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HL 45.1 Wed 9:30 ZEU 260
Growth of High-quality (FAPbI3)0.9(MAPbBr3)0.1 Per-
ovskite Single Crystals and their Optoelectronic Proper-
ties — ∙Julian Höcker1, Mathias Fischer1, Mehmet Özcan2,
Benedikt Bichler2, Sebastian Hammer1, Melina Armer1,
Volker Drach1, Bert Nickel2, and Vladimir Dyakonov1 —
1Experimental Physics VI, JMU, 97074 Würzburg — 2Soft Condensed
Matter Group, LMU, 80539 München
Organo lead trihalide perovskites are potentially highly inter-
esting class of semiconductors. Particularly the perovskite
(FAPbI3)0.9(MAPbBr3)0.1 is one of the most important representa-
tives of this material class. In order to further develop this complex
perovskite system and thus foster its use, it is essential to investigate
the chemical and physical properties of high-quality single crystals with
the same stoichiometry. However, the liquid growth of perovskite crys-
tals without seed crystals is usually challenging and becomes even more
challenging with mixed cations/halides crystals, making it difficult to
assess their properties. For this purpose, we have developed a new
efficient re-fill crystallization method (RFCM) based on the Inverse
Temperature Crystallization (ITC), which avoids seed crystals. We
applied qualitative and quantitative analyses to identify the elemen-
tal composition and the exact stoichiometry of the grown crystals and
studied their crystallographic properties, demonstrating a high single
crystal quality. Optical and electrical measurements completed the
structural and elemental analysis, and enabled us to derive relevant
properties of this perovskite material.

HL 45.2 Wed 9:45 ZEU 260
Revealing the Impact of Cesium/Rubidium Incorporation on
the Photophysics of Multiple-Cation Lead Halide Perovskites
— Yajun Gao, Kai Wang, Mingcong Wang, Jafar Khan, Ahmed
Balawi, Stefaan De Wolf, and ∙Frédéric Laquai — King Ab-
dullah University of Science and Technology (KAUST), KAUST Solar
Center, Thuwal, Saudi Arabia
The incorporation of cesium (Cs) and rubidium (Rb) ions in multiple-
cation mixed lead halide perovskites increases their photovoltaic per-
formance. Here, the reasons for the performance increase are investi-
gated by steady-state and transient spectroscopy techniques. The band
edge absorption shows that the Cs/Rb-ion incorporation increases the
band gap, while exciton binding energies remain low, in the range of
a few milli-electronvolts. Low Urbach energies determined by pho-
tothermal deflection spectroscopy suggest optimized microstructures
upon Cs/Rb incorporation. The charge carrier recombination dynam-
ics indicate that Cs/Rb-incorporation reduces not only the first-order
(trap-assisted) recombination, but also the second-order recombina-
tion. Upon photoexcitation, carrier density-induced broadening of the
photo-bleaching following the Burstein-Moss model is observed and ef-
fective carrier masses are determined to be in the range of a few tenths
of the electron rest mass, explaining the excellent charge carrier mo-
bilities of these perovskite films. Sub-picosecond hot carrier cooling is
observed, indicating a strong charge-phonon coupling. Our results re-
veal the impact of cesium/rubidium incorporation on the photophysics
of multiple-anion lead halide perovskites.

HL 45.3 Wed 10:00 ZEU 260
Unraveling origin of performance instability in mixed per-
ovskite solar cells — ∙Małgorzata Kot1, Chittaranjan Das2,
Tim Hellmann2, Carolin Wittich2, Iwan Zimmermann3, Mo-
hammad Khaja Nazeeruddin3, Wolfram Jaegermann2, and Jan
Ingo Flege1 — 1BTU Cottbus-Senftenberg, Germany — 2TU Darm-
stadt, Germany — 3EPFL Lausanne, Switzerland
A degradation mechanism of mixed perovskite solar cells is mostly
attributed to the segregation of halide phases in the perovskite film.
However, our studies have revealed, that the mixed perovskites degrade
due to the migration of iodine and methylammonium ions across the
solar cell. Nonetheless, an ultrathin RT-ALD-Al2O3 layer deposited on
top of perovskite can very effectively limit this migration thanks to the
reactive property of this interface.[1-3] Namely, there is a closed cycle
of the charge transfer between ALD and perovskite films. Such ALD
film doesn’t cause any drastic changes in the perovskite morphology,
chemical composition, optoelectronic properties or crystallinity. What
more, it helps to preserve the initial properties of the film during expo-

sure to the light and ambient air under real operating conditions and
thus improves the stability of the solar cells. This ultra-thin Al2O3

layer prepared in an unusual RT process for ALD method significantly
increases the lifetime of perovskite solar cells at a very low cost bringing
thus the introduction of the perovskite solar cells into mass produc-
tion. [1] M. Kot et al., ChemSusChem 11 (2018) 3640. [2] M. Kot
et al., Energy Technol. 7 (2019) 1900975. [3] D. Schmeißer et al., J.
Phys. Chem. C 123 (2019) 23352.

