetenschapspark 1, Diepenbeek 3590, Belgium

Depantment of Physics

Organic and Carbon Electronics Laboratories (ORaCEL)

North Carolina State University

Raleigh, NC 27695, USA

Dr. T. Heumndiller, Prof. C. Brabec

Institute of Materials for Electronics and Energy Technology (i-MEET)
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Y o n g f aewg\NdRsacceptor pushes the bandgap of OPV towards 1.2
eV and enables well performing tandem cells

=
Z
(b) -
*r 353 3.5
-3.89
o 410 410 -4:« -4.30
- i~ Ag
e I
5470 08 2l
Tro =5:40 PEDO z -5.22 540
S T -553 Moo, T:PSS | N e MoO,
s B S 600
Zn0o T
GlassITO
-7.70 -1.70
(c) (d) 100 (e) 1
[ Front cell Rear cell
< 0 sof w1427 mAiem® g, =1432 mAjem? W W Tandem cell
3 Voe: 1.65V 4 Rear cell
£ Jge::1451mASem? I o0 &
£ FF: 68.5% g g
2 PCE:16.40% = 40 S
- - 4
5 10
é 20 i
AsfT ;
0.0 04 08 12 1.6 300 450 600 750 900 1050 120 125 130 135 145 150 155 160 165 170
Voltage (V) Wavelength (nm) PCE(%)

Yongfang extended the-pbnjugation of Y6 by inserting a double bond between the
central core and end groups and pushed the optical bandgap to 1.2TRV-4B).

The singlejunction devices based on this novel acceptor achieved a @it
current density of 28.9 mA cmi2, and p
in tandems. The resulting tandem devices reached a high power conversion
efficiency beyond 16 % (16.4 % uncertified) and exhibited as well good
photostability. Very curious to find out what happens when introducing further
double bonds into these moleculesichieving bandgaps comparable to the one of
silicon appears to be within reach
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High performance tandem organic solar cells via a
strongly infrared-absorbing narrow bandgap
acceptor

Zhenrong Jia'28, Shucheng Qin2E, Lei Meng® 2=, Qing Ma"2, Indunil Angunawela®, Jinyuan Zhang',
Xiaojun Li'2, Yakun He*S, Wenbin Lai'2, Ning Lip #®, Harald Ade® 3=, Christoph J. Brabecn 4 &
Yongfang Lip 127

Tandem organic solar cells are based on the device structure monalithically connecting two
solar cells to broaden overall absorption spectrum and utilize the photon energy more effi-
ciently. Herein, we demonstrate a simple strategy of inserting a double bond between the
central core and end groups of the small molecule acceptor Y6 to extend its conjugation
length and absorption range. As a result, a new namow bandgap acceptor BTPV-4F was
synthesized with an optical bandgap of 1.21eV. The single-junction devices based on BTPY-
AF as acceptor achieved a power conversion efficiency of over 13.4% with a high short-cirouit
current density of 28.9 mA cm™2. With adopting BTPV-4F as the rear call acceptor material,
the resulting tandem devices reached a high power conversion efficiency of over 16.4% with
good photostability. The results indicate that BTPV-4F is an efficient infrared-absorbing
narrow bandgap acceptor and has great potential to be applied into tandem organic
solar calls.

" Beijing Mational Labaratory for Mollecular Scienes, CAS Key Labaratory of Orgaric Sclds, Irstitute of Chemistry, Chinese Academy of Sciences, 100120
Beijing, China. % Schoal of Chernical Science, University of Chinese Acadery of Sciences, 100049 Beijing, China 3 Diepastment of Prysics and Organic and
Carban Electronics Laborataries (OR2CEL), Morth Carolina State University, Ral=igh, NC, USA * Istitute of Materials for Electronics and En:rE'pTu:hmtgy
(i-MEET), Department of Materiaks Science and Ergineering, Frisdrich-Alexander University Edangen-Nimberg, 90058 Erlangan, Germarry. = Erlargzn
Graduste Schoal in Advanced Oatieal Technalogies (SAOT), Paul-Gordan-Straie 6, 91052 Erangen, G-man,- & Helmihokz-Instituts Erlangan-Nirmiserg for
Renewable Energy (HI ERM), Immerwahestr. 2, 91058 Erangen, Garmary. ?Laba af ic Materiaks, College of Chemistry,
Chemical Engineesing and Matesials Science, Soochow University, 215123 Suzhau, liangsy, China. "I'hue authors contributed squally: Zhenrang lia,
Shucheng Qin. Mamaik mengheifiicras ac cry wade fncuedy; liyigiccasaccn

ATURE CONSALINIC ATIORS | (20ZUNMZITE | https deilor g /10 1038,/ 54186 702 0204 Tinti | winin Natune. Loy nalLfecommunication s i

Report 2021-MEET, Materials for Electronics and Energy Technology, University of Erlahgenr nber g
-31-



Xiaoyan publishes automated OPV device processing and modelling on
AMANDA in Joule

Self-driven laboratories are current

oV d . i .
M”"""‘"“’“ﬁ"@ s discussed as a fast and reliable
Optimization = X i .

— methodology to overcome the limitation
® High-quality Dataset . .
of classical higkthroughput
experimentation. In his most recent
Machine @) article in Advanced Materials, Stefan

Learning '

challenged a robot based high
throughput proess to identify the most

>100
Processing

Efficiency

- photostable composition for

g | multicomponent polymer blends as
y — required for OPV. Stefan developed a
?@ QK Matariala method for automated film formation

which allows the fabrication of up to
6000 films per day. Loic, Florian and Alan Guzik from tHaiversity of Toronto
supported equipping our automated experimentation platform with a Bayesian
optimization algorithm, and together we constructed adselen laboratory that
autonomously evaluates measurements to design
execute the next experiment To demonstrate th
potential of these methods, a 4D parameter spac
guaternary OPV blends was mapped and optimized
photostability. While with conventional approach
roughly 100 mg of material would be necessary,
robotbased platform can ssn 2000 combinations wit
less than 10 mg, and machilearningenabled
autonomous experimentation identifies stable 4
compositions with less than 1 mg

'\

Report 2021-MEET, Materials for Electronics and Energy Technology, University of Erlahgenr nber g
-32-



Please cite this article in press as: Du et al., Elucidating the Full Potential of OPV Materials Utilizing a High-Throughput Robot-Based Platform
and Machine Learning, Joule (2020), https://doi.org/10.1016/j.joule.2020.12.013

Joule ¢ CelPress

Elucidating the Full Potential of OPV Materials
Utilizing a High-Throughput Robot-Based
Platform and Machine Learning

Xiaoyan Du,'*47.* Larry Luer,"* Thomas Heumueller,'? Jerrit Wagner, '~ Christian Berger, '

