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Nanoimaging of polaritons in 2D-material heterostructures
Frank Koppens
ICFO - The Institute of Photonics Sciences (Barcelona)
ICREA
BIST – The Barcelona Institute of Science and Technology

We discuss 2D-material heterostructures as nano-lego for light. In particular, we will show nanooptoelectronic devices that demonstrate the exciting properties of 2D polaritons2,3,4,5,6, such as plasmon,
phonon and exciton polaritons. We challenge the limits of quantum light-matter interactions and study the
fundamental limits of optical field confinement, down to the length-scale of single atoms2.
References
[1] Polaritons in layered two-dimensional materials. Low et al., Nature Materials (2017)
[2] Probing the ultimate plasmon confinement limits with a van der Waals heterostructures. Alcarez et
al., Science (2018).
[3] Tuning quantum non-local effects in graphene plasmonics. Lundeberg et al., Science (2017)
[4] Electrical 2pi phase control of infrared light in a 350-nm footprint using graphene plasmons. A.
Woessner et al., Nature Photonics (2017)
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Computational modeling and discovery of two-dimensional
materials
Kristian Sommer Thygesen
Department of Physics, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
The family of atomically thin two-dimensional (2D) materials, which started with graphene, has expanded
rapidly over the past few years and now includes insulators, semiconductors, metals, ferromagnets, and
superconductors. This development has prompted an explosion in envisioned applications ranging from
batteries and catalysis to photovoltaics, electronics, and photonics. In parallel with this development, the
possibility of stacking different 2D materials into van der Waals heterostructures has opened new routes for
designing atomically flat heterostructures with tailored properties. I will show how the electronic and optical
properties of 2D materials and their heterostructures can be accurately predicted by combining many-body
quantum mechanics and high-performance super computing. I will give examples from our recent research
focusing on tunable excitons [1-2], long-lived plasmons [3] and light with hyperbolic dispersion relations [4]
– all realized by means of vdW bonded 2D materials. Finally, I will present our recent efforts to establish a
comprehensive computational database of more than one thousand 2D materials using an efficient and
semi-automatic high-throughput framework (http://c2db.fysik.dtu.dk).
References:
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T. Deilmann and K. S. Thygesen, Nano Letters DOI: 10.1021/acs.nanolett.8b00438
[2] Dissociation of two-dimensional excitons in monolayer WSe2,
M. Massicotte et al., Nature Communications 9, 1633 (2018)
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K. S. Thygesen, 2D Materials 4, 022004 (2017)
[4] Layered van der Waals crystals with hyperbolic light dispersion,
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Excitons in transition metal dichalcogenide monolayers:
Dynamics and Spin-valley physics
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The optical properties of transition metal dichalcogenide monolayers are dominated by excitons, electron
and hole pairs bound by Coulomb attraction. In this talk we review what we learn from linear and non-linear
optical spectroscopy of these atomically thin semiconductors for applications in optoelectronics and
fundamental physics exploring spin and valley properties.
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Physics 90, 021001 (2018)
[2] Two-dimensional semiconductors in the regime of strong light-matter coupling”
Ch. Schneider et al, Nature Comms (in press) arXiv:1804.06771

Exciton-plasmon interactions in TMD materials
T.O Shegai
Chalmers University of Technology Göteborg, Kemivägen 9, 412 96 Göteborg, Sweden

Monolayer transition metal dichalcogenides (TMD) exhibit interesting optical properties, including sharp and
intense (up to 20%) absorption features even at room temperature, valley degree of freedom and existence
of trions. These materials are fairly stable and easy to exfoliate thanks to their van der Waals nature. The
length scale of exciton physics in these materials match that of collective surface plasma oscillations –
surface plasmons – in nanostructured gold and silver particles, which in turn open possibilities for studying
strong light-matter interactions in these nanoscopic systems. In this talk I will show that exciton-plasmon
interactions between mono- and multilayer TMDs and individual plasmonic nanoantennas can reach the level
of strong coupling, also known as vacuum Rabi splitting [1]. Specifically, I will discuss formation of hybrid
exciton-trion-plasmon polaritons in monolayer WS2 – silver nanoprism system [2], spatially confined strong
exciton-plasmon interaction between mono- and multilayer WSe2 and gold bipyramids [3], as well as
hierarchical microcavity-plasmon-exciton polaritons encompassing monolayer WS2, arrays of gold nanodisks
and low quality factor Fabry-Pérot microcavity [4].
References:
[1] Baranov, D.G., et al., Novel nanostructures and materials for strong light-matter interactions. ACS
Photonics, 2017.
[2] Cuadra, J., et al., Observation of Tunable Charged Exciton Polaritons in Hybrid Monolayer
WS2−Plasmonic Nanoantenna System. Nano Letters, 2018.
[3] Stührenberg, M., et al., Strong Light–Matter Coupling between Plasmons in Individual Gold Bipyramids and Excitons in Mono- and Multilayer WSe2. Nano Letters, 2018.
[4] Bisht, A., et al., Universal method for realization of strong light-matter coupling in hierarchical
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Excitons in MoS2/MoSe2/MoS2 trilayer
P. Plochocka
Laboratoire National des Champs Magnétiques Intenses, UPR 3228, CNRS-UGA-UPS-INSA, 143 Av.
de Rangueil 31 400 Toulouse, France
In this talk I will discuss the optical properties of excitons in tri – layer transitions metal dichalcogenides
(TMDC).
First, I will demonstrate a novel approach to neutralize the intrinsic defects of CVD-grown TMDCs, using
flake transfer tools routinely employed in the fabrication of van-der-Waals heterostructures. We investigate
the optical properties of trilayer stacks composed of external MoS2 flakes as capping layers and an internal
MoSe2. Remarkably, this fabrication approach strongly suppresses the localized exciton emission in MoSe2
yielding a low temperature PL comparable to that observed in mechanically exfoliated. This striking result
can be understood from density functional theory, which suggests that the more reactive MoS2 donates
chalcogen atoms to heal vacancy defects in MoSe2. Our results pave the way for the production of large
area high quality TMDCs. Furthermore, the investigation of the charge transfer between the MoS2/MoSe2
layers allows us to demonstrate a novel way to introduce the valley polarization in MoSe2. Tuning the
excitation laser to the A-exciton resonance of the larger band gap MoS2 leads to a considerable charge
transfer towards lower band gap MoSe2. Our results show that spin of the hole is conserved during charge
transfer leading to non-zero steady state valley polarization in MoSe2 [1-2]. Furthermore, I will discuss optical
properties of the long lived inter-layer exciton formed between the MoSe2 and MoS2 monolayers. Under
circularly polarized excitation, the inter-layer exciton emission is intriguingly counter polarized. Such an effect
has never been observed previously [3]. Finally, I will demonstrate the results of the magnetophotoluminescence spectroscopy, which give a deeper insight into the valley polarization and depolarization
mechanisms of interlayer excitons [4].
References:
[1] Surrente, PP et al Nano Letters 17, 4130 (2017)
[2] M. Baranowski, PP et al 2D materials 4, 025016 (2017)
[3] M. Baranowski, PP et al Nano Letters 17, 6360 (2017)
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Exciton propagation in atomically thin semiconductors
Alexey Chernikov
Department of Physics, University of Regensburg, Germany
Coulomb-bound electron-hole pairs, or excitons, have been in the focus of the solid-state research for many
decades. They are of paramount importance for the fundamental understanding of interacting charge carriers
in semiconductors. Recently, excitons in single layers of semiconducting transition-metal dichalcogenides
(TMDCs) are found to combine a number of intriguing properties, including binding energies on the order
of 0.5 eV, strong light-matter interaction and spin-valley coupling. It renders these electronic quasi-particles
highly interesting both for fundamental research and future technology. In this context, it is important to
consider that strongly-bound excitons in TMDCs are free to move in two dimensions. This has major
implications, including the potential to deliberately manipulate exciton currents as well as to realize some of
the more intriguing concepts using excitons at room temperature.
In this talk I will address the topic of exciton transport and discuss linear and nonlinear effective diffusion of
excitons in semiconducting 2D materials. I will show how the interplay of many-particle interactions and
propagation leads to an apparent increase of diffusion coefficient by as much as two orders of magnitude,
accompanied by characteristic changes in the exciton distribution profiles. I will further discuss the peculiar
appearance of long-lived, micrometer-sized halo shapes in the exciton emission, indicating intricate collective
phenomena and memory effects in the dynamics of Coulomb-bound quasiparticles in atomically thin
materials. Overall, the obtained results should be both interesting from the perspective of fundamental
exciton physics and highly relevant for the design of TMDC-based optoelectronic devices.

