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Welcome to NPO2022

We are pleased to welcome you to the 8th International Workshop
on Nanocarbon Photonics and Optoelectronics (NPO2022) that
continues a series of meetings organized by the University of
Eastern Finland. Since 2008, NPO Workshops have been bringing
together research leaders from both academia and industry to
discuss the latest achievements in this rapidly developing area of
modern physics and nanotechnology, with a strong focus on new
carbon nanomaterials. We hope that you will enjoy both the
scientific and the social program of NPO2022.

The NPO2022 Workshop publication will appear in a special issue
of physica status solidi (b) — basic solid state physics. Guest Editors
of the special issue are Alexander Obraztsov and Yuri Svirko.
Workshop participants will be invited to contribute.

Despite the COVID-19 pandemic and ongoing travel restrictions
NPO2022 has attracted sixty researchers and students from around
the globe. We are very grateful to all participants for taking part in
the Workshop. We also thank our sponsors for their financial
backing, which has allowed us to support our lecturers and
students.

We hope that the NPO2022 will expand on the success of previous
Workshops, while the magnificent scenery will allow all
participants to enjoy the beauty of the Finnish Lakeland.

Alexander Obraztsov
Yuri Svirko

NPO2022 Co-Chairs
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Layered Quantum Materials: Characterization and Applications

Andrea C. Ferrari
Cambridge Graphene Centre, University of Cambridge, Cambridge CB3 OFA,
UK acf26@cam.ac.uk

Layered Materials (LMs) have potential for quantum technologies, as scalable sources of single photon emitters
(SPEs) [1,2]. LM heterostructures can be built with tuneable properties depending on the constituent materials
and their relative crystallographic orientation [3,4]. Quantum emitters in LMs hold potential in terms of
scalability, miniaturization, integration. Generation of quantum emission from the recombination of indirect
excitons in heterostructures made of different LMs is a path with enormous potential. | will discuss how LM
combinations can be used to generate SPEs and confinement of interlayer excitons [5].

[1] C. Palacios-Berraquero et al., Nat. Commun. 8, 15093 (2017)
[2] C. Palacios-Berraquero, et al., Nat. Commun. 7, 12978 (2016)
[3] P. Rivera et al., Nat. Nanotech. 13,1004 (2018)

[4] M. Barbone et al. Nat. Commun 9, 3721 (2018)

[5] A. R. P. Montblanch et al. Commun Phys. 4, 119 (2021)
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Terahertz emission from photoexcited carbon nanostructures

R. R. Hartmann! and M. E. Portnoi?
'Physics Department, De La Salle University, 2401 Taft Avenue, 0922 Manila, Philippines
2Physics and Astronomy, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom
m.e.portnoi@exeter.ac.uk

One of the recent trends in bridging the terahertz (THz) gap in electromagnetic spectrum is to use carbon-based
nanostructures [1]. Following our earlier work on narrow-gap carbon nanotubes and graphene nanoribbons [2],
as well as graphene bipolar waveguides [3] and double quantum wells [4], we consider terahertz (THz)
transitions in two other types of nanocarbons — carbynes and cyclocarbons.

The technology of synthesizing carbynes (also known as linear acetylenic or polyynic carbons) has evolved
rapidly over the last few years [5], with stable long chains deposited on substrates now being a reality. A
prominent feature of long polyyne chains (chains with two alternating non-equal bonds) is the presence of
topologically protected mid-gap edge states. For a finite-length chain the two edge states form an even and odd
combination with the energy gap proportional to the edge-state overlap due to tunneling. These split states of
different parity support strong dipole transitions. We have shown [6] that for long enough (over 18 atoms)
carbyne chains, the energy separation between the HOMO and LUMO molecular orbitals formed by the edge
states corresponds to the THz frequency range. There are several other allowed optical transitions in this system
which can be used to maintain inversion of population required for THz lasing.

Another recent achievement in nanocarbon technology is a demonstration of controlled synthesis of
cyclocarbons, in particular cyclo[18]carbon allotrope [7]. The properties of cyclocarbons in an external electric
field differ drastically depending on the parity of the number of dimers in a polyyne ring. This is a direct
consequence of breaking the inversion symmetry in a ring consisting of an odd number of dimers, including the
famous C18. Our estimates [8] show that adding just one extra carbon dimer to C16 is equivalent to placing this
molecule in an external magnetic field of 10* T. For an odd-dimer cyclocarbon, as a result of the inversion
symmetry absence, an experimentally attainable electric field should open a tunable gap between otherwise
degenerate states leading to two states with allowed dipole transitions between them in the THz range. A
population inversion can be achieved again using optical pumping.
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Nanoengineering and electrochemical probing of carbon
nanostructures in TEM

Dmitri V. Golberg
School of Chemistry and Physics and Centre for Material Science, Queensland University of Technology (QUT), 2 George str., Brishane,
4000, Australia
dmitry.golberg@qut.edu.au

1. Introduction

Uncovering mechanical, electrical and optical properties of a carbon nanomaterial, in particular on the
individual nanostructure level, is of key importance once its smart integration into modern nanotechnologies is
concerned. However, in many cases, these properties have been measured by means of the instruments without
direct access to the material atomic structure, its crystallography, and existing defects. Therefore, the acquired
results can hardly be linked to a particular morphology, structure, and defect networks. A wide scatter of data
has commonly been observed between various samples and research groups. This has typically confused
engineers and technologists and led to many uncertainties with respect to carbon nanomaterials’ emerging
applications.