Tobias Osterrieder,” Jonas Wortmann,” Stefan Langner, ' Uyxing Vongsaysy,” Melanie Bertrand,?
Ning Li,"-* Tobias Stubhan,* Jens Hauch,' and Christoph J. Brabec'5*

SUMMARY Context & Scale

Evaluating the potential of organic photovoltaic (OPV) materials Evaluating the potential of OPV
and devices for industrial production is a multidimensional optimiza- materials and devices for

tion process with an incredibly large parameter space. Here, we industrial viability is a multi-
demonstrate automated OPV material and device characterization dimensional, large parameter

in terms of efficiency and photostability. Gaussian process regres- space exploration. Manual

sion (GPR) prediction based on optical absorption features guided experimentation is extremely
the optimization process with promising prediction accuracy for limited in throughput and

PV parameters and burn-in losses. With ~100 process conditions, reproducibility. Automated
screening for efficiency and photostability can be finished within platforms for fabricating and

70 h. The highest power conversion efficiency (PCE) of 14% was characterizing functional devices
achieved by fully automated device fabrication in air with a model have the potential to accelerate
material system PM6:Y6. Improving molecular ordering has been experimentation speed with
identified as the most promising motif for further efficiency optimi- precise process control. Here, we
zation. Thin active layers combined with medium thermal annealing demonstrate a multi-target
temperature are favorable to simultaneously improve efficiency and evaluation of OPV materials at the
suppress burn-in losses. The platform and protocol may be full-device level with an
expanded to any solution-processed organic semiconductor and automated platform called
interface materials. “AMANDA Line One.” Over 100

processing variations are
automatically screened, which
allows a reliable evaluation in
terms of efficiency and
photostability. The high-quality
dataset enables a promising
prediction of performance with
Gaussian process regression. The
platform and methodology can be
generalized to broad research
areas including, but not limited to,
other solution-processed PV

INTRODUCTION

Excellent device performance and stability are vital for the industrial viability of organic
photovoltaic (OPV), which is considered to be a promising renewable energy source for
a decentralized power supply in the near future. With significant advances in the devel-
opment of novel materials in recent years, lab cells with power conversion efficiencies
(PCEs) > 15% have been achieved with several material systems in combination with
non-fullerene acceptors (NFAs),'~” which further enhance the potential for real applica-
tions. Thanks to the inherent flexibility in materials design for synthetic semiconductors,
an extensive library of promising organic semiconductors is available and s still growing
rapidly.”” With advancesin NFAs, " there s still alarge opportunity to furtherimprove
the PCE in combination with existing and newly developed donor materials. Optimiza- technologies, light emitting
tion of bulk-heterojunction (BHJ) OPVs toward excellent device performance and stabil- diode, photodetectors, and
ity is a multi-dimensional parameter space exploration, which requires significant effort ransistors.

and time in order to fully understand the potential of a given material system. Experi-

mentally investigated parameters, which are filtered through physical insights, are

several orders of magnitude less than a full parameter space spanned by the possible

process and material variations, nevertheless, a significant amount of parameter varia-

tions is demanded for optimization.

Joule 5, 1-12, February 17, 2021 ® 2020 Elsevier Inc. 1
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I-MEET is developing transparent and efficient organic and perovskite
solar modules forwindow integration in a European project consortium
with 8 partners from 7 European countriesi CITYSOLAR

Transparent photovoltaics
(TPV) possesses a huge
untapped potential in the
harvesting of solar energy
& where it readily can be
embedded in buildings
applications worldwide. TPV
will increase the utilization of
renewable energy directly
- where it isneeded anglay a
()J ‘I- y _ U [ & r) crucial role for the sustainable
</ ‘:) r- J_\ transformation of the energy
sector in large cities. In the
CITYSOLAR project, a new breakthrough concept TPV will be developed by
exploiting the combined use of emerging technologies, namely-janttion solar
modules developed from nealtraviolet perovskite and ne&frared organic solar
cells. CITYSOLAR brings together wori@ading European acaderrand industrial
players, some with key intellectual property, together with two-BEOnpartners
belonging to Mission Innovation countries specialized in the synthesis of advanced
materials for hybrid and organic solar cells. The consortium will develghlyhi
efficient and transparent solar cells and modules to increase the performance of
available TPV technologies by 50%, and via innovative integration schemes present
a route for its use in building integrated PV (BIPV) applications.
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Ni c ol a E sunravellingthedmpact of energy aligned interfacial
states lines out how to further improve organic solar cells
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Nicola (and many colleagues) combidevice and spectroscopic data to model the
thermodynamics of charge separation and extraction, revealing that the relatively
high performance of the devices arises from an optimal adjustment of the CT state
energy, which determines how the available oNeidving force is efficiently used

to maximize both exciton splitting and charge separation. The model proposed is
universal for donor:acceptor (D:A) with low driving forces and predicts which D:A
will benefit from a morphology optimization for highlyfiient OSC.
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Adjusting the energy of interfacial states in organic
photovoltaics for maximum efficiency

Micola Gasparini @ Y242 Franco V. A. Camargom 314, Stefan Frihwald?, Tetsuhiko Nagaharap 35,
Andrej Classem&}{ Steffen Rolandb_ Andrew Wadsworth @ ?. Vasilis G. Gregorioua'g.

Christos L. Chochos® 20, Dieter Neher ® 8, Michael Salvador”™, Derya Baran® ", lain McCullach® ™™,
Andreas Gérling?, Larry Lier® =, Giulie Cerullo® > & Christoph ). Brabec ® %1215

A critical bottleneck for improving the perfarmance of organic solar cells (05C) is minimising
non-radiative losses in the interfacial charge-transfer (CT) state via the formation of hybrid
energetic states. This reguires small energetic offsets often detrimental for high external
quantum efficiency (EQE). Here, we obtain OSC with both non-radiative voltage losses (0.24
) and phatocurrent losses (EQE = 80%) simultaneously minimised. The interfacial CT states
separate into free carriers with =40-ps time constant. We combine device and spectroscopic
data te model the thermodynamics of charge separation and extraction, revealing that the
relatively high performance of the devices arises from an optimal adjustment of the CT state
energy, which determines how the available overall driving force is efficiently used to max-
imize both excton splitting and charge separation. The model proposed is universal for donor:
acceptor (D:A) with low driving forces and predicts which D-A will benefit from a morphology
optimization for highly efficient OSC.