Nonlinear optical and transport properties of excitons in atomthin semiconductors
M.M. Glazov1
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Monolayer transition metal dichalcogenides demonstrate magnificent optical properties governed by
excitons, the Coulomb interaction correlated electron-hole pairs. Presence of two valleys in the energy
spectrum and strong spin-orbit interaction makes excitonic states fine structure and their optical response
quite unusual [1]. Here we address nonlinear optical and transport properties of atom-thin transition metal
dichalcogenides:
1) Two-photon absorption and second harmonic generation mediated by the excitons. We
demonstrate that the chiral selection rules at the two-photon transition are opposite to those at the
single photon transitions, particularly, the absorption of two co-circularly polarized photons results
in the formation of exciton with opposite helicity [2].
2) Linear-circular dichroism at multiphoton absorption. For example, the resonant excitation of 1s
exciton is allowed by three linearly polarized photons and is forbidden for the circularly polarized
light.
3) Exciton upconversion, where the resonant excitation of 1s exciton results in emission at higher
energies. The scenario related to the band arrangement of the transition metal dichalcogenides and
Auger-like exciton-exciton annihilation is proposed [3,4].
4) Nonlinear transport of excitons controlled by the Auger recombination [5].
References:
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(2017).
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Proposal for novel dark-exciton-based sensors
Maja Feierabend and Ermin Malic
Department of Physics, Chalmers University of Technology, 41296 Gothenburg, Sweden
Atomically thin transition metal dichalcogenides (TMDs) have been in focus of current research due to their
efficient light-matter interaction and the remarkably strong Coulomb interaction leading to tightly bound
excitons. Beside bright excitons, TMDs also show a variety of dark (optically inaccessible) excitons.
Moreover, as TMDs are atomically thin, they are very sensitive to changes in their surrounding which opens
up the possibility of externally tailoring their optical properties.
Based on a fully quantum-mechanical approach [1], we present here different strategies to control the
optical fingerprint of TMD monolayers via molecules and strain. Solving the Wannier quation and the
semiconductor Bloch equations on a microscopic level, we show that the coupling of excitons to high-dipole
molecules can activate momentum-forbidden dark exciton states. This results in a new well pronounced
resonance in optical spectra of TMDs [2] (Fig. 1). Moreover, we find that photoluminescence of these dark
excitonic states is very sensitive to strain, which gives rise to significant changes in the spectral separation
of dark and bright excitonic states [3]. Based on these findings, we suggest a novel mechanism for optical
sensing of molecules and strain through activation of dark excitonic states in atomically thin 2D materials.

Fig.1. Excitonic absorption spectrum of pristine (dashed) and molecule-functionalized (blue filled) tungsten
disulphide (WS2). The presence of high-dipole molecules activates dark excitons resulting in a new
resonance at the lower energy side of the bright exciton.
[1] M. Selig, G. Berghaeuser, A. Raja, P. Nagler, C. Schueller, T. Heinz, T. Korn, A. Chernikov, E. Malic,
and A. Knorr, Nat. Comm. 7, 13279 (2016).
[2] M. Feierabend, G. Berghäuser, A. Knorr, and E. Malic, Nat. Comm. 8, 14776 (2017).
[3] M. Feierabend, Z. Khatibi, G. Berghäuser, and E. Malic, arXiv: 1806.07350 (2018)
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Materials in the Flatland
K. S. Novoselov
School of Physics and Astronomy, University of Manchester, M13 9PL, UK
When one writes by a pencil, thin flakes of graphite are left on a surface. Some of them are only one angstrom
thick and can be viewed as individual atomic planes cleaved away from the bulk. This strictly two dimensional
material called graphene was presumed not to exist in the free state and remained undiscovered until a few
years ago. In fact, there exists a whole class of such two-dimensional crystals. The most amazing things
about graphene probably is that its electrons move with little scattering over huge (submicron) distances as
if they were completely insensitive to the environment only a couple of angstroms away. Moreover, whereas
electronic properties of other materials are commonly described by quasiparticles that obey the Schrödinger
equation, electron transport in graphene is different: It is governed by the Dirac equation so that charge
carriers in graphene mimic relativistic particles with zero rest mass. The very unusual electronic properties
of this material as well as the possibility for it’s chemical modification make graphene a promising candidate
for future electronic applications.
Probably the most important “property” of graphene is that it has opened a floodgate of experiments on
many other 2D atomic crystals: BN, NbSe2, TaS2, MoS2, etc. One can use similar strategies to those applied
to graphene and obtain new materials by mechanical or liquid phase exfoliation of layered materials or CVD
growth. An alternative strategy to create new 2D crystals is to start with an existing one (like graphene) and
use it as an atomic scaffolding to modify it by chemical means (graphene and fluorographene are good
examples). The resulting pool of 2D crystals is huge, and they cover a massive range of properties: from the
most insulating to the most conductive, from the strongest to the softest.
If 2D materials provide a large range of different properties, sandwich structures made up of 2, 3, 4 …
different layers of such materials can offer even greater scope. Since these 2D-based heterostructures can
be tailored with atomic precision and individual layers of very different character can be combined together,
- the properties of these structures can be tuned to study novel physical phenomena (Coulomb drag,
Hostadter butterfly, metal-insulator transition, etc) or to fit an enormous range of possible applications, with
the functionality of heterostructure stacks is “embedded” in their design (tunnelling or hot-electron
transistors, photovoltaic devices).

The science and technology of 2D-materials for energy
conversion and storage
Francesco Bonaccorso
Istituto Italiano di Tecnologia, Graphene Labs, Via Morego 30, 16163 Genova, Italy
BeDimensional Srl, Via Albisola 121, 16163 Genova, Italy
Email: francesco.bonaccorso@iit.it
Graphene and other 2D crystals are emerging as promising materials1-5 to improve the performance of
existing devices or enable new ones.1-5 A key requirement for flexible electronics or energy applications is
the development of industrial-scale, reliable, inexpensive production processes,2 while providing a balance
between ease of fabrication and final material quality.
Solution-processing2,6 is a simple and cost-effective pathway to fabricate various 2D crystal-based
(opto)electronic and energy devices, presenting huge integration flexibility compared to conventional
methods. Here, I will present an overview of graphene and other 2D crystals for flexible and printed
(opto)electronic and energy applications, starting from solution processing of the raw bulk materials,2 the
fabrication of large area electrodes3 and their integration in the final devices.7,8,9,10,11,12
References
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an efficient carrier collection” Adv. Energy Mater. 7, 1701349 (2017).
[11]S. Casaluci, et al. Graphene-based large area dye-sensitized solar cell module. Nanoscale 8, 53685378 (2016).
[12]Capasso, et al. Few-layer MoS2 flakes as active buffer layer for stable perovskite solar cells. Adv.
Ener. Mater. 6, 1600920, (2016).
We acknowledge financial support from the European Union’s Horizon 2020 Graphene Flagship.

Metallically Conducting Carbides and Nitrides (MXenes) Enable New
Technologies
Yury Gogotsi
Department of Materials Science and Engineering, and A. J. Drexel Nanomaterials Institute, Drexel
University, Philadelphia, PA 19104, US
Gogotsi@drexel.edu

http://nano.materials.drexel.edu

Two-dimensional (2D) materials with a thickness of a few nanometers or less can be used as single sheets,
or as building blocks, due to their unique properties and ability to assemble into a variety of structures.
Graphene is the best-known example, but several other elemental 2D materials (silicene, borophene, etc.)
have been discovered. Numerous compounds, ranging from clays to boron nitride (BN) and transition metal
dichalcogenides, have been produced as 2D sheets. By combining various 2D materials, unique
combinations of properties can be achieved which are not available in any bulk material. The family of 2D
transition metal carbides and nitrides (MXenes) has been expanding rapidly since the discovery of Ti3C2 in
2011 [1,2]. Approximately 30 different MXenes have been synthesized, and the structure and properties of
numerous other MXenes have been predicted using density functional theory (DFT) calculations [3].
Moreover, the availability of solid solutions on M and X sites, control of surface terminations, and the
discovery of ordered double-M MXenes (e.g., Mo2TiC2) offer the potential for synthesis of dozens of new
distinct structures.
This paper will describe the synthesis of MXenes by selective etching of layered ceramic precursors,
including various MAX phases. Delamination into single-layer 2D flakes and assembly into films and 3D
structures, as well as their properties will be discussed. Synthesis-Structure-Properties of MXenes will be
addressed on the example of Ti3C2.
The versatile chemistry of the MXene family renders their properties tunable for a large variety of applications.
Oxygen or hydroxyl- terminated Menes, such as Ti3C2O2, have been shown to have redox capable transition
metals layers on the surface and offer a combination of high electronic conductivity with hydrophilicity, as
well as fast ionic transport. This, among many other advantageous properties, makes the material family
promising candidates for energy storage and related electrochemical applications [3], but applications in
optoelectronics, plasmonics, electromagnetic interference shielding, antennas, electrocatalysis, medicine
(photothermal therapy and drug delivery), sensors, water purification/ desalination and other fields are
equally exciting [4-6].
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Electromagnetic Interference Shielding with 2D Transition Metal Carbides (MXenes), Science, 353
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Transition metal dichalcogenide semiconductor nonlinear
optics and (opto-)electronics
Thomas Mueller
Vienna University of Technology, Institute of Photonics, 1040 Vienna, Austria
The materials that have enabled the information technology revolution over the past decades will soon reach
their physical limits. Novel nanomaterials and technologies have therefore become a major focus of current
solid-state research, with two-dimensional (2D) atomic crystals being one of the most promising candidates.
Graphene, a 2D structure of carbon atoms with unorthodox electronic properties, is the most prominent
representative of the 2D material family. More recently, transition metal dichalcogenides (TMDs) have come
into the focus of interest, as these offer properties that complement those of graphene. Some TMDs are
semiconductors with a sizable bandgap, which allows the construction of logic transistors, light emitters,
photovoltaic solar cells, and other (opto-)electronic devices. In the first part of this talk, I will present some
of our results on the development of 2D transistors and electronic circuits. Large-area MoS2 growth by
chemical vapor deposition, together with the development of logic stages, enabled us to realize the first
large-scale integrated circuit based on a 2D material. I will then review our activities on photovoltaic energy
conversion and electrically driven light emission in TMDs. In the second part of this talk, I will discuss optical
second harmonic generation in TMDs. Two-dimensional crystals are a versatile playground to study the
influence of strain, as they can sustain very large deformations without breaking. Second harmonic
generation constitutes a powerful technique to measure strain, as it allows extraction of the full strain tensor
with a spatial resolution below the optical diffraction limit. The method is based on the strain-induced
modification of the nonlinear susceptibility tensor due to a photoelastic effect. Using a three-point bending
technique, we determine the photoelastic tensor elements of four different TMD monolayers: MoS2, MoSe2,
WS2 and WSe2. Once identified, these parameters allow us to spatially image the two-dimensional strain
field in an inhomogeneously strained sample.