2. Summary of results

I will demonstrate how diverse state-of-the-art in situ transmission electron microscopy (TEM) techniques can
be effectively employed for a detailed property and function analysis of carbon nanomaterials, e.g., individual
nanotubes and graphene-like nanosheets [1-3]. Young’s moduli, fracture strength and toughness, plasticity and
electrical conductance may now be precisely determined inside TEM, while employing piezo-driven probes,
sensors and nanomanipulators inserted into the microscope column (Fig. 1).

A

CNT intramolecular transistor (23.16)@(18,10) (21.16)@(17.7)

Source Ghannel Drain
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Fig. 1. Fabrication of a CNT intramolecular transistor. (A) Schematics of a CNT transistor with local chirality transformed by mechanical
strain and Joule heating. (B) TEM image of a single-wall CNT transistor with a fixed source electrode, a probe as drain electrode, and
another probe as gate. (C) Lattice-resolved TEM images and FFT patterns of a double-wall nanotube before and after chirality transition [3].
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Disordered hyperuniform configurations [1,2] of a material are statistically isotropic but able to suppress density
fluctuations at large length scales (long wavelengths), similar to periodic crystals, but with no Bragg peaks.
These exotic configurations exhibit interesting properties, explored for various device applications, showing
significantly and consistently better performance than their crystalline counterparts [3-8]. Unfortunately, these
configurations have been fabricated mainly using additive manufacturing or chemical etching techniques. We
recently provided evidence that it is possible to self-assemble disordered hyperuniform configurations with the
flexibility of visiting various hyperuniform configurations [9]. Here, | will speculate on the exciting prospects of
using our universal dissipative self-assembly methodology to create 2D disordered configurations atom-by-atom
from an extensive material library.

A 2D disordered hyperuniform configuration

Suppressed density fluctuations at large wavelengths

—— R? (Non-hyperuniform) = = R In(R)
—— R In(R) (Class ) O Reciprocal-space
——R (Class ) * Real-space
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Momentum alignment of photoexcited carriers in low-
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Devices made from conventional semiconducting materials manipulate electron flow based on their charge or
spin (spintronics), the later offers the promise to revolutionize the way we do computing. In graphene and
graphene-like materials, there is an alternative electron property which can be harnessed for device applications:
the so-called valley degree of freedom, which could be utilized in an analogous manner to spin in spintronics
and has been suggested as a basis for carrying information in graphene-based devices. The ability to control the
valley degree of freedom practically is still an outstanding problem. We have proposed a new method of control,
using linearly polarized light, to open the door to optovalleytronics.

One of graphene’s most widely known optical properties is its universal absorption, defined through the
fine-structure constant, which holds true across a broad range of frequencies from the sub-infrared into the
visible. A lesser-known feature is that linearly polarized light creates a strongly anisotropic distribution of
photoexcited carriers with their momenta predominantly aligned normally to the polarization plane [1]. We
show how this momentum alignment effect together with graphene’s spectrum anisotropy (trigonal warping) at
high energies can be utilized for the spatial separation of carriers belonging to different valleys in graphene and
gapped graphene-like materials. The optical control of valley polarization in gapped 2D Dirac materials such as
phosphorene and single-layer transition metal dichalcogenides can also be achieved via a well-known effect of
using circularly polarized light. In gapped materials, the optical selection rules associated with linearly polarized
light of near-band-gap energies are valley-independent, in stark contrast to the valley-dependent optical
selection rules associated with circularly polarized light. This valley dependence of the circularly-polarized
transitions can be utilized to measure the degree of valley polarization induced by linearly polarized light of
high (well above the band gap) energies, by analyzing the degree of circularly polarization of the band-edge
luminescence at different sides of the light spot.

The celebrated Rashba effect, caused by substrate-induced system asymmetry, leads to a strong anisotropy in
the low-energy part of the spectrum (near the Dirac cone apex in graphene). This results in optical valley
separation by a linearly-polarized excitation at much lower frequencies compared to the high-energy trigonal
warping regime discussed above. Accounting for the Rashba term shows that it is possible to control valley and
spin spatial distributions using linearly-polarized photoexcitation of both low and high frequencies.

The momentum alignment phenomenon also explains the effect of the giant enhancement of the band gap
edge interband optical transition rate in narrow-gap carbon nanotubes and graphene nanoribbons which occurs
in the terahertz frequency range [2], thus opening a route for creating novel terahertz radiation emitters.

Acknowledgement

This work was supported by the EU H2020 RISE projects TERASSE (Project No. 823878) and DiSeTCom
(Project No. 823728).

References

[1] R. R. Hartmann and M. E. Portnoi, Optoelectronic Properties of Carbon-based Nanostructures: Steering electrons in graphene by
electromagnetic fields (LAP LAMBERT Academic Publishing, Saarbrucken, 2011).
[2] R. R. Hartmann, V. A. Saroka, and M. E. Portnoi, J. Appl. Phys. 125, 124303 (2019).