! Department of Chemisiry and Centre for Plastic Electrorics, knperial College London, Londan, UK. # Institute af Materials for Electranics and Energy
Tachnalagy (1-MEET), Frisdrich Alexandar-Uriversity Erlangen-Nuremberg, Erlangen, Garmany. 3 Dipartimenta 4 Fisica, [FN-CNE, Mikans, Haly
 Department of Chemistry and Pharmaey, Frisdrich Alsxandes-University Edangen-Nuremierg, Erlangen, Germany. 5 Departmant of Chemistry and
Mestesials Technology, Kyota Institute of Technology, Kyata, kman, © Institut #ir Physik und Astrancemis Physit weicher Materie University of Potsdam,
Patsdarm, Germany. * Department of Chemistry, Chemistry Research Labaratary, University of Oxford, Owford, UK ® Advent Technalogies 54, Patras, Gresce.
9 Mational Hellenic Research Foundation, Athens, Greece. ' Institute of Chemical Biokogy, Mational Hellenic Ressarch Foundatian, Athers, Graece. ™ Division
of Physical Sciences and Engineering (PSE), KALIST Solar Canter (£5C), King Abdullah University of Scisnce and Technology (KALUST), Thuwal, Saudi Arabia.
12 Bavarian Center for Applied Energy Ressarch (ZAE Bayern), Erlangsn, Germany. ™ Helmholiz-Institute Erangen-Miirmibeng {HI ERN), Erlzngen, Germany.
“hese authars contributed equally: Micola Gasparini, Franco VA, Camarga. ¥emall: ngasparmiiimpenial acuk; lamy bueeriifaude; christonh brabecifaude
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OPV roadmap

Photovoltaic technologies emerge rapidly and fascinates us more and more entering
our daily life in different aspects. The perspectives of organic photovoltaics as
flexible, colourful and semiransparent modules available ubiquitously discussed by
Christqoh Brabec, Andreas Distler and Hah® achi m Egel haaf i
flexible and printed electronics roadn
Ronald ¥sterbacka from Pritzker School
Chicago allows us to feel thee&irtbeat of the latest progress and trends in different
fields of the printed electronics.

Report 2021-MEET, Materials for Electronics and Energy Technology, University of Erlahgenr nber g
-37-



BOP Putlishing Hex. Prine. Eleceron, 6 [2022) 023001 hips:Adiod oo 0, LOES! 5058-R 58 Sabiois

Flexible and Printed Electronics

W ROADMAP

The 2021 flexible and printed electronics roadmap

OPEM ACCESS

Yvan Bonnassieux', Christoph | Brabec™, Yong Cao’, Tricia Breen Carmichael’ 0, Michael L Chabinye’,
o Kwang-Ting Cheng®, Gyoujin Che', Anjung Chung®, Corie L Cobb® (), Andreas Disler”, Hans-
v ek 2028 Joachim Egelhaal0, Gerd Grau®, Xiaojun Guo" (), Ghazaleh Haghiashiiani* (), Tsung-Ching Huang™,
e Mubamuiad M Hussain®, Beojamin Iniguez”, Taik-Min Lee*(), Ling L, Yuguang M,
A Dongge Ma’, Michael C MeAlpine™, Tse Nga Ng*, Ronald Osterbacka™ (@, Shrayesh N Patel™, Jun-
19 Aped 2021 biao Peng’, Huisheng Peng”, Jonathan Riviay™ 0, Leilai Shao”, Daniel Steingart™", Robert A Street®,
J— ngk&bnmnnn“" Luisa Torsi™ 0 and Yunyua Wu®
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¥ Department of Earth and Envisonmental Engineering, Columbia University, Mew York, Y 10027, United States of America

* Ireparrment of Chemical Engineering, Colmbia Universiry, New Yark, MY 10027, United States of America

H palo Alre Reseasch Center, !mC‘nngllMPﬂoAlnanﬂmUmmdsmn(m

= luh&ﬂumlﬂpﬂyﬂwmm&mmw
¥ Department of Elecirical Engineering and Computer Sciences, University of California, Berkeley, Unlsed States of America

M Diparsimento df Chimics, Universith deghi Srudi di Bard Aldo Mora!, Barl 70125, luly

E-mall: romald osterbackastabe fi

Keywands: Bexible and printed decrromibes, roll-to-roll printing, arganic light emining diodes, arganic phosovalales, thin film ansistars,
sensors, eaenides

Abstract

This roadmap includes the perspectives and visions of leading researchers in the key areas of
flexible and printable electronics. The covered topics are broadly organized by the device
technologies (sections 1-9), fabrication techniques (sections 10-12), and design and modeling

© 2021 The Author{s). Published by 508 Publishing Lid
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Yi c h e ariiclé son high-throughput robotic learning of hybrid
perovskite materials featured by the Nature Communications!
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Yi chergé@s| e ADi s c oimdegedstability reveesal ;n parogskites e

using hight hr oughput robotic | earningo publ
hi ghlighted as the Featured articl el T
the 50 best paperscently published in an area.

Yicheng et al. use a highroughput robotic platform, g
combined with machine learning, such as correlat
analysis, model regression and SHAP evaluation to st =
the stability of organiénorganic hybrid perovskite!.
materids with mixed cations (K/Rb/Cs/MA/F#bI3). The
effect of the ratio of organic cations (MA/FA) an
inorganic cations (Cs/Rb) on the stability of chalcogeni
was found to be significantly dependent on the agi
temperatur e. At hi g hhe topimyp
of inorganic cations improves the photothermal stability
the films, while the doping of organic cations reduces
photothermal stability of the films; at low temperatures (<
100 AcC), this effect i s ewidiesashow thatthis ev e
stability inversion is caused by differences in the kinetic constants and kinetic
activation energies in decomposition. Since the majority of peroviskided devices
operate at <100 AC, it i s r ec t3+hasedn d e d
perovskite materials should be doped with at least 10 mol.% MA and at most 5
mol.% Cs/K/Rb
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Discovery of temperature-induced stability reversal
in perovskites using high-throughput robotic
learning

Yicheng Zhaom 262 Jiyun Zhang'28, Zhengwei Xu8, Shijing Sun® 4, Stefan Langner'2,

Moor Titan Putri Hartono® 4, Thomas Heumnueller & 2, i Hou(® 3, Jack EliaZ, Ning Li® ', Gebhard 1. Matt( 2,
Xiaoyan Du', Wei Meng?, Andres Osvet?, Kaicheng Zhang?, Tobias Stubhan’, Yexin Feng® 3=, Jens Hauch 7,
Edward H. Sargent® 5, Tonio Buonassisiy 4 & Christoph J. Brabecm V255

Stability of perovskite-based photovoltaics remains a topic requiring further attention. Cation
engineering influences perovskite stability, with the present-day understanding of the impact
of cations based on accelerated ageing tests at higher-than-operating temperatures (eg.
140°C). By coupling high=throughput experimentation with machine leaming, we discover a
weak correlation between high/low-temperature stability with a stability-reversal behavior.
At high ageing temperatures, increasing organic cation (e.g. methylammanium) or decreasing
inorganic cation (e.g. cesium) in multi-cation perovskites has detrimental impact on photoy
thermal-stability; but below 100°C, the impact is reversed The underlying mechanism is
revealed by calculating the kinetic activation energy in perovskite decomposition. We further
identify that incorporating at least 10 mol% MA and wp to 5 mol.3% Cs/Rb to maximize the
device stability at device-operating temperature (<100°C). We dose by demenstrating
the methylammonivm-containing perovskite solar cells showing negligible efficiency loss
compared to its initial efficiency after 1800 hours of working under illumination at 30°C.