Bi dimensional materials as active media for the detection of
Terahertz-frequency light
Miriam S. Vitiello
NEST, Istituto Nanoscienze – CNR and Scuola Normale Superiore, Piazza San Silvestro 12, Pisa, I56127
The ability to convert light into an electrical signal with high efficiencies and controllable dynamics is a major
need in photonics and optoelectronics. In the Terahertz (THz) frequency range, with its exceptional
application possibilities in high data rate wireless communications, security, night-vision, biomedical or
video-imaging and gas sensing, detection technologies providing efficiency and sensitivity performances
that can be “engineered” from scratch, remain elusive. These key priorities prompted in the last decade a
major surge of interdisciplinary research, encompassing the investigation of different technologies inbetween optics and microwave electronics, different physical mechanisms and a large variety of material
systems offering ad-hoc properties to target the expected performance and functionalities.
The talk will provide an overview on our recent developments on room temperature, highly sensitive and fast
photodetectors of THz frequency light, exploiting graphene, black-phosphorus (BP) or bi-dimensional van
der Waals heterostructures.

Single-photon emitters in 2D materials
Rudolph Bratschitsch
Institute of Physics and Center for Nanotechnology, University of Münster, Germany

Graphene is known as a prototypical two-dimensional material with unique physical properties. However,
the difficulty of creating an optical band gap stimulated the search for other monolayer materials.
Atomically thin transition metal dichalcogenides serve as a promising new material class for
opto-electronics. In contrast to thicker crystals, monolayers of MoS2, WS2, MoSe2, and WSe2 exhibit
prominent photoluminescence. Recently, we have discovered bright and stable single-photon emitters in
single layers of WSe2 [1], which renders atomically thin semiconductors also interesting for quantum optics.
In my talk, I will show that these quantum light sources are strain-induced and demonstrate deterministic
positioning of the emitters on the nanoscale [2]. Furthermore, I will present single-photon emission from the
layered monochalcogenide semiconductor GaSe [3] and provide evidence that the incorporated nonclassical light sources are also strain-induced. Finally, I will demonstrate that single-photons from GaSe
emitters can be routed in dielectric waveguides on a photonic chip [4].

Fig 1. Artistic impression of a WSe2 monolayer
with several single-photon emitters.
References:
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Charge and Spin transport in 2D Semiconductor
Heterostructure Field Effect Transistors
Saroj Dash, saroj.dash@chalmers.se
Chalmers University of Technology, Gothenburg, Sweden
Exploiting the charge, spin and valley degrees of freedom of electrons in two-dimensional (2D)
semiconductors is considered as one of the potential candidates for future information technology. However,
there are serious challenges for making reliable contacts to 2D semiconductors for practical device
applications. Here, I will present the field-effect transistor behavior of MoS¬2 in contact with graphene,
ferromagnetic tunnel junctions and low work-function materials for achieving high performance electronic
and spintronic devices.1,2,3 We demonstrate that a gate voltage induced tailoring of the Schottky barrier
resistance at the MoS2/contact interfaces can control the charge and spin transport properties by orders
of magnitude.1,3 Employing such hybrid device structures, we demonstrate the operation of charge1 and
spin3 based field effect transistors and tunnel magnetoresistance2 devices. These findings in 2D
semiconductor heterostructure devices can be key building blocks in future device architectures.
[1] High Performance Molybdenum Disulfide Field Effect Transistors with Spin Tunnel Contacts, A
Dankert, L Langouche, VK Mutta, SP Dash, ACS Nano 8 (1), 476 (2014).
[2] Spin-polarized tunneling through chemical vapor deposited multilayer molybdenum disulfide, A.
Dankert et al., ACS nano 11 (6), 6389 (2017).
[3] Electrical gate control of spin current in van der Waals heterostructures at room temperature, A.
Dankert,S.P. Dash, Nature Communication 8, 16093 (2017).

Stress-induced Raman Bands Shifts in 2D Materials beyond
Graphene
Fang Wang1, Ian A Kinloch1 and Robert J Young1
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School of Materials and National Graphene Institute, University of Manchester, Oxford Road,
Manchester M13 9PL, UK

Raman spectroscopy is now a well-established technique to characterize the structure and deformation of
graphene and this presentation will show how it can be employed in a similar manner for other 2D materials
such as MoS2 [1] and WS2 [2]. Examples will be given for monolayer MoS2 and different nanoscale forms
of tungsten disulfide (2H-WS2) namely exfoliated monolayer and few-layer nanoplatelets, and nanotubes.
Photoluminescence (PL) and Raman spectroscopy have also been used to distinguish between monolayer
and few-layer material. Strain induced phonon shifts have been followed from the changes in the positions
of the A1g and E2g1 Raman bands during uniaxial deformation as shown in Fig. 1. It will be shown further how
the Raman technique can be used to map the deformation of 2D crystals and how strain induced shifts in
the photoluminescence spectra can be used in a similar way.
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Fig.1. (a) Shift of the A1g, E2g1 and 2LA Raman modes during the deformation a WS2 monolayer nanoplatelet
on a PMMA bending specimen deformed to the different levels of strain indicated. (b) Raman frequencies
of A1g, E2g1 and 2LA bands as a function of strain. The solid lines are the linear fits of the data.
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2D material nanopores
Aleksandra Radenovic
Laboratory of Nanoscale Biology, Institute of Bioengineering, School of Engineering
École Polytechnique Fédérale de Lausanne
In this talk, I will address novel applications ranging from identification of single nucleotides, but as well
applications that go beyond DNA sequencing. These methods provide effective ways for DNA mapping and
barcoding. We use a novel solid-state nanopore platform based on atomically thin nanopore membranes in
2D materials such as graphene or molybdenum disulfide. The platform is suitable not only for DNA detection,
but can also be used in water desalination, and osmotic power generation.

Applications of 2D materials in 3-dimensional world
Vincenzo Palermo
Chalmers University of Technology,
Department of Industrial and Materials Science, Goteborg, Sweden.
Graphene is interesting not only in electronics but in, literally, any field of material science due to its unique
2-dimensional shape. Chemistry allows to tailor this poorly soluble and almost inert material into a wide
variety of forms, building a new class of 2-dimensional (nano)composites with organic molecules, polymers,
metals and even proteins.
While the application of graphene multilayers in structural composites (as a mechanical reinforcement) is
already common at industrial level, an even greater impact is expected in functional composites, where
graphene can act as a conductive, flexible and robust nanoscale scaffold to be complemented with other
materials for applications in energy storage, sensing or water purification.
In this talk, I will describe how we use covalent, supramolecular and electrochemical techniques to assemble
graphene and graphene oxides in novel composite materials, forming 3-dimensional porous membranes,
thin coatings, foams or polymer composites.
I will conclude with an overview of the status of graphene-based applications at industrial level.