HL 45.4 Wed 10:15 ZEU 260
Phase transitions of hybrid and inorganic perovskites simu-
lated by machine-learning force fields — Ryosuke Jinnouchi1,2,
Jonathan Lahnsteiner1, Ferenc Karsai3, Georg Kresse1, and
∙Menno Bokdam1 — 1University of Vienna, Vienna, Austria —
2Toyota Central R&D Labs, Aichi, Japan — 3VASP Software GmbH,
Vienna, Austria
Finite-temperature simulations of complex dynamic solids are a
formidable challenge for first-principles methods. Long simulation
times and large length scales under isothermal-isobaric (NPT) condi-
tions are required, demanding years of compute time. We applied the
recently developed on-the-fly Machine-Learning Force Field (MLFF)
scheme[1] to generate force fields for several hybrid and inorganic per-
ovskites (APbX3, A={MA,Cs},X={I,Br,Cl}). The MLFFs open up
the required time and length scales, while retaining the distinctive
chemical precision of first principles methods. We study the entropy
driven phase transitions of hybrid perovskites, which have never been
accurately described in simulations. Simulations using machine learned
potentials give direct insight into the underlying microscopic mech-
anisms. The ordering of the Methylammonium (MA) molecules as
function of temperature is obtained. Furthermore, we relate the phase
transition temperatures of different perovskites to the radii of the in-
volved species, and we determine the order of the transitions in Landau
theory.

[1] R. Jinnouchi et al., Phys. Rev. Lett. 122, 225701 (2019)

HL 45.5 Wed 10:30 ZEU 260
The tetragonal to orthorhombic crystal phase transi-
tion in MAPI studied by time-resolved photoluminescence
microscopy — ∙Alexander Biewald1, Nadja Giesbrecht1,
Richard Ciesielski1, Thomas Bein1, Pablo Docampo2, and
Achim Hartschuh1 — 1LMU München, Butenandtstr. 11, 81377
Munich, GER — 2Newcastle University, Newcastle upon Tyne, UK
Perovskite-based thin-film solar cells today reach power conversion ef-
ficiencies of more than 22% [1]. Methylammonium lead iodide (MAPI)
is prototypical for this material class of hybrid halide perovskite semi-
conductors and at the focal point of interest for a growing community
in research and engineering. We investigated the diffusion properties
for the orthorhombic and tetragonal phase using time-resolved photo-
luminescence (PL) microscopy before [2]. Now we focus on the PL dy-
namics at the phase transition. First, the phase transition is observed
in temperature dependent PL spectra, which show the correlated de-
crease and rise of two spectrally distinct bands. This indicates the
coexistence of both phases in a limited temperature range. Second,
at the phase transition, which is found to vary between grains, diffu-
sive transport suddenly stops and only reappears upon further cooling
or heating, respectively. Our spatio-temporal studies provide detailed
microscopic insights into the phase transition and its influence on the
carrier dynamics in large crystal MAPI thin films.

[1] M.A.Green et al.,Prog.Photovolt:Res.Appl.,26,427-436,2018
[2] A. Biewald et al.,ACS Appl.Mat.&Interfaces,11,20838-20844,2019

HL 45.6 Wed 10:45 ZEU 260
Structural, optical and dielectric properties of Cs2AgBiBr6,
a lead-free perovskite for photovoltaic applications —
∙Melina Armer1, Maximilian Sirtl2, Patrick Dörflinger1,
Julian Höcker1, Thomas Bein2, and Vladimir Dyakonov1 —
1Experimental Physics VI, Julius Maximilian University of Würzburg,
97074 Würzburg — 2Ludwigs Maximilian University München, 81377
München
As conventional perovskite solar cells contain lead and therefore suf-
fer toxicity and stability issues, finding alternative and stable lead-free
materials for the application in perovskite photovoltaics has become
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an essential problem to be solved. In this work, lead-free Cs2AgBiBr6
single crystals have been synthesized using different solution based
approaches, permitting a detailed characterization of the optical and
structural properties of this material. The morphology and quality
of the as grown crystals has been evaluated using scanning electron
microscopy (SEM), energy dispersive X-ray microscopy (EDX) and
X-ray diffraction (XRD). The crystals have been characterized using
steady-state and time-resolved photoluminescence (PL) spectroscopy.
We observed PL in the visible region characterized by large PL life-
times. Furthermore, the dielectric constant of Cs2AgBiBr6 crystals
has been measured at 9 GHz by time resolved microwave conductiv-
ity (TRMC). Using the obtained value of the dielectric constant the
mobility of Cs2AgBiBr6 thin films could be estimated using TRMC.