! Helrmholtz-Institute Erangen-Mimibeng (HI-ERN), Erlangen, Germany. Department of Materials Sdence and Enginesring, Institute of Matesials for Electronics
and Enargy Techrolegy (-MEET), Frisdrich-Aleander Universitat Erlangen-Nirmiserg, Erlangsn, Garmany. 2 Hunsn Provincial Key Laboratory of Law-Dimersional
Structusal Physics and Devices, Schod of Physics and Electronics, Hunan Uriversity, Changsha, Chire. * Photavaltaic Research Laboratory, Massachusetts
Institube of Technology, Cambridge, MA, US4, * Department of Elecirical and Computer Erginesring, University nnomrm. Tarants, ON, Cﬂurh."]'hu:au‘h—.n
cantributed aqually: Yicheng Zhao, Jiyun Thang, Thengwei Xu Semalk yicheng rhaodiaude; yexinfer duery christopt
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Concepts and Strategies towards Energy Autonomous Mobility

Only few years ago, the concept of autonomously driving cars has been regarded as
a science fiction scenario which never will leave the halls of Hollywood. But, by
today, first autonomous cars are driving on our roads, thanks to rapid development
of the canera and sensor technology as well as to enormous progress in artificial
intelligence (Al) and machine learning (ML). But autonomous technologies should
not be only under stood as faut onomou
autonomous mobility has to lextended towards energy autonomy.

At most promising aspect of energy autonomous mobility was recently demonstrated
by our model blimp. Hans Egelhaaf and his team have equipped a zeppelin with
light weight organic solar cells to power the battery storageé to explore the
correlation between sun hours and energy autonomous flight duration. Christoph
Pflaum and his team from the department of computational science has developed an
algorigthm to calculate the optimum flight path for a solar powered blimp,
maximizing sun hours and exploiting wind conditions. The FAU solar blimp is a
first example that interdisciplinary innovation will be the driving force towards truly
energy autonomous mobility

Report 2021-MEET, Materials for Electronics and Energy Technology, University of Erlahgenr nber g
-41-



i MEETO6 s nSol ar Factory of t he Fut
Council 6s OnlineCongress fAClIimate 2

The head of the Solar Factoy of
the Future PD Dr Han3oachim
Egelhaatook part in theBavarian
Future Council ds
ACI i mat e 2030.
Innovations. He explaired how
printed photovoltaics is produced,
why it offers unique advantages
for building integration and how
it will turn urban areas into hot
spots of renewable energy productiofhe video is present on theMEET
homepage.

Solarfactory of the Future (SFF) demonstrates fully printed Perovskite
modules with over 15 % PCE and remarkable environmental stability

Fu and Hans from the SFF® e

are taking  perovskite ek

processing to the next level 2., "o — W
After having demonstrated ol T 1
that  printed  Carbon | g oG |
electrales are the most s TR g R
interesting  alternative to R
evaporated or sputtered toj© : l

electrodes, Fu optimized '

the perovskite layer and T v -

was able to align the SESETS S o it
interfaces between the absorber and the HTL such that he achieved a cell PCE of
over 18 % and a module PCE of % for all solution processed devices. Devices
stored outside did not change performance at all during a monitoring period of
almost one year (5000 hrs). To continue the technology development from our
previous work we selected an MA based perovskitehfisrwork, well knowing that

MA based precursors with a content of > 20 % tend to temperature instabilities. The
next major objective for the SFF will be to demonstrate modules with these

efficiencies which are equally stabl e

2
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Low Temperature Processed Fully Printed Efficient Planar
Structure Carbon Electrode Perovskite Solar Cells and

Modules

Fu Yang,* Lirong Dong, Dongju Jang, Begench Saparov, Kai Cheong Tam,
Kaicheng Zhang, Ning Li, Christoph J. Brabec, and Hans-Joachim Egelhaaf*

lable deposition p at low temp are urgently needed for the

kite solar cells (PSCs) as they can decrease the
alﬂgyp:yhn:khmeofPSGlﬂ:hmlogy.lnthlsumrl,:pmm:mgpmﬁncnl

F d for highly effici d stable planar n-i—p structure PSCs with carbon
as the top electrode (carbon-PSCs) fully printed at fairly low temperature by
using cheap materials under ambient conditions, thus meeting the requirements
for scalable pmdu\:bun onan |ndus|r|a| l:vd. ngh-qu:hly pu\:wshh layers

are achieved by using a bi gl ing concept, incll sulvent
ineering, additive engineering, and pr ing engineering. The optimized
urbon-PSCs\mmallayers luding electron .hyer,,_ kite, hole

transport layer, and carbondadmdg\uhndl are prlrlhd underamhlentnmcihons

show efficienci g 18% with enhanced stability, retaining 100% of their
inilial dﬁnenl:ya‘ﬂ:ersm || in a humid phere. Finally, larg ki

are fully obtai J:m‘l perﬁ)ml:m:elsshownmﬂl
an efficiency of 15.3% by optimizing the fe d laser | forthe P2

line patterning. These results represent important progress Maldﬁ.llly printed
planar carbon electrode perovskite devices as a promising approach for the

and on the other hand do not cause a sub-
stantial loss of efficiency.” Besides high
efficiency and longevity, cost competi-
tive PSCs must meet two further essen-
tial requirements: they must not contain
expensive materials and they must be pro-
cessed by high-throughput sheet-to-sheet
(S25) or roll-to-roll (RZR) processes with
low capex and low operating cost.Fl
Reducing the bill of materials (BOM) is
essential, as most efficient lab-size PSCs
comprise noble metal electrodes (e.g., gold
and silver) and expensive hole transport
materials (eg, spiro-OMeTAD), which
dominate the material costs and are thus
not acceptable for large-scale applica-
tions.P) Furthermore, thermally evaporated
gold and silver electrodes cause significant
energy consumption and thus limit the
energy payback time of the photovoltaic
technology. Even worse, they deteriorate cell

scaling up and worldwide application of PSCs.