8 Eighth International Workshop “Nanocarbon Photonics and Optoelectronics” 2022

Optics of two-dimensional materials hosting tilted Dirac cones

A. Wild, E. Mariani and M. E. Portnoi
Physics and Astronomy, University of Exeter, Stocker Road, Exeter, EX4 4QL, United Kingdom
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We analyse the interband optical absorption of linearly polarised light by 2D Dirac semimetals hosting tilted
Dirac cones in the band structure [1]. Super-critically tilted (type-11) Dirac cones are characterised by an
absorption that is highly dependent on incident photon polarization and tuneable by changing the Fermi level
with a back-gate voltage. Unlike their sub-critically tilted (type-1) counterparts, type-Il Dirac cones have open
Fermi surfaces meaning that there exist large regions of the Brillouin zone where both bands sit either above or
below the Fermi level causing many states that would otherwise contribute to absorption to be Pauli blocked.
We analyse Dirac cones featuring tilt as well as anisotropy in the Fermi velocity, yielding a wide range of
qualitatively unique absorption spectra. Guided by our in-depth discussion we develop an optical recipe to fully
characterise the tilt and Fermi velocity anisotropy of any 2D tilted Dirac cone solely from its absorption spectra.
We also show that tilted Dirac cones allow spatial separation of carriers belonging to two different valleys under
illumination by linearly polarized light, leading to novel optovalleytronic applications. Our results are used to
analyse polarisation-dependent light absorption of 8-Pmmn borophene [2,3].
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1. Introduction

Surface Enhanced Raman Spectroscopy (SERS), as compared with Raman spectroscopy, where compound
analysis is strongly depended on the substance quantity (it should be high), has significant advantage as it allows
receiving the ‘fingerprints’ of trace amounts of analytes and analysing single monolayers, strongly diluted
solutions with concentrations for up to 10%2-10° M), etc. The efficiency and sensitivity of this method is
determined by a substrate used. Black silicon (bSi) refers to silicon surfaces with a layer of “needle” or
“pyramidal”-like microstructures on top which suppress reflection and enhance the scattering and absorption of
light. Sputtered with gold, high curvature cone-like structures can serve as active sites for electromagnetic field
enhancement. In the present study we implied bSi sputtered with gold (bSi/Au) for fluorescence graphene
quantum dots (GQDs) structure analysis and their modification under the action of various oxidants in biological
systems, and for characterization of fluorescent nanodiamonds (NDs) obtained by laser synthesis.

2. Result and discussion

Raman spectrum of GQD suspension and SERS spectra of untreated GQDs and GQDs exposed to hydrogen
peroxide, NaClO or oxygen plasma are presented in Fig.1. Structural features and presence of specific
functional groups are not resolved in Raman spectra, while SERS spectrum shows that GQDs are strongly
passivated with oxygen-containing groups, with high inclusion of epoxy-groups. GQDs exposed to NaClO lose
their fluorescence but are not affected by H,O.. SERS spectra demonstrate the degradation of GQD structures
under the action of NaCIO and C-O-C bands vanishing allows assuming that the degradation mechanism of
GQDs is through the targeting epoxy-groups in them. It was also demonstrated that NDs obtained by laser
synthesis have similar passivation with oxygen-containing groups, however, the difference in the fraction of
epoxy-groups (NDs contain less) likely explains the insensitivity of NDs to the NaCIlO exposure.
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Fig. 1. SERS and Raman spectra of GQDs: 1 — GQDs on bSi/Au, 2 — GQDs on bSi/Au exposed to 10 mM H,0, (30 min), 3 - GQDs on
bSi/Au exposed to 10 mM NaClO (30 min), 4 — GQDs (treated with oxygen plasma) on bSi/Au, 5 — GQDs in water.

3. Conclusions

Gold-coated bSi-based SERS substrate is a powerful tool for carbon nanomaterials analysis, which allowed
revealing specific features of GQDs and NDs and structural changes underlying the mechanism of
biodegradation of GQDs by NaClO.
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Generating THz Pulses with Longitudinal Electromagnetic Field

Kuniaki Konishi
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Ultrafast control of materials by terahertz (THz) waves has attracted great interest in the area fundamental
physics and in technological applications. Response of THz to two dimensional materials, and the ability to
suggest unique response when strong THz fields are applied vertically to their plane, makes it the candidate of
choice for future high frequency electronics. Studies of such responses at ultrafast timescales expand our
understanding of these materials, and allow for ultrafast control over their properties. For the application of
vertical electromagnetic fields, cylindrical vector (CV) beams, which have a polarization state with axial
symmetry in the beam cross section, are suitable because of the production of longitudinal electric or magnetic
field components in the vicinity of the focal point (Fig. 1(a)) [1].

For the generation of the CV beam in the optical region, a segmented waveplate is commonly used, and as
such not suitable to convert THz pulse with broadband spectral components to the CV beam. Therefore, a
method to directly generate a broadband THz vector beam has been developed using a GaP (111) crystal with
threefold symmetry for terahertz generation. Results from this study demonstrated that it is possible to directly
generate a broadband THz CV beam by exciting the segmented GaP (111) crystal with linearly polarized
femtosecond pulses [2] or by exciting a normal GaP (111) crystal with polarization-controlled femtosecond
pulses [3]. It revealed that THz longitudinal electric field was generated by focusing them, and that these
broadband THz CV beams can be easily converted to THz vortex beam [4].

These methods limit the intensity of the THz longitudinal electric field due to the generation efficiency of
the nonlinear crystals. In recent years, higher-intensity THz light sources such as THz free electron lasers have
also been developed [5]. If a CV beam can be generated from any linearly polarized light regardless of the type
of light source, higher intensity of longitudinal electric THz filed can be realized. Thus, this study demonstrates
a new method for converting linear polarized THz Gaussian beams into Hermite—Gaussian 01 (HGe1) beams,
and by generating strong longitudinal electric fields by focusing them. A specially designed silicon prism is used
for the polarization-conversion (Fig. 1(b)), which has a total internal reflection plane, half of which is coated by
gold. Since gold has a larger refractive index than silicon, half of the incident beam is phase shifted when
reflected. When the THz beams were incident at a specific angle, the relative phase shift between the two halves
was equal to =, resulting in relative polarization reversal. Using this technique, we successfully converted the
THz pulse generated from a lithium niobate crystal into a HGon mode and generated a 36 kV/cm THz
longitudinal electric field by focusing them [6].