HL 45.7 Wed 11:00 ZEU 260
Characterization of Perovskite Precursor Solutions in or-
der to achieve High-Performance Solar Cells — ∙Marion
Flatken1, Nga Phung1, Robert Wendt1, Armin Hoell1, and
Antonio Abate1,2 — 1Helmholtz-Zentrum Berlin für Materialien und
Energie (HZB) — 2Department of Chemical, Materials and Production
Engineering, University of Naples Federico II
Despite the current success of Perovskite Solar Cells, there are still
open questions how to explain intrinsic parameters in terms of stability
and general photovoltaic performance of varying perovskite composi-
tions. Deeper knowledge in coordination chemistry of the perovskite
itself is one key parameter to improve and control crystallization in the
solution based fabrication. Using small angle scattering we can prove,
that the coordination starts in the perovskite precursor solution and
differs according to the perovskite composition. The observed colloidal
structures are characterized via small angle neutron scattering (SANS)
and is further compared to synchrotron based small angle x-ray scat-
tering (SAXS). Based on nuclear magnetic resonsance spectroscopy the
chemical composition of the complexes can be revealed, which leads us
to a possible starting mechanism for nucleation and growth in per-
ovskite precursor solutions. In our work we compare the precursor
solutions of MAPbI3 and MAPbI3 x SrI2 to a cesium containing triple
cation perovskite solution, which is known to be a highly efficient and
stable perovskite. Observed differences and similarities might give one
reason for the divergence in photovoltaic properties of the respective
full device solar cells.

15 min. break

HL 45.8 Wed 11:30 ZEU 260
Solution-Processed Perovskite Solar Cells — Florian
Mathies1, Gopinath Paramasivam1, Janardan Dagar1, and ∙Eva
Unger1,2 — 1Helmholtz Zentrum Berlin — 2Lund University, Sweden
Metal halide perovskites (MHP) are being intensively researched for so-
lar energy conversion applications and are the best solution-processable
solar cell technology to date. For scaling the technology, high through-
put and material-efficient printing and coating techniques can be
utilised to make larger area devices. We will here present our system-
atic approach translating successful processing strategies developed for
spin-coating to slot-die coating and inkjet printing through in-depth
rationalisation of MHP formation gained from in-situ optical monitor-
ing. Depending on the composition of MHP precursors and solvents
as well as process conditions and process quenching by e.g. an antisol-
vent, thin film formation proceeds via crystalline intermediate phases
or directly into the perovskite phase. Optimisation of MHP precursors
composition and processing conditions enabled us to recently achieve
22% power conversion efficiency in small area devices by spin-coating
and 15% on large are mini-modules that are being further optimised
in the near future. We are currently working on translating process
conditions to obtain high quality perovskite thin films to scalable so-
lution based deposition methods such as slot-die coating and inkjet
printing. To date, we have demonstrated slot-die coating and inkjet
printed small area devices with power conversion efficiencies > 15%.

HL 45.9 Wed 11:45 ZEU 260
How do solvent molecules determine the electronic struc-
ture of halide perovskite precursors? — ∙Ana M. Valencia1,
Richard Schier1, Oleksandra Shargaieva2, Eva Unger2, and
Caterina Cocchi1 — 1Physics Dept., Humboldt-Universität zu
Berlin und IRIS Adlershof — 2Helmholtz-Zentrum Berlin, HySPRINT
Innovation Lab, Berlin
Hybrid metal-halide perovskites have been demonstrated as excellent

candidates for opto-electronic applications such as high-performing so-
lar cells and light-emitting devices. The quality of the resulting ma-
terials, and hence their performance, strongly depends on the solu-
tion processing conditions. For this reason, it is of paramount im-
portance to gain insight into their initial steps of formation of the
solid-state materials. To do so, we investigate the inorganic build-
ing blocks of lead-iodide perovskites in DMSO solution. In order
to mimic the initial steps of the perovskite nucleation, we consider
PbI2(DMSO)4, Pb2I4(DMSO)6, and Pb3I6(DMSO)8, as model com-
pounds treated fully atomistically and quantum-mechanically in the
framework of density-functional theory and many-body perturbation
theory. Through the analysis of the computed molecular orbitals, opti-
cal spectra, and electron and hole densities we discuss and rationalize
the role of electronic hybridization between solute and solvent, and
the mechanisms that are responsible for the absorption and emission
peaks observed in the experiments.