1. Introduction

Even though a high power conversion efficiency (PCE) of 25.5%
has been reported for organometallic halide perovskite solar
cells (PSCs), successful commercialization of this photovoltaic
technology still lacks large-scale manufacturing methods which
on one hand significantly reduce the production cost of PSCs

performance, due to migration of halogen

atoms from the perovskite layer to form

gold and silver halides M Therefore, carbon

has been employed as the counter electrode, reducing material

cost, improving device stability, simplifying the device fabrication
process, and thus, enabling large-scale processing of PSCs.Ff

In addition to reducing the BOM, sheet-to-sheet and especially

roll-to-roll printing processes are proven to reduce production

costs compared to vacuum-based processes. Thus, up-scalable

manufacturing technologies for PSCs must be fully compatible to
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Oleksandr demonstrates the power of our high throughput transient PL

setup
700} @BAg:In=1:3
@
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L T o) Ag:in=1:4
g 500 + ¥, ® :
© 400} i
-, @000 ©
Q- 300 oo »
Ag-In-S QDs 4
200 b : : : :
1.9 2.0 24 2.2 2:3

Bandgap (eV)

investigated brightly
luminescent, compositien and size
selected aqueous AgrTl
core/shell AIS/ZnS (ZAIS) quantum dots
(QDs) by highthroughput timeresolved
photoluminescence (TRPL). Both QD
size and QD composition effects were
probed independently by using an
automated highhroughput TRPL setup.
Linear relationships were found between
the average PL lifetimes of AIS and

Oleksandr

ZAIS QDs and their respective bandgaicg). This is a strong indication that the
dynamics of radiative recombination is governed by the energetics of the QD excited
state irrespective of which factor is affecting the QD bandgap, i.e., their size or

composition
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High-Throughput Time-Resolved Photoluminescence Study of
Composition- and Size-Selected Aqueous Ag—In—S Quantum Dots
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ABSTRACT: Brightly lumi and si lected aqueous Ag—In—S
(AIS) and Zn-diffused core/ shell AIS/ZnS (ZAIS) quantum dots (QDs) were studied
1

hb_l Metrics & More | o Supporting Information

by high-th hput ti ence (TRPL). Both QD size and QD

composluon effects on the pholophysxcal properties of AIS (ZAIS) were probed 2

independently by using an automated high-throughput TRPL setup. Linear 5500

relationships were fuund between the average PL lifetimes of AIS and ZAIS QDs £

and their respective dgaps (E,) indicating that the d of the radiati i)aoo n
recombination is govemed mostly by the energy y of the QD excited state irrespective of = . . o0s 1nm e
which factor is varied affecting the QD bandgap, ie., theu' size or composition. The @ 300 E
rate of radiative and ion were evaluated as a Ag-In-S QDs A
function of E; forming contmuous dependences for the entire AIS and ZAIS QD T s
families. The rate of steeply for smaller QDs Bandgap (eV)

with E; > 2.2 eV for both core AIS and core/shell ZAIS QDs, indicating that the
interfacial electron transfer is the major contributor to the observed dependence. A
strong decrease of the PL lifetime of AIS (and ZAIS) QDs in dense QD films or QDs incorp d into polyvinylp: films
was observed as compared to colloidal solutions. A reversible character of this effect upon polymer film dissolution shows that such
behavior originates from energy (or electron) transfers among the QDs brought into close contact in the films. This phenomenon is

d to be of signifi for the application of ternary QDs as a light-harvesting material.

B INTRODUCTION

Ternary indium-based metal—chalcogenide nanocrystals
(NCs), such as CulnS, (CIS) or AgInS, (AIS), reveal an
unprecedented variability of composition, morphology, and
properties that has no among traditionally studied

in a modlﬁcahon of spectral responses and photophysical

behavior.' ™ Copper doping and subsntuhon allows the
spectral sensitivity range in AIX NCs “ to be tuned.
In the case of NCs ling d d 1

properties, quantum dots (QDs), the above-discussed

binary chalcogenide NCs.'™ =% This variability stems from a
uniquely high tolerance of the lattice of ternary NCs to large
deviations from stoichiometry as well as to doping and
substitutions.” Each of the three components of the ternary
QDs can be subject to substitutions, for example copper for
silver or mercury, indium for gallium, and sulfur for selenide,
resulting in a broad gamut of compositions even for the cases
of stoichiometric chalcopyrite compounds. Additionally, the
chalcopyrite structure remains largely stable and unchanged
upon broad variations in M' to In"! and M' to X ratios (M' =
Cu, Ag, X = S, Se). At that, the strongly nonstoichiometric CIS
and AIS comp often much superior
functional (luminescent, photochemical, electrochemical,
etc.) Pmpemes as compared to the stoichiometric counter-
parts.”” For each p lar QD ition and stoichi

etry, additional dopmg can be performed to further tailor the
optical and electronic properties of the ternary compounds. In
particular, CIS and AIS core NCs are inadvertently doped with
Zn" when a ZnS shell is deposited onto ternary cores, resulting

© 2021 The Authors. Published by
American Chemical Society

4 ACS Publications

12185

iability is further ded by the possibility of affecting
the QD pmpemes via changing their size at a constant
composition.”” The current state-of-the-art in the colloidal
synthesis of CIS, AIS, and related QDs, both in organic media
and in aqueous solutions, allows a reliable control over the size
and size distributions of ternary QDs to be achieved. This
control can further be ded by applying postsynthesi:
such as si lective pr ion or various kinds

of size-selective etching.’
Based on modern synthetic protocols, a large array of
nanoobjects with strongly different optical and electronic
properties can be produced even within a sole composition.

P
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Exciting world of organic photovoltaicsi research in the Solarfactory of
the future

The exciting world of organic photovoltaics
ZAE Bavaria / Friedrich-Alexander-University Erlangen-Niirnberg

In addition to basic research, field application is a major cornerstone in research
activity. One very special project carried out in collaboration with Energie Campus
N¢rnberg and ZAE is the Zeppelin. |t
intended to monitor solar parks in the future using infrared cameras and identify
faulty modules. The Zeppelin will autonomously fly over the solar park and then
automatically ealuate the collected data. The video about the project are available
in both English and Ger mtowhomdpadgedt hesi

Letodos fAndraino our sun!

Digital WW summer celebration

- 2N21
Thanks to our colleagues Julian and Vanessa, we can enjotitissting video
clip. iLet 6s fAdrai nd presentedsannhe WWtemal a v

iSci ence S| amo oSomnieliestsTheynaia topicsof the vigleotisa |
transparent solacells or selective absorbers and their different applications in
energyprodiction. The video is available atNIEET homepage.
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FAIRmat: A Treasure Box of Material Data

FAU is involved with two projects in the FAIRmat project, which was approved on
Friday, 2 July 2021 by the Joint Science Conference (GWK) in a -stalje
compettion of the National Research Data Infrastructure (NFDI). The project will
receive funding to build an infrastructure that makes it possible to make materials
science data FAIR: findable, accessible, interoperable apdrpmsable. This will
enable reseahers in Germany and beyond to store, share, find and analyse data
over the long term. During the fivwgear term, a total of 60 project leaders from 34
German institutions will work together in the FAIRmat consortium.