[1] Application of graphene-based flexible antennas in consumer electronic devices. Materials Today,
(2018) 21, 223.
[2] Selective Gas Permeation in Graphene Oxide–Polymer Self-Assembled Multilayers. ACS Applied
Materials & Interfaces, (2018) 10, 11242.
[3] Graphene oxide doped polysulfone membrane adsorbers for the removal of organic contaminants
from water. Chemical Engineering Journal, (2017) 326, 130.
[4] Electrochemical Functionalization of Graphene at the Nanoscale with Self-Assembling Diazonium
Salts. ACS Nano, (2016) 10, 7125.
[5] Nanoscale Mechanics of Graphene and Graphene Oxide in Composites: A Scientific and
Technological Perspective. Advanced Materials, (2016) 28, 6232.
[6] Light-enhanced liquid-phase exfoliation and current photoswitching in graphene-azobenzene
composites. Nature Communications, (2016) 7, #11090.
[7] Graphene-based nanocomposites for structural and functional applications: using 2-dimensional
materials in a 3-dimensional world. 2d Materials, (2015) 2, 030205.
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Fabrication of Highly Efficient Dye-Sensitized Solar Cells
(DSSC) by using Graphene based Nanocomposites
Safi Asim Bin Asif
Department of Analytical Chemistry, University of Karachi, Karachi, Pakistan,
asim.analyticalchemist@gmail.com, +923312100932
Globally, there is a great need of producing alternative source of electrical energy, especially in Pakistan.
Out of various ways of alternative energy, photovoltaic cells (solar cells) are promising devices to overcome
the energy crisis. Dye-sensitized solar cells (DSSC) are fascinating the global market owing to its easiest
fabrication, cost effectiveness and low toxicity. This research present the remarkable achievement in
fabrication of low-cost DSSC.
Previously, research has been done to improve durability and efficiency of cells. The dye, usually organic
natural or synthetic, adsorbed titanium dioxide (TiO2) is coated over the surface of substrate (works as
cathode) i.e. Indium tin oxide (ITO) glass. In the current research, two different and novel approaches has
been made. 1) ITO cathode has been replaced by metal- glass substrate, 2) Anode electrode is fabricated
with graphene based Nanocomposites. The aim of both approaches is to reduce price and improve electrical
efficiency of dye-sensitized solar cell.
Three natural pigments (Betalain, Anthocyanin and Chlorophyll) have been implemented in DSSC as dyesensitizers. In DSSC, dyes are crucial since these are electrons suppliers after absorbing visible light. These
makes DSSC non-toxic, easiest and cost-effective cells. Despite the limitation of natural dyes, the advantages
include high absorption coefficients, low cost extraction and low toxicity.
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Universal method for realization of strong light-matter
coupling in hierarchical microcavity-plasmon-exciton systems
Ankit Bisht1, Jorge Cuadra1, Martin Wersäll1, Adriana Canales1, Tomasz J. Antosiewicz1,2 and
Timur Shegai1
1

Department of Physics, Chalmers University of Technology, 41296 Gothenburg, Sweden
2
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Plasmon-exciton polaritons are hybrid quasiparticles combining plasmonic and excitonic excitations. These
polaritons are formed when the Rabi splitting of the coupled system surpasses any decoherence processes
of respective components. Typical realizations of strongly coupled systems involve saturation of cavity mode
volume with emitters and employment of emitters with high transition dipole moments, imposing constraints
in their realization. Transition Metal Dichalgenides (TMDCs) have emerged as promising excitonic materials
due to their large excitonic binding energy, high oscillator strength, formation of trions and valley degree of
freedom. However, these materials usually end up in the intermediate coupling regime just at the border
between strong and weak coupling, with Rabi splitting typically not exceeding ~100 meV. Here, we realize
a universal scheme that allows for an easy attainability of the strong coupling regime with TMDCs and
beyond. By intermixing plasmonic nanoparticle arrays with excitons in WS2 monolayer inside a resonant
Fabry-Pérot microcavity, we are able to realize a hierarchical system that provides a universal route to strong
and ultra-strong coupling, with the combined Rabi splitting exceeding ∼500 meV. We also investigate the
3-component coupled system by performing Photoluminescence measurements, which show emission from
the lower polariton branch, proving participation of excitons in the coupling process and involvement of
polaritons in the excitonic relaxation pathways. Strong coupling has been recently suggested to affect
numerous optical- and material-related properties including chemical reactivity, charge- and electrontransport and optical nonlinearities. With the universal mechanism presented here, strong coupling is within
an easy reach and therefore further exploration of these exciting possibilities can be done in a much broader
class of materials.
References:
[1] Ankit Bisht, Jorge Cuadra, Martin Wersäll, Adriana Canales, Tomasz Antosiewicz and Timur Shegai
arXiv:1806.07784 [physics.optics] (2018)

3

Homogenization Method for 2D Nano Structure Reinforced
Matrix
B. Blinzler1, R. Larsson1, D. Carastan2, D. Chiaretti2, M. Mortugui2, A. Táboas2
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Graphene flakes are being used as additives in epoxy to improve the properties of the material for aerospace
applications. The concentrations of the flakes should be optimized to create material properties that meet
the design and cost requirements of the components. A predictive modeling approach is needed to aid in
the design of these composite materials for increased stiffness. Using a 2D representation, the mechanical
properties of a representative area element of epoxy embedded with graphene flakes can be predicted.

Fig.1. Multiscale modelling via homogenization of the nano scale reinforcement for incorporation into the
matrix for modelling of the continuous fiber laminated composite
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Exciton Relaxation Cascade in Two-dimensional Transitionmetal dichalcogenides
Samuel Brem1, Malte Selig2, Gunnar Berghäuser1, Ermin Malic1
1

Chalmers University of Technology Göteborg, Sweden, 2Technische Universität Berlin, Germany

Atomically thin semiconductors, such as transition metal dichalcogenides (TMDs), have revolutionized
research in optics and electronics. Alongside with the tremendous potential for innovative technologies [1],
their optical and electronic properties further allow to study fundamental many-particle processes in an
unprecedented scope [2]. In particular, TMDs are characterized by an extraordinarily strong Coulomb
interaction giving rise to tightly bound excitons with binding energies of hundreds of meV. The microscopic
understanding and controlled manipulation of excitons would enable an entire new class of light emitters
and absorbers. Despite the continuous progress made in 2D material research during the last years, one of
the key processes, the formation of bound excitons out of a quasi-free electron-hole plasma, has not yet
been theoretically investigated in TMDs. Recent experiments [3, 4] revealed that the corresponding energy
dissipation mechanisms is highly efficient in TMD monolayers, yielding a formation of 1s excitons after offresonant excitation on a picosecond timescale. The underlying microscopic mechanism enabling this
ultrafast relaxation of excitons has not been revealed in literature yet.
We provide a fully quantum mechanical description of momentum- and energy-resolved exciton dynamics in
monolayer molybdenum diselenide (MoSe2) including optical excitation, formation of excitons, radiative
recombination as well as phonon-induced cascade-like relaxation down to the excitonic ground state [5].
Moreover, we reveal experimentally measurable features in pump-probe spectra providing evidence for the
exciton relaxation cascade, e.g. transient gain signals stemming from population inversions between s- and
p-type exciton states.

Fig. 1. (A) Schematic illustration of excitonic band structure and phonon-assisted relaxation in MoSe2
monolayers. Quasi-free electron-hole pairs excited close to the single-particle band gap dissipate energy via
a sequence of phonon emissions, performing a cascade-like relaxation through energetically lower lying
exciton states including indirect KΛ states. (B) Excitons can perform optical transitions between internal
energy levels allowing to experimentally trace the relaxation dynamics in pump-probe spectra. The ultrafast
evolution of the low-frequency spectrum provides direct evidence for the transient occupation of higher
excitonic states and reveals details about the relaxation cascade.
References
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[2] Selig, Berghäuser, Raja, Nagler, Schüller, Heinz, ... & Knorr, Nat. comm., 7, 13279 (2016).
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Cationic N-doped pi-Systems on graphene
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Graphene can be regarded as an outstanding novel material showing desirable properties such as an almost
temperature-independent charge-carrier mobility of µ = 230.000 cm2 Vs-1.[1] By modifying the surface of
graphene sheets, its properties can be directed to specific purposes. We are working on different
applications in the field of sensors to make nowadays devices more efficient and forward-looking by using
different chemical modifications like non-covalent coating of the graphene surfaces with cationic N-doped
π-systems. These molecules contain a hexabenzocoronene (HBC) scaffold as core structure, which is
responsible for the non-covalent bonding the graphene surface via π-π stacking. For fist attempts smaller
star-shaped molecules have been used.

Fig.1. Doping of graphene with cationic molecules to form cationic layer on graphene sheets.
Novel materials on the basis of graphene can be implemented in different sensors. Possible applications
here are proton selective sensors which can be implemented in very small pH-probes, delivering new
applications like measuring the pH-value in cell membranes in transparent or nano electronics.
References:
[1] K. S. Novoselov, Z. Jiang, Y. Zhang, S. V. Morozov, H. L. Stormer, U. Zeitler, J. C. Maan,
G.S.Boebinger, P. Kim, A. K. Geim, Science 2007 , 315 , 1379; b) C. Berger, Z. Song, X. Li, X.
Wu, N. Brown, C. Naud, D. Mayou, T. Li, J. Hass, A. N. Marchenkov, E. H. Conrad, P. N. First, W.
A. de Heer, Science 2006 , 312 , 1191
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Multi-Purpose Functionalization of Boron-Doped Graphene:
insights from in silico experiments
Valentina Cantatore1, Itai Panas
1
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We use DFT calculations to explore different kinds of functionalization of boron doped graphene and their
possible applications describing their structures at atomistic level as well as providing information about
their electronic properties. Exploiting our understanding of the “socket-plug” mechanism [1], we show that,
thanks to the doping with boron atoms, it is possible to create dative bonds between the graphene surface
and molecules with a lone-pair or metal surfaces. In particular, we envisage a possible use of boron-doped
graphene as a platform for custom-made receptors to create selective bio-sensors, for example for glucose
in blood [2], as well as we describe its behavior as catalyst in NOx reduction [3]. Moreover, we show that
the boron atoms can act as anchoring sites for a more efficient coating of metal surfaces enhancing the
binding between the two materials and the resistance of the metal to corrosion, as it has been detailed for
a copper surface [4-5]. Finally, we demonstrate how boron doped graphene can be used together with
another 2D material, such as iron selenide, to create a novel heterostructure with enhanced
superconductivity properties [6].
[1], V. Cantatore and I. Panas, Carbon 104 (2016) 40
[2] V. Cantatore, S. Pandit, V. R. S. S. Mokkapati, S. Schindler, S. Eigler, I. Mijakovic and I. Panas, Carbon,
137 (2018) 343
[3] V. Cantatore and I. Panas, J. Chem. Phys., 144 (2016) 151102
[4] L. Ferrighi, M. I. Trioni and C. Di Valentin, J. Phys. Chem. C 119 (2015) 6056
[5] V. Cantatore and I. Panas, Carbon, 115 (2017) 375
[6] V. Cantatore and I. Panas, Condensed Matter, 2 (2017) 34