In this talk, I will introduce these our study for THz longitudinal electromagnetic field generation so far and
discusses the future developments.

(a) (b)

a high-NA ~700nm Au

Silens | \

Si prism
- Gauss mode o
CV beam \
propagation longitudinal : HGo1 mode
direction electric fields

Fig. 1. (a) scheme of longitudinal electric fields from CV beam (b) Schematic of the
silicon polarization-conversion prism
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Extreme non-linearity in ferrites: from microwave to THz.

Feodor Y. Ogrin
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f.y.ogrin@maxllg.com

Electromagnetic (EM) shock waves are normally associated with nuclear explosions, and as such a rare
phenomenon. Analogous to a sonic boom, it is an interference effect, resulting in a surge of EM power,
propagating with a speed of light. Since early 60s there was an interest to harness the effect to make it more
technologically practical. One possible way to do that is within the configuration of a magnetically loaded
transmission line (e.g. coaxial line). While the coaxial design has been proven to be viable for generating high
power microwaves [1], its practicality in consumer technology is less so obvious due to high voltages (typically
10-100™ kV) needed in order to obtain the effect. Theoretically, this problem can be resolved by scaling down
the dimensions of the transmission line. Reducing down to microscopic dimensions, it is possible to obtain the
effect at voltages as low as 1-10 Volts. At this level the effect can be usefully utilised in a range of electronic
devices, and particularly the high frequency communications, which are of great demand in the development of
modern IC technologies. Modelling extremely non-linear EM dynamics is however a challenging problem, that
can not be done by the available conventional solvers. Here we approach the problem by using a unique
modelling technique allowing to solve Maxwell equations in parallel to Landau-Lifshits-Gilbert’s (LLG) [2].
The unique nature of our 3D FDTD-LLG code, is in the fact that LLG equation is solved exactly, accounting for
the given geometry with the presence of any type of conducting or non-conducting materials [3]. This means
that all non-linear effects can be calculated precisely without any linearization or imposed constraints.

In this contribution | will demonstrate the main characteristics and parameters of the shock wave
propagation in microstrip transmission line. In particular, 1 will show the dispersion characteristics of the wave,
its dependence on the geometric and material parameters of the device and those of the source of actuation. As
well as the typical effects, such as applied field dependence and anisotropy, | will demonstrate some unique
features, such as tuneability with the electric field pulse, allowing to manipulate the response in a broad GHz to
THz frequency range. | will also demonstrate the possibility of guiding the waves in microstripes with non-
linear geometric designs, and discuss the potential for application in communication technologies.

Figure 1. Electromagnetic shock-wave
propagation in a thin-film microstrip
transmission line. The wave is actuated
with a short electric pulse between the
microstrip (shown with dashed lines) and
the base metalised plane. Ferrite thin
film (10micron) extended over the base
line. Shock wave propagates below the
strip, but deviates also into the whole
slab. Intensity map: out-of-plane
magnetisation. Initial orientation of the
magnetisation is parallel to the applied
field (red arrow).
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Complementarity in vectorial quantum light interference

Andreas Norrman
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1. Introduction

The principle of complementarity, stating that quantum systems share mutually exclusive properties, is a central
concept in physics. The arguably most recognized appearance of such complementarity is wave—particle duality,
which limits the coexistence of wave and particle properties of a quantum object. In two-way interferometry, such
as the celebrated double-slit experiment, the dual wave—particle quantum character can be quantified as [1]

D¢ +V¢ <1 )

Here D, is the path predictability, representing the particle aspect or “which-path information” (WPI) of the object,
and V,, is the interferometric intensity fringe visibility, describing the wave aspect of the object. Photons, however,
may exhibit interference not only in terms of intensity fringes but also (or merely) in terms of polarization-state
fringes [2], a distinctive quality of vectorial light fields that has no correspondence in scalar-light interferometry.
The manifestation and quantification of quantum complementarity under such interferometric polarization-state
modulation is therefore of fundamental interest. In this work, we explore polarization modulation in double-slit
interference and establish three general complementarity relations for quantized vector-light fields, revealing new
foundational features of the dual wave—particle nature of photons [3,4].

2. Results and discussion
It can be shown that any vectorial quantum light in two-slit interference obeys the complementarity relations [3]
DE+VZ<1, Dé+V§<1l )

Here the Stokes visibility Vs is the vector-light generalization of the usual intensity fringe visibility V/; encountered
in the scalar-light context, that also characterizes the visibility of polarization-state fringes in the detection plane.
The Stokes distinguishability D in turn describes the polarization-state difference of the light field at the two slits,
thus providing another central measure to quantify the WPI in the system in addition to the path predictability D,,.
At the single-photon level, the complementarity relations in Eq. (2) reflect two very different, fundamental aspects
of wave—particle duality of the photon [3] having no correspondence within the scalar-light framework of Eq. (1).
Especially, in the vector-light scenario the path predictability D, does not couple to the intensity visibility ; but
instead to the Stokes visibility Vg which accounts also for the polarization-state modulation. This feature highlights
an essential quality concerning wave—particle duality of vectorial quantum light fields.

Let us consider further a quantum plane-wave field that contains two orthogonal polarization modes and whose
degree of polarization is P [2]. The two modes are separated and directed towards the slits where arbitrary local
unitary operations can be performed, which allows one to control the intensity and/or polarization modulation in
the detection plane where the modes are eventually superposed. In this case we discover that [4]

P? = D + V2, ©))

forming a fundamental link among the path predictability at the slits, the Stokes visibility in the observation plane,
and the degree of polarization of the initial (undivided) light field. It implies that a change of D, or V alters its
complementary partner so that the sum of their squares strictly equals P2. We can thereby interpret P as specifying
the “complementarity strength” between D, and V. Equation (3) also indicates that D,, Vs < P, dictating that the
degree of polarization sets the upper bound both for the path predictability and for the Stokes visibility.