The findings from condensed matter physics, chemistry and materials science have a
decisive impact on the wealth and lifestyle of our society: new products and goods
in the fields of energy, environment, health, mobility and IT depend on improved or
even mvel materials. The enormous amounts of research data produced daily in
these scientific fields are therefore a treasure of the 21st century. However, this
treasure is worth little if the data is not comprehensively described and made
available. How can @/ refine this raw material, i.e. turn the data into knowledge and
value? For this, a FAIR data infrastructure is a must.

This is where FAI RmMat ( A FAIl RMateaRhgsicsl n f r
and the Chemical Phy s i c s upaafFAIRS edearch slada) ¢
infrastructure for the abowaentioned fields, the consortium aims to recover the
treasure of material data and thus contribute to a fundamental change in science and
research. FAl Rmat 6s deputy stipedkizHabee r s o
I nstitute of the Max Planck Society ex
future-oriented way: Research data should be discoverable (Findable) and ready for
Artificial Intelligence (Artificial-Intelligence Ready). This new perspeetiwill
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advance scientific culture and practice. It will not replace scieritistg researchers
who use such a FAIR infrastructure can

FAU is active in the FAIRmat consortium with two projects. Prof. Heiko B. Weber
and Dr. Micha&l Krieger from the Department of Applied Physics, together with
Heinz Junkes from the Fritz Haber Institute in Berlin, are developing a universal and
easyto-configure software environment for measurement data acquisition and
document at i on of refebrch, neeasuremént -epk avith numerous
special measurement devices are often requiiredch adapted to the experimental
problem, 60 explains Prof. Weber. -oThi s
configure software for experiment controland da acqui si ti on. O
about the raw data. The experiment description including all settings of the
laboratory equipment used, thecalled metadata, is also necessary. This is the only
way to document the experiment completely and FAIR, ahd valuable
measurement data can also be used by o
prototype software for experiment control with uniform and documented data output
devel oped by wus for years, 0 says rilgr Kr
this successful concept together with the epearce Experimental Physics and
Industrial Control System (EPICS), which will take over the recording of data and
metadata, storage, archiving and provision of research data in accordance with the
standads t o be developed in FAI RmMmat. o

In the second suproject at FAU, Prof. Christoph Brabec from the Chair of
Materials Science, who also heads higtoughput photovoltaic research at the
Helmholtz Institute Erlangen Nur ember g as Di r e cetarchr o 1
Centre, will test, apply and further develop FAIRmat data collection in the field of
semiconductors for optoelectronic applications in practice together with Dr. Thomas
Unold from the Hel mholtz Zentrum Berl.i
material encyclopaedia by means of automated and, in future, autonomous
laboratories. With the help of the FAIR principle in data and metadata processing,
optimisation algorithms of machine learning can directly access the data and suggest
and also execatnew experiments or tests in real time. Using optoelectronics as an
example, the aim is to discover and research highly efficienteffesttive and non

toxic semiconductors with optimal properties for devices and systems for the
generation and conversio of renewabl e energy. o

The FAIRmat consortium is part of the National Research Data Infrastructure
(NFDI). The NFDI is a nationwide network currently being set up and funded by the
federal and state governments with up to 90 million euros per year frae ta0
2028 to systematically manage research data.
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FAIRmat covers a broad spectrum of research areas in physics and related fields,
and the basic concepts and measurement techniques, working methods and researcl!
data are correspondingly diverse and hetenegus. Here, the need for a FAIR data
infrastructure is extremely urgent. FAIRmat promotes the efficient sharing of
research data (sharing is caring!) and its preparation for reuse and analysis by
artificial intelligence (Al) tools. In this way, FAIRmatables a new level and
quality of science.

In doing so, the consortium is pursuing a botigm approach that is oriented
towards the needs of scientists and is already receiving great support from the
community. For example, FAIRmat is just as well intéggainto the Condensed
Matter Section of the German Physical Society as it is into the Max Planck Society
(e.g. Big Data Network, CPTS), and into a large number of universities and
institutes as well as international activities.

fi Of cour se, wirgy foa mighly motivated Isceatists from domain
sciences and IT who share our enthusiasm for a paradigm shift in fundamental
materials science to join our team and
FAl Rmatds spokesperson Claudia Draxl

To lean more about FAIRmat, visit https://www.faili.eu/fairmat

To become part of the FAIRmat team, visit: https://no#i@ddeu/career To learn
more about the NFDI, visit ww.dfg.de/nfdi

Jerrit shows the power of automation for solar cell research with
AMANDA

Jerrit discusses the vision of Materials
Acceleration Platforms and AMANDA and
shows the advantages of an automated and
integrated system. As an example, PM6:Y6
bulk-heterojunction system was optimized in
air and achieved efficiencies for ambient
atmosphee processing of up to 13.7% under
AML1.5 illumination.
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The evolution of Materials Acceleration Platforms:
toward the laboratory of the future with AMANDA

Jerrit Wagner'2* @, Christian G. Berger'2, Xiaoyan Du', Tobias Stubhan?,
Jens A. Hauch"?*, and Christoph J. Brabec'?
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2 Institute of Materials for Electronics and Energy Technology (i-MEET), Department of Materials Science and Engineering, Friedrich-
Al der University Erlang g, Martensstrasse 7, 91058 Erlangen, Germany

*SCIPRIOS GmbH, Fiirther Str. 244a, 90429 Niirnberg, Germany
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The development of complex functional materials poses a multi-objective opti-
Published online:

mization problem in a large multi-dimensional parameter space. Solving it requires

23 July 2021 reproducible, user-independent laboratory work and intelligent preselection of
experiments. However, experimental materials science is a field where manual
© The Author(s) 2021 routines are still predominant, although other domains like pharmacy or chemistry

have long used robotics and automation. As the number of publications on Mate-
rials Acceleration Platforms (MAPs) increases steadily, we review selected systems
and fit them into the stages of a general material development process to examine
the evolution of MAPs. Subsequently, we present our approach to laboratory
automation in materials science. We introduce AMANDA (Autonomous Materials
and Device Application Platform - www.amanda-platform.com), a generic plat-
form for distributed materials research comprising a self-developed software
backbone and several MAPs. One of them, LineOne (L1), is specifically designed to
produce and characterize solution-processed thin-film devices like organic solar
cells (OSQ). It is designed to perform precise closed-loop screenings of up to 272
device variations per day yet allows further upscaling. Each individual solar cell is
fully characterized, and all process steps are comprehensively documented. We
want to demonstrate the capabilities of AMANDA L1 with OSCs based on PMé:Y6
with 13.7% efficiency when processed in air. Further, we discuss challenges and
opportunities of highly automated research platforms and elaborate on the future
integration of additional techniques, methods and algorithms in order to advance to
fully autonomous self-optimizing systems—a paradigm shift in functional mate-
rials development leading to the laboratory of the future.