Fig.1. Excitonic absorption spectra in the presence of molecules in WS2. The resonance at 2.0 eV
corresponds to the bright exciton, while the peak at 1.95 eV stems from dark excitons activated through
molecules. The dark exciton signature can be tuned via tensile (0.05%) or compressive (-0.05%) strain.
References:
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Terahertz mixing with graphene bolometers at the Dirac point
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Terahertz astronomy is a valuable source of our knowledge about Universe [1]. However, imaging arrays of
high spectral resolution remain a challenge, demanding new materials and device concepts [2]. We
demonstrate low noise terahertz bolometric downconverter (mixer) in graphene, doped close to the charge
neutrality point, where the sample resistance is dominated by quantum corrections to the Drude conductivity,
and thermal relaxation is governed by electron diffusion cooling [3]. We show that at temperatures of 0.11K for an optimized device a mixer noise temperature down to 475K can be achieved with a response rate
of 10-20GHz, with an extremely low required Local Oscillator power of <10nW. In conjunction with the
emerging quantum-limited amplifiers at the intermediate frequency, our approach promises highperformance quantum – limited sensing in the >1THz domain for radio astronomy, potentially surpassing
superconducting technologies, in particular, for large heterodyne arrays.
References:
[1] M. Rowan-Robinson, Science. 325
[2] E Novoselov, S. Cherednichenko, Appl. Phys. Lett. 110, 032601 (2017).
[3] H. He et al., (2018) (Nature, in press, see also http://arxiv.org/abs/1805.05644).
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Synthesis of 2D transition metal dichalcogenides
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In recent years, more and more efforts are put into the development of 2D transition metal dichalcogenides
(TMDs) and associated applications. But the synthesis of such TMDs are left far behind. Apart from the
mechanical cleavage which is only suitable for fundamental research in lab scale, pioneer research has been
performed to grow TMDs by CVD method1. However, the quality of the TMD flakes synthesized by CVD is
very low, discontinuous TMD flakes with very small size (typically 5-50 µm) are commonly grown from the
CVD process1. In addition, the growth of each TMD needs specific precursors which introduces extra
difficulties in the CVD process and also brings intermediate contaminants.
Therefore, we are exploring a new universal method to synthesize various 2D TMDs efficiently. In our method,
bulk TMD material acts as anode, and a metal rod is applied as cathode in the circuit. High voltage is applied
to generate a spark between the anode and cathode so that the layered TMD materials will be exfoliated
and dispersed in the dielectric. Afterwards, the TMD flakes will be separated from the dielectric by
centrifugation. So far, we have successfully synthesized few-layer MoSe2 flakes, as shown in the TEM images
in Figure 1 (a and b). Further optimization of the process and characterization of the TMDs are still ongoing.

Figure 1. (a) Exfoliated MoSe2 flakes. (b) Layered structure of the exfoliated few-layer MoSe2.
References
[1] Govind Rajan, A., Warner, J. H., Blankschtein, D. & Strano, M. S.. ACS Nano 10, 4330– 4344
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Manufacturing and properties of low density polyethylene GnP nanocomposites.
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This work presents an overview of the properties of highly structured, low density polyethylene-graphite
nanoplatelets (LDPE-GnP) nanocomposites[1-2]. The effects of composition, nanofiller size and processing
conditions on the mechanical, rheological, electrical, gas barrier and thermal nanocomposites properties
were investigated. Samples prepared by means of the dry-coating method were extruded, resulting in a
strong anisotropy in the extrudates’ morphology. GnP nanoplatelets were oriented in the extrusion direction
for all shear rates and flow histories investigated, which was confirmed by scanning electron microscopy.
The rheological percolation around 7.5wt%. was determined via nonlinear parameters. Electrical
measurements revealed a nonlinear field dependent behavior. At electric fields below 20 kV/mm significant
reductions of the through-plane conductivity were recorded, whereas above a crossover effect was
observed. The gas permeability showed a drastic decrease of this property with increasing filler content. A
clear correlation was found between permeability and free volume fraction in the material, the latter evaluated
by means of positron annihilation spectroscopy. A strong anisotropy of the thermal conductivity was
achieved, with the in-plane conductivity increasing with GnP content.
References:
[1] Gaska et al., Polymers 9(11), 294 (2017)
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Synthesis of a Graphene Carbon Nanotube Hybrid Film by
Joule Self-heating CVD for Thermal Applications
Josef Hansson, Majid Kabiri Samani, Andreas Nylander, Lilei Ye*, Nan Wang, Torbjörn Nilsson and
Johan Liu
Electronic Materials and Systems Laboratory, Department of Microtechnology and Nanoscience (MC2),
Chalmers University of Technology, Kemivägen 9, SE 412 96 Göteborg, Sweden,
*SHT Smart High Tech AB, Aschebergsgatan 46, Göteborg
Hybrid films based on vertically aligned carbon nanotubes (CNTs) on graphene or graphite sheets have
been proposed for application as thermal interface materials and micro heat sinks. However, the fabrication
of these materials are limited to small scale, expensive and complicated chemical vapor deposition (CVD)
for CNT synthesis.
We present a new method for direct growth of CNTs on one or both sides of a thin graphene film (GF) using
joule self-heating of the graphene film to provide the necessary heat for the thermal breakdown of carbon
feedstock in a CVD process. The resulting CNT forests show good density and alignment consistent with
regular CVD synthesis processes on silicon surfaces.
The resulting double sided GF/CNT hybrid film is directly applicable as a thermal pad. The CNT forest has
a thermal conductivity of 30 W/mK, measured by pulsed photothermal reflectance, and the total thermal
interface resistance between aluminum blocks was measured to be 60 Kmm2/W using an ASTM D5470
compliant 1-D measurement setup.
This method of directly synthesizing CNTs on graphene films is more energy efficient and capable of larger
volume production compared to traditional CVD methods. It is also compatible with scaling up towards
continuous roll-to-roll production for large scale commercial production, one of the major limitations
preventing CVD-grown CNTs from commercial applications.
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Uniform doping of graphene close to the charge neutrality point by
polymer-assisted spontaneous assembly of molecular dopants
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Tuning the charge carrier density of two-dimensional (2D) materials by incorporating dopants into the crystal
lattice is a challenging task. An alternative is the surface transfer doping by adsorption of molecules on 2D
crystals. However, such systems, demonstrated in ultra-high vacuum conditions (UHV), are often unstable
in ambient conditions. Here we show that air-stable doping of epitaxial graphene on SiC -achieved by spincoating deposition of 2,3,5,6-tetrafluoro-tetracyano-quino-dimethane (F4TCNQ) incorporated in poly
(methyl-methacrylate) -proceeds via the spontaneous accumulation of dopants at the graphene-polymer
interface and by the formation of a charge-transfer complex that yields low-disorder, charge-neutral, largearea graphene with carrier mobilities ~70,000 cm2/Vs [1]. The assembly of dopants on 2D materials
assisted by a polymer matrix, by spin coating wafer-scale substrates, opens up a scalable technology for
expanding the functionality of 2D materials.

Fig.1. Uniform chemical doping of graphene by polymer-assisted spontaneous assembly of molecular
dopants. (a) The encapsulation and doping scheme with a polymer stack consisting of PPMA spacer layer
followed by a PMMA-F4TCNQ dopant blend (F4TCNQ 7 wt.%).(b) Carrier density as a function of
temperature extracted from Hall measurements. (c) Hall carrier mobility showing the highest ~55,000
cm2/Vs at T=10K
[1] H. He, K.H. Kim, A. Danilov, D. Montemurro, L. Yu, Y. W. Park, F. Lombardi, T. Bauch, K. MothPoulsen, T. Iakimov, R. Yakimova, P. Malmberg, C. Müller, S. Kubatkin & S. Lara-Avila. Accepted in
Nat. Comm. (2018).
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Phonon-induced linewidths of graphene electronic states
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The linewidths of the electronic bands originating from the electron-phonon coupling in graphene are
analyzed based on model tight-binding calculations and experimental angle-resolved photoemission
spectroscopy (ARPES) data. Our calculations confirm the prediction that the high-energy optical phonons
provide the most essential contribution to the phonon-induced linewidth of the two upper occupied σ bands
near the Γ-point. For larger binding energies of these bands, as well as for the π band, we find evidence for
a substantial lifetime broadening from interband scattering π → σ and σ → π, respectively, driven by the outof-plane ZA acoustic phonons. The essential features of the calculated σ band linewidths are in agreement
with recent published ARPES data [F. Mazzola et al., Phys. Rev. B. 95, 075430 (2017)] and of the π band
linewidth with ARPES data presented here.