Hence our work, together with its current extension to more complex topologies involving geometric phases,
guantum polarization uncertainties, as well as materials displaying nonlinear interactions, provides deeper insights
into foundational quantum photonics.
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Advances of ultrashort-pulse fiber lasers using nanocarbon-based
saturable absorbers

Shinji Yamashita
Research Center for Advanced Science and Technology, The University of Tokyo, 4-6-1, Komaba, Meguro-ku, Tokyo, 153-8904, Japan
syama@ee.t.u-tokyo.ac.jp

Optical pulsed lasers offer a broad-range of applications in various fields, such as optical communications,
optical signal processing, nonlinear microscopy, optical metrology, laser surgery, etc. Passively mode-locked
fiber lasers are amongst the best pulsed sources available today due to their simplicity and their ability to
generate transform-limited ultrashort optical pulses in the picosecond and sub-picosecond regimes. Such lasers
offer superb pulse quality and there is no need for costly modulators as required in actively mode-locked lasers.
Instead, passively mode-locked fiber lasers employ a saturable absorber (SA) as a mode-locker, a device that
possesses an intensity-dependent response to favor optical pulse formation over continuous-wave lasing.
Although saturable absorption itself is a common phenomenon happening in any absorbing materials, it is not
easy to find a fast SA responding at timescales of 1ps or faster suitable for ultrashort-pulse generation.
Conventionally, semiconductor-based SA (semiconductor saturable absorber mirror (SESAM)) or fiber Kerr-
based SA (nonlinear polarization rotation (NPR) or nonlinear loop mirror (NOLM)) has been used. The third SA
is the CNT-based SA, which was proposed in 2003. CNT-based SAs have been demonstrated to have significant
advantages over the former SAs for passively mode-locked fiber lasers. It was also discovered that graphene and
other 2D materials have similar fast saturable absorption and are applicable to passively mode-locked fiber
lasers.

In this talk, we will review our recent advances on ultrashort-pulse fiber lasers using nanocarbon-based SA
and their applications. The talk will mainly focus on
(1) Fabrication of nanocarbon-based SA device
(2) SWCNT@BNNT-based SA having high optical damage threshold
(3) Dual-comb fiber lasers using CNT-based SA
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Enhancement of Optical Nonlinearities in 2D Materials
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Nonlinear optics plays an essential role in various photonic and optoelectronic applications, such as wavelength
conversion and information processing. Recently, the extraordinarily large nonlinear optical properties of 2D
materials have attracted significant attention. However, the conversion efficiency of 2D materials is typically
limited by the atomically thin light-matter interaction length. Here, | will discuss the strategies to enhance
optical nonlinearities of two-dimensional layered materials (e.g., graphene, transition metal dichalcogenides) for
various integrated photonic and optoelectronic applications, such as high-purity quantum emitters, wavelength
converters, and ultrafast lasers. |1 will also present our recent results of employing hybrid structures, such as
mixed-dimensional heterostructures, plasmonic structures, and silicon/fibre waveguides integrated).
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Influence of the surface roughness of graphene-based biosensing
platforms for the living cells functional state monitoring
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Biosensors are devices that measures the extent of biological activity and translates it into electrical signals. A
lot of interest is being put into the research and development of biosensor for the functional state monitoring of
the living cells [1]. Great focus has been placed on studies related to the material’s interaction with the living
cells, and the development of various suitable bio-platforms. The efficacy of these platforms is strongly
connected to material’s 1) physical properties (elasticity, stiffness, roughness etc.), 2) morphology, thickness,
macro, micro and nano topography), and 3) biochemical properties (surface charge,
hydrophobicity/hydrophilicity, etc. [2].

In this work we have compared various substrates deposited with graphene and its derivative,
nanometrically thin Pyrolytic carbon (PyC), for the cultivation of living cells. Experiments were done with C6
glioma cells, and we discovered that PyC coating is a promising technique for controlling the cell proliferation
and directional intercellular contact (Fig.1). The ease with which the nano topography and the physical/chemical
properties of the PyC films can be controlled makes it a suitable interface in the development of biosensors and
3D bio scaffolds (Fig.2).

Fig. 1. Glioma cells were grown on (a) plastic (as a control); (b) bSi; (c) PyC (20 nm) on bSi; (d) PyC (20 nm) on SiO; (e) PyC (40 nm) on
SiO;; (f) graphene nano-walls
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Fig. 2. Typical two-dimensional AFM and SEM surface images of PyC of 20 nm (a,b) and 40 nm thickness (g,h) on SiO,, bSi (d,e),
PyC of 20 nm on bSi (j,k), respectively. The cross-sectional profiles are marked with a white line on the AFM images (a,d,g.j).