Handling Editor: M. Grant Norton.

Address correspondence to E-mail: j.wagner@fz-jueljch.de; j-hauch@fz-juelich.de

&) Springer hitps:/ /doi.org/10.1007/510853-021-06281-7
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Organic solar modules in the permanent exhibition of the Deutsches
Museum Nuremberg

The German Museum Nurembérgrhe Museum of the Future was ceremoniously
opened in Nur e mb e 17906.2021. OThrdugh Troanyn hardsn
activities, visitors gain an exciting insight into the future of technology and society.
The museum is divided into five thematic areas:

1 Work and everyday life
2 Body and Mind

3 System City

4 System Earth

5 Space andime

The Nuremberg Energy Campus is also represented in the Deutsches Museum
Nuremberg. The pioneering printed organic solar modules from the solar factory of
the future are represented in the museum with their own exhibits. Visitors can test
how much lightcan be converted into energy and how the different colors of the
solar modules affect energy conversion. The solar modules can be seen in the
System Earth area.
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The installation on the left consists
of a Simodule and 3 organic
modules of different coler By
switching light sources of different
colors on and off and by sliding
different color filters in front of the
modules, the effect of the
absorption spectrum of the modules
on the resulting power under
specific illumination conditions can
be investigted. The installation on
the right consists of two organic PV
modules with different

transparencies. Upon illumination, the module with higher transparency provides
less power, thus demonstrating the law of energy conservation.

Can photovoltaic modules operate continuously?

Minimum Economic PV Lifetime ~ As  photovoltaic  applications ~ and

discount rate [%]

10

4

0.4

08 12 16 20 24 28
degradation rate [%]

installations enter almost every aspect of
daily Iife we need to

better, to exchange 20 years old module for
the new ongor to invest in maintenance
and keep the module running? Is it possible
for the module to run for 40 or even 50
years? In his recent publication Dr. lan
Marius Peters answers these questions and
introduces an economic steastate model
that supports th&ea of systems operating
continuously instead of operating for a
fixed period.

https://doi.org/10.1016/j.joule.2021.10.019
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The value of stability in photovoltaics

¢ CellPress

lan Marius Peters,** Jens Hauch,'-? Christoph Brabec,'-? and Parikhit Sinha®

SUMMARY

Warranties for photovoltaic modules last 25 years. The same dura-
tion is frequently used when predicting economic performance.
Yet, many modules still produce more than 80% of their original
power after 25 years, and there is no economic reason to retire
them. Here, we adopt a different mindset: photoveltaic installations
are operated indefinitely with maintenance at regular intervals. We
reflect this view in a steady-state economic model. We find that
in this view, maintenance gains in value—33% compared with a
30-year lifetime—and time constraints for maintenance are lifted.
We also find that stability becomes even more important. Reducing
annual degradation from 0.5% to 0.2% entails a 12 ct/Watt cost
entitlement, increases the economically useful lifetime by a factor
of 1.69, defers end of life by decades, and reduces resources and
infrastructure needed for recycling by 40%. We foresee that mod-
ules installed today should ideally be operated for 50 years.

INTRODUCTION

When looking at projections of a photovoltaic (PV) system's lifetime, one will
frequently encounter durations between 20 and 30 years. These durations are
used, for example, when calculating the levelized cost of electricity (LCOE) or similar
economic metrics. Probably the main motivation for assuming this lifetime is the per-
formance warranty for PV modules given by manufacturers, which is usually 25 years
today. In the early 2000s, the assumed system lifetimes of 20 years may also have
been motivated by the Renewable Energy Source Act, which came into force in Ger-
many on April 1%, 2000 and guaranteed a technology-specific feed-in tariff for
20 years for every kWh generated by a renewable electricity source.’ A feed-in-tariff
was already enacted in 1991 through the Electricity Feed-in Act, but only after the
2000 version, PV installations in Germany took off.” Performance warranties for PV
modules were given since the late 1970s with Solarex providing a 1-year warranty
on its products in 1977.7 Within 20 years, warranties extended to 25 years, a value
on which they have plateaued. Only recently, a few companies, such as Silfab and
First Solar, have started to offer 30 years performance warranties. ™

The duration of a performance warranty says little about performance reduction,
and additional information about the guaranteed performance level of a solar
panel at the end of life is needed. Guaranteed performance values for different
manufacturers range from 80% to Sun Power’s 94% of the original power after
25 years.” Furthermore, solar panels come with a product warranty in addition to
the performance warranty. The product warranty specifies until when the manufac-
turer will ship a replacement in case of module failure. This warranty ranges
between 5 and 25 years.” Figure 1 gives an overview of warranty durations and
guaranteed performances. The measured performance of PV systems is in line
with guaranteed PRs. Jordan et al.” compiled annual degradation rates for 384

Context & scale

We explore the implications of
adopting a long-term perspective
about PV installations. At the end
of the designated lifetime of a PV
system, which is often assumed to
be 25 or 30 years, many PV
modules still operate at high
fractions of their initial power.
Economically, there is no reason
to discontinue the operation of
such modules, and even less so
from a sustainability point of view.
Here, we introduce an economic
model for PV operation that
assumes perpetual operation with
maintenance at regular intervals.
When adopting such a long-term
view, we find that greater
investments for keeping the
installation in good shape pay-off
compared with a mindset with
limited lifetime. We also find that
module stability becomes more
important for economic
evaluation. Inferior stability
cannot be compensated by lower
module prizes and can only be
compensated by much higher
efficiency. Finally, we predict that
modules installed today should be
operated for 50 years before they
are replaced.

Joule 5, 1-17, December 15, 2021 © 2021 Elsevier Inc.

1

Report 2021-MEET, Materials for Electronics and Energy Technology, University of Erlahgenr nber g

-53-



Perovskite solar cell with ultra-long durability

=

Perovskites are the greatest hope for the solar modules of the future. Until now, the
biggest obstacle for practical use has been the short lifetime. Yicheng-anthoos
presented the solar cell that impresses with its extraordinary stability. The
illuminated cell survived 1450 hours at elevated temperatures around 65 degrees
Celsius in the

laboratory and remained largely stable throughout the entire test period! At the end,
it still had 99 percent-termfprogndsigis alags t i a
difficult. But the perovskite solar cell we have now developed could certainly be
operated for over 20 000 hours under
Brabec. To find the right material, hundreds of different perovskite mixtures were
systematiclly tested for their suitability using higthroughput methods. The
researchers then used the best ones to build their cells.

iTo i mprove stability at the contact p
protective shel |, 0bledagey sondicting potymey strucure,n e w
the bottom side of which is undoped and the top side doped with-eomicrdopant.