References:
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Microscopic modeling of photodetection in graphene
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Graphene-based photodetectors are promising for optoelectronic technologies, since graphene absorbs
light over a broad spectral range and ultrafast carrier dynamics [1] enables the operation of photodetectors
on a picosecond timescale. The photoresponse is a superposition of different many-particle processes
which are important in different situations. While the generated photocurrent in pristine graphene is mainly
attributed to thermoelectric and photoconduction effects, the bolometric effect is the dominating mechanism
in biased graphene.
In this work, we investigate the many-particle processes behind the photodetection in graphene by using
the density matrix formalism [1]. Solving the graphene Bloch equations, we provide microscopic access to
optical excitation, Coulomb- and phonon-induced relaxation dynamics, and conversion of light into electrical
current. In the case without optical excitation, we predict a very efficient impact excitation, which leads to
dark carrier multiplication and results in enhanced dark current [2]. Including optical excitation and
generation of currents through the photoconduction effect, we have demonstrated the tunability of
photocurrent by experimentally accessible parameters such as temperature, field strength and substrate [3].
Furthermore, we have taken into account the bolometric effect describing the change of conductivity in
dependence of temperature [4]. Finally, we solve the spatially Boltzmann scattering equations to investigate
the photothermoelectric effect, which occurs when optically excited carriers heat up the sample resulting in
a temperature gradient. In conclusion, our work provides microscopic insights into different competing
mechanisms behind photodetection in graphene.

Fig. 1. (a) Carrier dynamics in graphene with optical excitation and in the presence of an electric field.
(b) Photocurrent generated through the photoconduction effect and its tunability using substrates with a
different dielectric constant.
(c) Bolometric photocurrent for different initial temperatures in dependence of doping
References:
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First-principles study of van der Waals binding between
nanostructures
-- Signatures and its scaling with system size
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The equilibrium van der Waals binding energy is an important factor in the design of materials and devices.
Here we map the nature of vdW forces in a full interacting materials system. We also investigate the bindingenergy scaling behavior from first-principles calculations. We find that there are two competing factors in
the determination of the binding energy: Nonadditivities of van der Waals coefficients and center-to-center
distance between nanostructures.

Fig.1. Binding-energy scaling behavior (in meV/atom) of fullerenes and of pairs of other identical
nanoparticles from vdW-DF-cx functional
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The Dirac surface states of topological insulators offer a unique possibility for creating spin polarized charge
currents due to the spin-momentum locking. Here we demonstrate that the control over the bulk and surface
contribution is crucial to maximize the charge-to-spin conversion efficiency. We observe a strong
enhancement of the spin signal due to surface- dominated spin polarization while freezing out the bulk
conductivity in semiconducting Bi1.5Sb0.5Te1.7Se1.3 below 100K. Detailed measurements up to room
temperature exhibit a gradual reduction of the magnetoresistance signal between 2 and 100K, which we
attribute to the thermal excitation of bulk carriers and to the electron-phonon coupling in the surface states.
The presence and dominance of this effect up to room temperature is promising for spintronic science and
technology. Furthermore, combining topological insulators with graphene and other two-dimensional
materials can provide a rich platform for exploring novel physical effects.
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Atomically thin materials are unique platforms for detection of chemical species with ultra-high sensitivity. In
practice, high sensitivity has to be complemented with selectivity, improved response times and resilience
in harsh environments. While these requirements have been partially addressed in hybrid 2D materialmetal/oxide nanoparticles [1], covalent interactions occurring during functionalization compromises the
promise of ultra-high sensitivity. Here we report the detection of chemical species with atomically thin Pt
layers, which are electrically conducting starting from single-atom thickness when deposited on atomically
flat surface of SiC. The strong interaction of monolayer platinum layers with gases, manifesting as changes
in their electrical resistance, allows us to fabricate chemiresistors with a detection limit of 210 parts-pertrillion for benzene. Atomically thin transition metal layers open up the route for chemical functionalization via
organo-metallic chemistry to enhance sensor selectivity while keeping high sensitivity inherent to low
dimensional materials.

Fig.1. Response of a chemiresistor sensor fabricated on 2D Pt to (a) NO2 concentrations ranging from 10 to 100 ppb at
200 °C, and (b) benzene concentrations in the range 100 to 5 ppb at 100 °C.

References:
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Constant increase of energy consumption in the world requires implementation of efficient devices to store
and deliver energy on demand. Among such devices, supercapacitors perfectly fit into hybrid electric
vehicles, wearable electronics or wireless sensors where high power (fast delivery of energy), long lifetime
(up to million of charge-discharge cycles) and safe maintenance are desirable.
Mostly industrial supercapacitor components are made from unsustainable and often toxic components,
which makes the devices rather expensive and environmentally hazardous on disposal. New “green”
materials should gradually replace the conventional supercapacitor components such as electrodes,
binders, separators, electrolytes and collectors. In this project we aim at utilizing cellulose to synthesize
functional “green” supercapacitor components.
1) Electrospun cellulosic precursors are used to make robust porous separators for uptake and
transfer of electrolyte ions.
2) Carbon nanofibers (CNFs) derived from cellulose are conductive transfer agents within electrodes
and on the interface with collectors.
3) Carboxymethyl cellulose (CMC) is used as a binder material for carbons.
4) Dense carbon sheets made of nanofibrillated cellulose (cNFC) are used as collecting materials.
The resulting supercapacitor devices demonstrate promising capacitance (102 F g-1 at 10 mV s-1), rate
capability (81.3% capacitance retention from 10 to 200 mV s-1 scan rate) and ESR (0.51 Ω).
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The ‘superlatives’ of graphene have been paid massive attention for both fundamental science and industrial
applications. In addition, other 2D materials also have some of those attributes in graphene but at the same
time they own extra properties than graphene, such as the insulativity of hBN and the semiconductivity of
MoS2. However, many properties will be heavily affected by defects, grain boundaries etc., which
compromise their advantages. In this work, a new type of structural feature – deformation twin, has been
identified in graphite and other 2D materials such as hBN and MoSe2, as a result of bending in van der
Waals crystals1. Different from conventional understanding2, the twin boundaries are not atomically sharp
and delocalised by several nanometers. This is a result of a competition between bending energy and van
der Waals energy, and can be well predicted by the density functional theory.

Fig. 1. Cross sectional STEM images of twin boundaries in (a) graphite, (b) hBN and (c) MoSe2. All scale
bars 2 nm.
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binder
Ya Liu1,3, Lilei Ye2, Hongbin Lu3, Johan Liu1
1

Department of Microtechnology and Nanoscience, Chalmers University of Technology,
41296 Gothenburg, Sweden,
2
SHT Smart High Tech AB, Aschebergsgatan 46, SE 411 33 Gothenburg, Sweden
3
State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science,
Collaborative Innovation Center of Polymers and Polymer Composites, Fudan University, 2005 Songhu
Road, Shanghai 200433, China

Graphene, the two-dimensional sp2 hybridized carbon, is widely considered as a promising filling for
improving mechanical performance of polymers. However, its super hydrophobic surface makes it a big
challenge to obtain stable graphene dispersion, especially in a water- borne system.1 In this work, we
introduced hydrophilic groups on the surface of graphene oxide and graphene sheets to obtain a
homogeneous dispersion, respectively. Improved mechanical strength and abrasion resistance are achieved
by adding both functionalized graphene and graphene oxides into the polymer-bonded coatings after curing.

Fig.1. FT-IR spectra of (a) graphene oxide and APTES functionalized graphene oxide; (b) graphene and
diazonium graphene.
References:
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The most critical issue that needs to be solve in the near future is energy production.1 One of the most
explored technologies which eventually have the ability to overcome the problem are solar cells (SCs).2
Because the renewable energy sources are intermittent, other important paradigm to consider, are energy
storage devices.3 In this work, different approaches for 2D materials development and their potential
application in organic SCs and supercapacitors, are explored. These materials are based on modified
graphene oxide and MoS2. However, the inadequate Eg values for both 2D materials and hydrophilic
behavior, chemical modifications should be performed to obtain the proper characteristics that are required
for energy applications.4 Here, an efficient top-down synthesis approach by ultrasonication-assisted liquidphase exfoliation in aqueous cosolvents, allows to obtain a few layered 2D materials to afterwards chemically
modified it by alkylamines, as a low-cost alternative for organic semiconductor materials was developed.
References:
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Transition metal dichalcogenides (TMDCs) have attracted a lot of research attention recently, as motivated
by their outstanding optical properties and potential for strong light-matter interactions. Demonstration of
strong plasmon-exciton coupling is especially desirable in this context as it holds promise for enabling room
temperature quantum and nonlinear optical applications. Here, we present promising possibilities for
realization of strong-coupling in mono- and multilayers of tungsten diselenide (WSe2) with single gold
nanobipyramid (BPs) as a nanocavity. We demonstrate strong-coupling between individual BPs and
tungsten diselenide (WSe2) monolayers at room temperature. Moreover, we show that strong-coupling even
in multilayers of WSe2 is possible, despite of absence of a direct band-gap, with Rabi splitting exceeding
~100 meV. Our experimental results allow us to discuss beneficial and limiting factors of strong-light-matter
coupling in mono- and multilayer of TMDCs.
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Exciton binding energies of hundreds of meV and strong light absorption in the optical frequency range
make transition metal dichalcogenides (TMDs) promising for novel optoelectronic nanodevices. In particular,
atomically thin TMDs can be stacked to heterostructures enabling the design of new materials with tailored
properties. The strong Coulomb interaction gives rise to interlayer excitons, where electrons and holes are
spatially separated in different layers (blue oval in Fig. 1a). In this work, we reveal the microscopic processes
behind the formation, thermalization and decay of these fundamentally interesting and technologically
relevant interlayer excitonic states [1]. In particular, we present for the exemplary MoSe2-WSe2
heterostructure the interlayer exciton binding energies and wave functions as well as their time- and energyresolved dynamics. Finally, we predict the dominant contribution of interlayer excitons to the
photoluminescence of these materials, which is consistent with recent experimental measurements [2, 3].