Acknowledgement
This work was financially supported by H2020 RISE DiSeTCom Project 823728.
References

[1] Haizhou Huang, Shi Su,Nan Wu, Hao Wan, Shu Wan, Hengchang Bi, Litao Sun, Frontiers in Chemistry, 2019
[2] Lena Golubewa, Hamza Rehman, Tatsiana Kulahava, Renata Karpicz, Marian Baah, MDPI sensors, 2020, 20(18)

17



18 Eighth International Workshop “Nanocarbon Photonics and Optoelectronics” 2022

SWCNT Transparent Conducting Films:
Towards the Theoretical Limit
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Electrically conducting thin-film materials possessing high transmittance are critical elements for many
optoelectronic devices. Nowadays, the advancement of the transparent conductor applications requires the
replacement of indium tin oxide (ITO), which at the moment is the key material in electronics. Single-walled
carbon nanotube (SWCNT) films were proposed to be a cheap alternative for the transparent conductive film
(TCF) production due to their unique mechanical properties, such as flexibility and stretchability. Here, we
analyze the latest advancement in the optoelectronic performance of TCFs based on SWCNTSs. We describe the
roadmap for further research and development of TCFs be means of “rational design”, which breaks the
deadlock for the obtaining of TCFs close to the theoretically limited performance.

First, we propose to use machine learning techniques such as artificial neural networks [1] and support
vector regression [2] to process the experimental data and to predict the performance of the aerosol CVD
synthesis of SWCNTs and to enhance the SWCNT thin-film performance for transparent and conducting
applications. The predictive model trained on the experimental data allowed to achieve the synthesis conditions
toward the advanced optoelectronic performance of multiparameter processes such as nanotube growth. Using
gold chloride as the most effective dopant for the SWCNTSs, we improve their optoelectrical characteristics by
optimizing the doping conditions [3]. Doping of the improved carbon nanotube films with HAuCl, results in the
equivalent sheet resistance of 39 Q/o.

For the first time we demonstrate that electrochemical doping of SWCNTSs can be successfully applied in
transparent electronics. This method provided fine and reversible tuning of the optoelectrical properties of the
material over a wide range of sheet resistances and transmittances. A wide electrochemical window
imidazolium-based (BMIM-PFs) ionic liquid allowed us to achieve the Fermi level shift up to 1.4 eV and an
equivalent sheet resistance (sheet resistance of the film with the 90% transmittance at 550 nm) value of 53 Q/sq
for the SWCNT films. The results open new avenues for electrochemical control and fine-tuning of the
electronic structure of carbon nanomaterials for rigid and flexible highly conductive and transparent device
applications. We report that the electrochemical doping can tailor nonlinear optical absorption of SWCNT films
and demonstrate its application to control pulsed fiber laser generation [4]. With a pump—probe technique, we
show that under an applied voltage below 2 V the photobleaching of the material can be gradually reduced and
even turned to photoinduced absorption. We show that the pulse generation regime can be reversibly switched
between femtosecond mode-locking and microsecond Q-switching using different gate voltages. This approach
paves the road toward carbon nanotube optical devices with tunable nonlinearity.

Here, we develop a novel transparent p-type flexible electrode based on SWCNTs combined with poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), molybdenum oxide and SWCNT fibers [5]. We
achieved a record equivalent sheet resistance of 17 Q/sq with a transmittance of 90% at 550 nm and a high
degree of flexibility. We demonstrate that our solar cells based on the proposed electrode and hydrogenated
amorphous silicon (a-Si:H) yield an outstanding short-circuit current density of Js; = 15.03 mA/cm? and a record
power conversion efficiency of PCE = 8.8% for SWCNTs/a-Si:H hybrid solar cells.
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Transport properties of TMDC materials
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1. Introduction

One of the possible material families of the post-Silicon era is the family of the two-dimensional (2D) materials.
Whereas graphene was the first member of this group, transition-metal dichalcogenides (TMDCs) provide a
large variety of properties. Single-layer molybdenum disulfide (MoS;), is one of the most intensively studied
materials from the TMDC family. Compared to the bulk and few layer MoS,, the monolayer form is a direct
band gap semiconductor that makes it a good candidate for transistor, photodetector, and optoelectronic device
applications. Real 2D materials, however, are newer perfect and the structural defects, such as vacancies and
grain boundaries can substantially alter the properties of the material.

2. Methods

We investigated the graphene- and MoS; structural defects by scanning probe methods and calculated their
effect on the transport properties by wave packet dynamics (WPD). Experimentally, the real-space modulation
of the LDOS is accessible by Fourier transformation of the topography or tunnelling conductance maps,
measured by scanning tunnelling microscopy (STM) [1]. In our WPD formulation [2] the electronic structure of
the perfect crystal is described by the kinetic energy operator and the local defects are modelled by the potential
energy operator [3], hence the two input quantities of the WPD calculation are the band structure of the perfect
2D crystal which is known from DFT calculations and the localized potential describing the defects.

3. Results

Figure 1 shows the scattering of an electronic wave packet on a localized
defect of the graphene surface. This is accomplished by calculating the
difference of the time dependent wave functions of a perfect lattice and a
lattice containing the localized defect. Though the local potential describing
the defect is isotropic, the scattering shows an anisotropic [4] (hexagonal)
pattern, because of the anisotropic nature of the graphene dispersion relation.
Such anisotropic quasiparticle interferences are clearly seen in scanning
probe microscopy experiments [1,3].

Fig. 1. Probability density of the difference wave function, |@wits pot—@without pot |*
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Two-dimensional materials hold great promises for electronics and optoelectronics applications. Their
atomic thickness enables highly scaled field-effect transistors with reduced short-channel effects and relatively
high carrier mobility. The intrinsic electrical transport properties of 2D materials are commonly investigated
using back-gated field-effect transistors, due to the low density of process-induced defects and the easy
fabrication.