On the one hand, this architecture protects the very sensitive interface of the
perovskite and, on the other hand, enables extrgamityi stable ohmic contacts,

even at elevated temperatures.
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A bilayer conducting polymer structure for planar
perovskite solar cells with over 1,400 hours
operational stability at elevated temperatures

Yicheng Zhao ©'25%, Thomas Heumueller ©'25, Jiyun Zhang'?5, Junsheng Luo?3, Olga Kasian?#,
Stefan Langner ®'2, Christian Kupfer? Bowen Liu®?, Yu Zhong?, Jack Elia®?, Andres Osvet?,
Jianchang Wu', Chao Liu?, Zhongquan Wan?, Chunyang Jia®, Ning Li®"?, Jens Hauch®'and
Christoph J. Brabec @2

The long-term stability of p kite solar cells ins a chall Both the p kite layer and the device architecture need
to endure long-term operation. Here we first use a self- d high-th h platf to find pi

compositions stable under heat and light. Then, we use the most stable p ition to igate the stablllly of
contact layers in solar cells. We report on the thermal degradation mechanism of transition metal oxide contact (for example,

Ta-WO,/NiO,) and propose a bilayer structure consisting of acid-doped polymer stacked on dopant-free polymer as an alterna-
tive. The dopant-free polymer provides an acid barrier between the perovskite and the acid-doped polymer. The bilayer struc-
ture exhibits stable ohmic t at el and buffers iodine vap The lated device based on
the bilayer contact (with a MgF, capping layer) retains 99% of its peak efficiency after 1,450 h of continuous operahon at65°C

in a N, atmosphere under metal-halide lamps. The device also shows negligible hysteresis during the entire ageing period.

based on

for idinium-lead-iodide (FAPbI,) p kites is a prom-

ising photovoltaic technology'-". State-of-the-art devices are
based on mixed-cation, mixed-halide perovskite absorbers with
delicate passivation, showing a T, lifetime (the time required to
lose 20% of the initial absorbance) greater than 1,000 h under illu-
mination at 60-70°C (refs. '), Unfortunately, the lifespan
of planar heterojunction perovskite solar cells (PSCs) still lags far
behind industrial silicon solar cells that guarantee a 0.5% annual
degradation rate'“”, particularly when working at elevated tem-

Planar heterojunction perovskite solar cells

only by a holistic stabilization strategy that considers both stable
perovskite films and robust device architectures.

Here we report ultra- s(able planar perovskite solar cells using
a bilayer cond i together with
stable perovskite absorbers Stable perovskites are obtained by
high-throughput screening of 160 kinds of perovskites with graded
screening criteria. The whole device architecture is composed of
indium tin oxide (ITO)/ETL/perovskite/dopant-free polymer/
acid-doped polymer/Au. Dopant-free polymers inhibit the unfavour-
able acid attack on the perovskite surface caused by acid-doped poly-

peratures (60-85°C) (refs. "*'***). The instability mech

include ion migration, perovskite decomposition and so on™*
Although ion migration is inevitable in perovskites, equilibrium
ionic potential could terminate the ionic accumulation after several
minutes or hours'*"****; its negative impact on device perfor-
mance can be minimized by adopting suitable electron transport
layers (ETLs), hole-transport layers (HTLs) and so on™''~*"", The
migration of ionic dopants in ETLs or HTLs can be removed using
ionic dopant-free HTLs, such as acid-doped HTLs or metal oxides,
as reported by our group and others™*~"". Regarding the decom-
position of the perovskite layer, compositional engineering is key
to maximizing the energy barrier of perovskite decomposition.
Although there are intensive studies on perovskite compositional
engineering, a reliable conclusion remains hard to be drawn from
the literature due to a large variation in processing/ageing condi-
tions from lab to lab. With these understandings on device insta-
bilities, longer-lasting planar perovskite solar cells can be achieved

mers; hile, acid-doped polymer serves as an interconnection
layer for efficient and stable ohmic contacts with metal electrodes
owing to its high conductivity. Combined with a stable perovskite
layer, we finally realized a stabilized efficiency of 20.9% for planar
heterojunction devices that retain nearly 99% =+ 3% of their initial effi-
ciency and 97% + 3% of their peak efficiency, statistically, after 1,250 h
of continuous operation at 60-65°C under metal-halide lamps. By
further sealing the device with MgF, using thermal evaporation, the
device retains nearly 100%+ 1% of its peak efficiency, statistically,
after 1,450h of continuous work at 65°C, representing some of the
best stability data for n-i-p planar perovskite solar cells.

High-throughput screening for stable perovskites

Considering stable perovskite absorbers are prerequisites for
stable PSCs, we first screened 160 kinds of perovskite compositions
for photothermal-stable perovskites using our robotic system*~*.
The schematic of the automated platform, which is capable of
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“Helmholtz-Zentrum Berlin GmbH, Helmholtz Institut Erlangen-Niirnberg, Berlin, Germany. *These authors contributed equally: Yicheng Zhao,
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Congratulations to our colleagues with their PhD defenses

Many i-MEETers have passed their PhD examinations during thd 20th
excellent success and already have made the first step in the professional career.
Wedbve shared together this exciting mo
intensive research and hard wor/e cordially congratulateMatthias Arzig
(Untersuttung der Wachstumskinetik von SiC  mithilfe  der -sitn
Computertomographie  des  Gasphasenkristallisationsprozesses und  der
Modellierung der WachstumsbedingunperSeyed Amir Hashemi Jazi(A
contactless Solid Surface Temperature Determination Using Phosphor
Thermometry and Mi c hael (Sublimatioreswachstum von 3%iC
Einkristallen auf freistehenden 38iC Keimschichténfor successfully finishing

their PhD studies.

Matthias Arzig Seyed Amir Mi chael Scheol er
Hashemi Jazi

Within the last five yearsA n d rw@rked on

developing the fundamental imaging techniques

allowing to identify the vertical position of a

defect in a thin film solar cell. Most importantly,

Andre demonstrated that his methodology can

uniquely assign a defect to a specific layer of a

solar cell, and thus distinguish whether defect

assisted lossed origin from the bulk or the

interface layer. Further scientific impact was

created by successfully extending his technique

towards tandem solar cells and, in an outlook, to

modules as well. He corefed the thesis with a

remarkable defense and received the best possible

grades. Andr ®06 s PhD wor k, titled Al ma
artificial defects in organic solar c
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