Fig.1 (a) Schematic picture illustrating the formation, relaxation and radiative decay of interlayer excitons. (b)
Logarithmic plot of calculated photoluminescence at 77 K against time and energy, showing how the
intralayer (IaX) peak decays, while the interlayer peak (IeX) is built up and remains.
References:
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Several available studies have reported toxicity of graphene particles in suspension for bacterial cells, because
the edges of graphene nano-particles can rupture the bacterial membrane1,2. Here, we analyzed the
antibacterial effect of graphene based on the orientation of flakes. Vertical Graphene was grown on SiO2
and Au substrates where monolayer CVD graphene was used as a control to test the toxicity towards
bacterial and mammalian cells. Graphene edges and the membrane are both hydrophobic, and the
penetration of graphene into the membrane leads to loss of integrity of the cellular envelope and leakage of
the cytosolic content. This can be observed by scanning electron microscopy of the bacterial cells on the
coated surfaces (Fig. 1). There are no dead cells detected on the non-coated surface, and the bacterial cells
show normal morphology. To confirm the toxic/nontoxic effect of graphene, live/dead staining was carried
out and analyzed using fluorescence microscope. We observed many dead bacterial cells with vertically
aligned graphene but not in horizontally aligned graphene while no dead mammalian cells (mouse fibroblasts
cell line NIH3T3) were observed in both forms. These finding suggests that the antibacterial effect of
graphene is associated with flakes orientation and harmless to mammalian cells.

Fig.1. Loss of viability of S. epidermidis on vertical graphene, and SEM image of morphologically disturbed
bacterial cell on vertical graphene.
References:
[1] Akhavan & Ghaderi, ACS Nano, 4, 5731–5736 (2010). [2] Liu et al., ACS Nano, 5, 6971–6980
(2011).

24

Microscopic modelling of high-excitation pump-probe spectra in TMDs
Raül Perea Causín, Samuel Brem and Ermin Malic
Department of Physics, Chalmers University of Technology, 41296 Gothenburg, Sweden,
Transition metal dichalcogenides (TMDs) exhibit a strong Coulomb interaction that leads to the formation of
excitons with binding energies in the order of hundreds of meV. Therefore, excitonic effects are dominant in
their optical spectra. However, exciton properties are significantly altered and even suppressed at high
carrier densities due to dielectric many-particle screening and Pauli blocking. These effects are
experimentally accessible in ultra-fast pump-probe measurements, where energy shift and bleaching of
excitonic resonances have been observed. In order to understand the mechanisms behind these
phenomena, a microscopic description of the carrier and exciton dynamics is required.
In this work, we provide a quantum-mechanical description of momentum- and energy-resolved nonequilibrium dynamics including optical excitation, many-particle screened Coulomb interaction and
scattering with optical and acoustic phonons. We focus on the high-excitation regime, where population
inversion and optical gain can be achieved. We show how the excitonic wavefunctions, exciton binding
energies and bandgap renormalization are affected by the excited carriers, as well as their impact on
absorption spectra. Furthermore, we study to what extent the excitation pulse (energy, width, strength) can
influence these properties.

Fig. 1. WS2 absorption spectra as a function of (a) time and energy and (b) for four fixed times. Optically
induced carrier occupations lead to a strong modification of the optical response reflecting the Mott
transition. After the pulse, excitonic features are recovered. For the investigated high pump fluence (100
μJcm-2), population inversion is achieved resulting in optical gain (red area).
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Graphene based devices for the detection of a specific
bacteria from a biofilm
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Irrespective of the materials use for implants and biomedical devices, bacterial biofilms inevitably grow on
them. With time, biofilm formation causes infection and reaches a stage where the implant has to be
replaced and the patient has to be treated. What if we could detect biofilm formation in real time and act
at the appropriate time point, preventing risk and suffering for the patient? Owing to the atomic thickness,
high surface area, biocompatibility and electrical conductivity, graphene can detect binding of a single
nucleotide by measuring the electron tunneling current. Graphene has already proven itself to be a worthy
candidate in protein detection. Here we present our up to date work on graphene based devices that are
cheap, sensitive and specific to detect bacterial attachment to surfaces.
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This contribution describes a conceptual framework that aims to bridge the gap between quantum
chemical calculations and experimental measurements, including photoelectron and vibrational
spectroscopy, X-ray structure determination, electron density mapping, as well as measurements of
energies of activation, reaction and formation.[1,2] The methodology, which is an energy partitioning,
allows for the interchangeable use of theoretical and experimental data for the analysis of electronic
structure, and relates measurable energies to central chemical concepts such as electronegativity,
covalence, molecular orbital theory, and charge transfer. A general outline of this new way of analysing
chemical and physical transformations will be presented, along with our latest efforts in applying it to
molecular and 2D systems.
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2-Dimensional (2D) transition metal dichalcogenides (TMDs) are attracting tremendous attention, not least
due to their interesting opto-electronic properties. This includes strong light-matter interaction and strong
excitonic effects due to the reduced screening in 2D structures. In this study we demonstrate how stacked
multilayer structures of MoSSe gives rise to a natural electron transport across multilayer MoSSe. Due to
the finite dipole moment of MoSSe in the out-of-plane direction, the multilayer structure develops an internal
electric field. We show that after 3-4 layers, the built-in fields leads to spontaneous charge transfer between
the outermost layers creating a natural p-n junction. By changing the number of layers in the structure it is
possible to control the doping concentration on the outermost layers of the multilayer film. To quantify this
novel effect and explore its consequences for opto-electronic operations, we combine many-body GW
calculations with intra- and interlayer exciton calculations in multilayer MoSSe, as a function of the number
of layers. This enables us to predict the onset where the multilayer MoSSe starts to behave as a p-n junction,
together with the doping concentration at the outermost layers.

Fig 1. Multilayer MoSSe structure showing the shift in the band edges due to the internal electric field,
together with the hole and electron dissociation across the layers.
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Conversion of heat-flux, from a steady state temperature difference, to mechanical vibration is demonstrated
in graphene nanoribbons using direct non-equilibrium molecular dynamics (NEMD). We observe that this
effect is independent of the method of imposing the temperature gradient, heat flux as well as applied
boundary conditions. We propose that simply dividing a nanoribbon in
long and short sections using a forced area will lead to vibration in the long section of the nanoribbon. This
results in simpler architectures for heat-to-vibration converter devices based on graphene or other 2D
materials and obviates the need for complex fabrication steps.
Furthermore we observed that by applying tensile axial strain to a nanoribbon, initiation of mechanical
vibration requires less heat flux or temperature gradient as opposed to cases with no strain. The underlying
physical mechanisms behind these observations will be elucidated by explaining the roles of strain, geometry
and temperature in this energy conversion.
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Using Density Functional Theory (DFT) method, the linear optical absorption spectra and nonlinear optical
susceptibilities of hydrogen passivated armchair and zigzag Phosphorous Nanoribbons (aPNR and zPNR)
as well as α-phase phosphorous monolayer were calculated. It was observed that the crystallographic
direction has a strong effect on the band edge absorption which in turn leads to optical anisotropy as well
as a red shift of the absorption spectra by increasing the width. The calculated absorption values are in the
order of 105 cm-1 and are very close to the experimentally measured ones. It was also observed that the 2nd
order nonlinear optical susceptibility, χ(2), in the nanoribbons is enhanced by two orders of magnitude. This
effect is caused by breaking the centro-symmetric structure of monolayer phosphorene as a result of
hydrogen surface termination. The calculated 3rd order susceptibilities, χ(3), are in the order of ≈10-13 esu
(≈10-21 m2/V2) which are in close agreement with experimentally reported values [1] as well as those
computed based on the relativistic picture of electron [2]. The closeness of our results [3] to experimental
values strongly supports the reliability of our method in calculating the nonlinear optical susceptibilities of
phosphorene and other nanostructures in general [4]. The enhanced 2nd order optical nonlinearity in
phosphorene promises a better second harmonic and frequency difference (THz) generation.
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Fig.1. (a) Integrated trion PL intensity as a function of excitation
energy scanning laser across resonance with neutral A-exciton
and
(b) contour plot of trion PL intensity scanning laser across the
resonance at T = 4 K