In this presentation, the electrical and optical properties of several 2D materials are discussed. The focus is
on the wide family of transition-metal dichalcogenides (TMDs), such as MoS,, PtSe,, PdSe,, WSe;, ReSey, [1-3]
and on black phosphorus (BP).[4] Electrical transport, modulation of the conductivity by a back-gate, effect of
electron irradiation, the role of surface adsorbates and the photoresponse are investigated in nanosheets obtained
by either mechanical exfoliation or chemical vapor deposition on SiO2/Si substrates.

The formation of low-resistance contacts and the control of process-induced defects or interface states are
issues to consider in the electrical characterization of 2D materials. It is shown that the contact resistance can be
tuned by electron irradiation that reduces the Schottky barrier and improves the 2D material/metal contacts.[5-7]
It is demonstrated that adsorbates can change the polarity of the charge-carriers and enhance the hysteresis in the
transfer characteristics of TMD-based field-effect transistors.[8] It shown that slow excitation from intrinsic or
extrinsic trap states enables slow optical response and persistent photoconductivity.[2] It is highlighted how
positive and negative photoconductivity can coexist in the same device, the dominance of one type over the
other being controlled by the adsorbed oxygen.

The strong dependence of the channel conductance on the environmental gas, air pressure, light and
electrical stress make 2D materials-based devices suitable for memory, gas and light sensing applications.

Finally, the tunable conductivity and the sharp-edge geometry facilitate the extraction of electrons (field
emission) from 2D materials upon application of an electric field.[9-10] It is shown that several 2D materials are
effective field emitters and that their emission current can be modulated by a back-gate.
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Fig. 1. (a) SEM top view and (b) schematic cross section and measurement setup of a back-gate PdSe, field-effect transistor. Effects of
air pressure on the transfer characteristics of the PdSe; transistor (a) for increasing and (b) decreasing pressure.
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Laser-induced pattern formation is nearly as old as the laser — the first report dates to 1965. Yet, after several
decades, it suffered from poor uniformity and controllability. In 2013, we introduced nonlinear laser
lithography (NLL), which reached unprecedented levels of uniformity (better than 0.1 nm), long-range order,
perfect repeatability, and the possibility to create diverse patterns [1]. We designed the nonlinear dynamics of
NLL in analogy to modelocking. Mode-locking creates preferential gain for modes that lock up in phase,
leading to a coherent structure in time. We created its analogue by invoking nonlinearities in the form of
positive feedback: In NLL, each laser pulse modifies the material surface, and the modified surface changes
how the next pulse is scattered, creating a feedback loop (Fig. 1a). A coherent structure grows in space out of
initial surface roughness. This growth is regulated by a negative feedback process, as in modelocking. The result
is a periodic structure with sub-wavelength periodicity — typically ~700 nm when using 1 um light (Fig. 1b).

NLL can be used to control not only the tribological properties [2] and wettability [3] but also to form
nanostructures to orient liquid crystals [4] and even to pattern 2D materials such as graphene [5]. NLL is
universally applicable to any material for which a thermally activated chemical reaction occurs, which we have
demonstrated over a dozen different materials, including on flexible, bendable glass substrates. More recently,
we achieved advanced control over the dynamics to enact a programmable sequence of symmetry breakings to
create patterns of nearly unbounded complexity (Fig. 1c). An immediate application is the creation of structured
color, achieved straightforwardly by diffraction from the nanostructures.

NLL is a fast, maskless, ambient-air fabrication technique. Encouraged by the preliminary indications of
compatibility with graphene applications, we might begin to contemplate exploiting the material-dependent
feedback mechanism of NLL together with the electro-optic and nonlinear properties of 2D materials. Such an
approach may lead to functional and even dynamic adaptive 2D-material coatings on flexible surfaces.
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Fig. 1. (a) Top row: schematic of the NLL process is based on the surface being modified, which, in turn, changes how that surface scatters
laser light as a laser beam is scanned over the surface. Bottom row: Schematic showing a cross-sectional view of the surface, depicting the
deceleration of the growth process due to negative feedback. (b) A typical NLL pattern that was achieved with a 1-um laser beam. (c) A
programmable sequence of symmetry breakings allows the creation of complex patterns.
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The science and art of ultrafast laser writing
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Femtosecond laser writing in transparent materials has attracted considerable interest due to new science and a
wide range of applications from laser surgery, 3D integrated optics and optofluidics to optical data storage [1].
Two decades ago it was discovered that under certain irradiation conditions subwavelength periodic structures
with record small features of 20 nm, can self-organize in the volume of fused quartz [2-4]. On the macroscopic
scale the self-assembled nanostructure behaves as a uniaxial crystal with negative birefringence. The control of
the polarization azimuth allows direct writing of flat optics elements with spatially variant anisotropy, which
exploits the geometrical or Pancharatnam-Berry phase and in particular S-waveplates for polarization shaping

(Fig. 1a) [5]. The applications of S-waveplates ranges from material processing and optical trapping to
extreme UV generation [6].

(a) (b)

Fig. 1. (a) Femtosecond laser written S-waveplate in cross-polarized light. (b) 5 D optical storage. Each voxel contains a self-assembled
nanograting oriented perpendicular to the light polarization. (c) Eternal copy of King James Bible imprinted in silica glass.

More recently ultralow-loss birefringent optical elements including UV retarders and geometrical phase lenses
and prisms have been demonstrated exploiting new type of anisotropic nanoporous modification in glass,
referred to as Type X [7].

A remarkable phenomenon was also discovered, referred to as quill or calligraphic laser writing, which
reveals strong dependence of the material modification, in particular the self-assembled nanostructures, on the
writing direction relative to the pulse front tilt [8]. Moreover, coupling of polarization with the angular
dispersion, has been demonstrated as a new degree of freedom in ultrafast laser material processing [9].