HL 45.10 Wed 12:00 ZEU 260
Photodoping through local charge carrier accumulation
in alloyed hybrid perovskites for highly efficient lumines-
cence — ∙Sascha Feldmann, Stuart Macpherson, Satyaprasad
Senanayak, Mojtaba Abdi-Jalebi, Jasmine Rivett, Guangjun
Nan, Gregory Tainter, Tiarnan Doherty, Kyle Frohna, Emi-
lie Ringe, Richard Friend, Henning Sirringhaus, Michael Sal-
iba, David Beljonne, Samuel Stranks, and Felix Deschler —
Cavendish Laboratory, University of Cambridge, Cambridge, United
Kingdom
Metal-halide perovskites have emerged as exceptional semiconductors
for optoelectronic applications. Substitution of the monovalent cations
has advanced luminescence yields and device efficiencies. Here, we con-
trol the cation alloying to enhance optoelectronic performance through
alteration of the charge carrier dynamics in mixed-halide perovskites.
In contrast to single-halide perovskites, we find high luminescence
yields for photo-excited carrier densities far below solar illumination
conditions. Using time-resolved spectroscopy we show that the charge-
carrier recombination regime changes from second to first order within
the first tens of nanoseconds after excitation. Supported by microscale-
mapping of the optical bandgap, electrically-gated transport measure-
ments and first-principles calculations, we demonstrate that spatially-
varying energetic disorder in the electronic states causes local charge
accumulation, creating p- and n-type photo-doped regions, which un-
earths a strategy for efficient light emission at low charge-injection in
solar cells and LEDs.

HL 45.11 Wed 12:15 ZEU 260
Perovskite solar cells from direct co-evaporation: Impact of
hole transport materials on device performance — ∙Marcel
Roß1, Amran Al-Ashouri1, Erica Magliano1, Marko Jošt1,
and Steve Albrecht1,2 — 1Helmholtz-Zentrum Berlin, D-12489 —
2Technical University Berlin, D-10587
Deposition of perovskite solar cell absorbers by co-evaporation offers a
variety of advantages over solution based preparation such as homoge-
neous coating of large substrates and conformal coverage of different
textures. Nevertheless, the majority of reported publications focusses
on solution-based preparation of perovskite solar cells. This is likely
due to the challenging evaporation characteristic of organic precursors
and the limited understanding of the perovskite co-evaporation pro-
cess itself. To achieve a better process control, we implement an evap-
oration setup with a thermal management system. This enables the
deposition of high quality Methylammonium Lead Iodide perovskite
films as confirmed by XRD, PL and optical measurements. To analyse
the influence of substrate properties on film formation, perovskites are
deposited on different hole transport materials (HTMs) such as PTAA
and self-assembling monolayer (SAM) molecules. Furthermore, the im-
pact of the substrate temperature during deposition of the perovskite
is investigated. While the substrate temperature is mainly influencing
the incorporation of methylammonium iodide into the film, the p-i-n
solar cell performance is strongly affected by the used HTM. Finally, a
stabilized efficiency over 20% is realized with the SAM hole transport
layer and a proper substrate temperature.

HL 45.12 Wed 12:30 ZEU 260
The impact of mobile ions on the open cicuit voltage de-
cay of perovskite solar cells explained by time resolved drift-
diffusion simulations. — ∙Mathias Fischer, David Kiermasch,
Kristofer Tvingstedt, and Vladimir Dyakonov — Experimen-
tal Physics VI, Julius Maximilian University of Würzburg, 97074
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Würzburg
The open circuit voltage decay (OCVD) is a characteristic transient
response of an operating solar cell after the illumination is turned off.
By analyzing such transients correctly, it is possible to obtain valu-
able information about charge carrier dynamics in a fully functional
device. When additional charged species like mobile ions are present,
extraordinary features can be observed during the OCVD. We use a
self-programmed transient drift-diffusion simulator involving mobile

ions with sub-nanoseconds time resolution, to show how quantitative
information about the ionic species, such as concentration and dif-
fusion coefficient can be obtained. The simulated transients showing
characteristic ionic features are in excellent agreement with experimen-
tal data from methylammonium lead iodide (CH3NH3PbI3) devices.
Further, the ionic contributions to the OCVD are clearly visualized by
specially resolved carrier profiles. This approach opens up new ways
to interpret transient electrical measurements on perovskite based de-
vices.
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