Two-dimensional (2D) semiconducting transition metal dichalcogenides (TMDs) exhibit remarkably strong
light-matter interaction in the monolayer limit (ML), making these direct bandgap materials attractive for
fundamental and applied physics. MoSe2 MLs encapsulated in hexagonal BN show reduced emission
linewidth at T=4K of about 1.5 meV, which enables us to observe asymmetric high-energy tails in absorption
and surprisingly also emission for the neutral A-exciton [1]. We develop an analytical theory using the
deformation potential due to longitudinal acoustic phonons that explains the origin of the observed unusual
broadening [2].
We also show that resonant excitation of the neutral A-exciton results in emission of the B- exciton 200 meV
above the excitation laser energy, in addition to ML MoSe2 also in MoTe2, MoS2 and WSe2. For resonant
excitation, exciton densities become high enough for exciton scattering to occur, which can cause the
disappearance (annihilation) of one exciton as the second exciton absorbs its energy and occupies a highenergy state (upconversion). In this work we discuss why these Auger-type exciton-exciton interactions are
more efficient in TMD MLs as compared to conventional semiconductors [3].
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Liquid chromophores constitute a rare, but intriguing class of molecules with diverse possible applications
within luminescent inks, liquid semiconductors, and solar-energy storage materials. The introduction of long
alkyl chains, linear or branched, is the most common way to produce liquid chromophores. The drawback of
this strategy is that the molecular weight of the generated liquid chromophores becomes very high, which
in many cases is an unwanted feature. The polycyclic aromatic hydrocarbon perylene (nanographene) is
considered as a very important class of π-conjugated chromophores. Here, using nanographene as an
example we demonstrate a strategy for obtaining liquid chromophores with minimal increase in molecular
weight that is based on equimolar mixtures of 1-alkylperylene derivatives. Two low molecular weight 1alkylperylene derivatives are mixed in a 1:1 molar ratio, generating a liquid fluorophore with the lowest
molecular weight increase compared to the mother chromophore so far reported. Mixing of two very similar
nanographene containing small but different alkyl substituents prevents crystallization due to the increased
configurational entropy of the system. This concept of thermodynamic mixing can be extended to other πconjugated systems and can generate low molecular weight liquid chromophores.
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Band structures in electron structure calculations are often too cumbersome to analyse. We are trying to
simplify this analysis by looking for some easy-to-calculate descriptors that can be obtained from the band
structures, such as electronegativity. Electronegativity is a well-known and important descriptor in molecular
chemistry. We introduce and investigate the concept of electronegativity resolved in reciprocal space by
calculating it from the band structure for various materials such as metals, semiconductors, ionic solids, etc.
We suspect that electronegativity can become a useful tool for predicting material properties for extended
1D, 2D and 3D periodic systems.
There are several other methods used in chemistry that we introduce for periodic structures and calculate
using DFT electronic structure codes, such as one of the types of energy decomposition analyses [1] and
the Q-descriptor [2].
[1] M Rahm, R Hoffmann J. Am. Chem. Soc., 137, 10282 (2015)
[2] M Rahm, R Hoffmann J. Am. Chem. Soc., 138 (11), 3731 (2016)

Fig.1. Excitonic absorption spectra in the presence of molecules in WS2. The resonance at 2.0 eV
corresponds to the bright exciton, while the peak at 1.95 eV stems from dark excitons activated through
molecules. The dark exciton signature can be tuned via tensile (0.05%) or compressive (-0.05%) strain.
References:
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Scaling of dimensions of transistors for high frequency applications allows for increasing its operation
frequencies and, hence, higher data rate transmission. In this work we report on performance of graphene
field-effect transistors (GFETs), which reveal a distinct scaling behavior with extrinsic transit frequency (fT)
and the maximum frequency of oscillation (fmax) up to 34 GHz and 37 GHz, respectively, at the gate length
Lg=0.5 µm. The fT and fmax are highest among reported so far GFETs and comparable or higher than that of
the Si n-channel MOSFETs in the considered range of Lg. Simulations, based on a small-signal equivalent
circuit model, are in good agreement with measurements and predict fT≈100 GHz and fmax≈95 GHz at
Lg=60 nm. The improvement is achieved by optimization of the GFET design and technology including
higher quality graphene, extremely low source and drain contact resistance and reduced parasitic pad
capacitances.
Fig.1. Extrinsic transit frequency (fT) and maximum frequency of oscillation (fmax) vs gate length of the GFETs
measured (circles) and simulated (solid line) in this work. Also shown are the highest published extrinsic fT
and fmax of GFETs (squares) and Si MOSFETs (triangles).
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Graphene field-effect transistors are promising for direct detection of THz signals at room temperature. The
sensitivity of such detectors can be in part limited by the low-frequency noise. Here, we report on the
characterization of the low-frequency noise of graphene field-effect transistor THz detectors in the frequency
range from 1 Hz to 1 MHz. The room-temperature Hooge parameter is extracted to be around 2×10-3. The
voltage responsivity at room-temperature and the corresponding minimum noise equivalent power at 0.3
THz are estimated to be 11 V/W and 0.2 nW/Hz0.5, respectively, at a modulation frequency of 333 Hz, which
shows comparable results with other detector technologies
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We report on a prototype graphene radiation detector based on the thermoelectric effect. We used a split
top gate to create a p-n junction in the graphene, thereby making an effective thermocouple to read out the
electronic temperature in the graphene. The electronic temperature is increased due to the AC currents
induced in the graphene from the incoming radiation, which is first received by an antenna and then directed
to the graphene via the top-gate capacitance. With the exception of the constant DC voltages applied to
the gate, the detector does not need any bias and is therefore very simple to use. The measurements showed
a clear response to microwaves at 94 GHz with the signal being almost temperature independent in the 4–
100 K temperature range. The optical responsivity reached ~700 V/W. (Appl. Phys. Lett. 112, 063501
(2018)).
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Graphene has shown outstanding properties from mechanical to chemical and to physicals characteristics
and was found to improve friction and wear resistance when used as two-dimensional additive. The latter
can further be improved by using graphene as a composite materials at the nanoscale level if graphene can
be formed on separated nanometer-big particles. We show here an approach towards high scale production
of graphene coated stainless steel nanoparticles used in epoxy resin matrix and its effect on the friction and
wear properties of the composite material. Few layers graphene coating nanoparticles were successfully
produce and mixed with an epoxy binder. X-ray, Raman microscopy and Fourier-transform infrared
spectroscopy helped to identify the nature of the graphene coating. Atomic force macroscopy and
transmission electron microscopy were used to investigate the size and the number of layer of the coated
materials. Moreover, friction and wear resistance were undertaken in order to investigate the effect of the
added nanoparticles. The results suggest the presence of the coated nanoparticles helped efficiently to
improve the wear and friction resistance of the formulated composite.
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Chemical functionalization of graphene using covalent and
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Chemical functionalization of graphene is a very important research area in graphene community. Chemical
functionalization can prevent the aggregation of graphene in solvents, improve its dispersibility, wettabilty
and processibility, and tune its physicochemical properties, furthermore potentially impart new properties,
which can be used in many applications such as energy conversion and storage, nanocomposites, electronic
devices, etc. Chemical functionalization of graphene can be divided into two approaches: noncovalent and
covalent. In my presentation, different kinds of graphene sources (CVD graphene, graphene oxide and liquid
phase exfoliated graphene), have been employed to functionalize graphene using both noncovalent (π–π
stacking, hydrophobic interaction or electrostatic interaction) and covalent (cycloaddition or condensation
reaction, nucleophilic addition) methods. The as-prepared graphene based functional (hybrid)
nanocomposites have been demonstrated for ad-hoc applications in energy storage, optical devices,
sensing, drug loading and release, nanodevices, etc.
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Next generation spintronic devices aim for utilization of the spin polarized electron injection, detection and
transport for efficient and low-power consumption electronics. However, the detailed evolution process of
the sign change phenomenon of the electrically injected spin polarization has not yet been examined in
details and the underlying microscopic mechanism is not well understood. Here, we report the observation
of a systematic evolution of the sign change process of Hanle spin precession signal in the graphene
nonlocal spintronic devices at room temperature. By tuning the interface tunnel resistances of the
ferromagnetic contacts to graphene, different transformation processes of Hanle spin precession signal are
probed in a controlled manner by tuning the injection bias current/voltage, gate voltages and measurement
angles. Detailed analysis provides a basic understanding of the sign change process of the spin signal and
open new perspective to control the spin polarization by using very low bias-current/voltage for novel spin
based memory and logic devices.

Fig. Evolution of the Hanle spin precession sign change behavior with injection bias current at room
temperature. a. Hanle measurements on Type-I device for parallel configuration of ferromagnets. b. Hanle
data for Type-II device for parallel configuration of ferromagnets. c. Hanle data for Type-III device for antiparallel configuration of ferromagnets.