It was also explored for the optical data storage in the bulk of silica glass, in addition to three spatial
coordinates, using two independent parameters of induced form birefringence, the slow axis orientation (4th
dimension) and the strength of retardance (5th dimension) (Fig. 1b). The slow axis orientation and retardance
can be independently controled by the polarization and intensity of the femtosecond laser beam. The data
optically encoded into five dimensions can be successfully retrieved by quantitative birefringence
measurements. The storage allows hundreds of terabytes per disc data capacity and thermal stability up to 1000°
and is vital step towards an internal archive (Fig. 1c) [10]. Project Silica is exploiting 5D optical storage in glass
for the first-ever storage technology designed and built from the media up, for the cloud [11].
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The terahertz (THz) frequency range has become increasingly important for the study of the physics of
materials, including superconducting materials and topological insulators. One of the features of THz waves is
high field compared with IR and visible light, and this feature is used for the study of nonlinear carrier dynamics
and electron acceleration. THz wave detectors with high sensitivity have also been developed and used for the
observation of the cosmic microwave background. In addition to physics applications, THz technologies are
expected to contribute to security related instrumentation and wireless communications applications. The
extraordinary properties of THz waves are expected to open up approaches to new devices and technologies.
However, electromagnetic waves in this frequency region resonate with vibration modes of molecules and
bandgaps in materials. This resonance causes large absorption and therefore a limited number of materials with
less absorption are available for the THz region. Even for materials with less absorption, Fresnel reflection is a
serious problem. For example, high-resistivity silicon is one of the most important optical materials for making
optical components due to its high transparency to the far-infrared to microwave frequencies, including the THz
region. However, since its refractive index in the THz range is about 3.4, 30% of the radiation is lost at every
air-silicon interface. As a result, about half of the incident power will be lost for every passive THz silicon
component regardless of absorption.

Broadband anti-reflection (AR) functionality has been realized by a moth-eye structure consisting of arrayed
tapered protrusions of the substrate material with sub-wavelength dimensions [1]. | will describe the basic
principle, the design constraints, fabrication technique and the experimental results which we have achieved
with moth-eye structures on high-resistivity silicon as shown in Fig. 1 [2]. The moth-eye structure on sapphire
substrates will be also described [3].
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Fig. 1. (a) 3D height profile of a moth-eye-processed silicon substrate, (b) THz-TDS transmission signal and (c) the improved
transmission (red) of TDS signal.
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1. Introduction

Non-destructive testing technology is indispensable in the industry. In addition, demand for high-precision
internal inspections of 3D-structured objects is increasing, and inspection techniques using electromagnetic waves
attracts significant attention. Although conventional non-destructive inspection utilizes X-ray, their hazardous
configurations associated with invasiveness need to be addressed. On the other hand, photo-sensing in broadband
ranging from infrared (IR) to millimeter-waves (MMW), which non-invasively exhibits high transmittance,
potentially solves the above problem. In these bands, CNT films are well known for their highly efficient
absorptionll. Herein, this study utilizes CNTs photo-thermal broadband sensors for IR-MMW imaging of three-
dimensional objects. As a result, the combination of the multi-wavelengths imaging and typical silhouette-based
3D reconstruction techniques? enables non-destructive inspection of multi-layered objects.

2. Result

Fig.1la shows the multi-layered object used in this work. The target object consists of a metallic bar in the center,
an inner plastic container around the bar, and an opaque wall at the outside. In addition, glass and silicon boards
locate between the plastic container and the opaque wall (Figs. 1b—c presents each sectional view). Directions
(1) and (2) in the figure are perpendicular to the glass and silicon faces. The use of near-IR (NIR) irradiation and
the CNTSs photo-sensor enables non-destructive transmissive imaging of the object. Figs.1d—e shows the
obtained images from two different viewing directions. The plastic container is visible in the image obtained
from the direction (1), as the NIR irradiation exhibits transparency to the outer wall and the glass. On the other
hand, the image obtained from direction (2) does not visualize the plastic container, as the silicon is invisible to
the NIR irradiation.

The use of images with different appearances such as the above enables simple 3D reconstruction of the target.
Furthermore, the CNTSs sensor functions in broadband imaging. Multi-layer 3D reconstruction of the object,
employing multiple images obtained by sensing with visible light, IR, terahertz waves, and MMW will be
reported at the workshop.
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Fig.1. a, Photograph of the multilayered object to be examined. b, Cross sectional view from direction (1) in (a). c, Cross sectional view from
direction (2) in (a). Near-infrared imaging with CNTs sensor non-destructively obtains d, image from direction (1) in (a), and e, image from
direction (2) in (a).
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1. Introduction

CNTs-related materials have excellent physical and chemical properties and, can be adaptable for various
applications including solar cells and capacitors. Furthermore, CNT films are flexible and exhibit broadband
photo-absorption properties, making them suitable for stereoscopic imaging by employing CNT films as photo-
thermoelectric imagerst™. On the other hand, from the viewpoint of imaging usage, fine-integration is essential to
facilitate high-resolution visualization or video capturing applications.

The conventional method employs the suction filtration process for fabricating the CNT film-type broadband
flexible imagers(?. The device consists of CNT film channels and electrodes, and also requires the chemical carrier
doping on the channel. However, manual alignment of each device material component, which is associated with
the suction filtration, has been a bottleneck for realizing the fine-integration of the CNT film imager. To this end,
this work reports on the all-printable device fabrication by inkjet dispensers, enabling mechanical alignment of
each device material component.

2. Results and discussion

Fig. 1a shows the materials used in printing the CNT film-type photo-thermoelectric imager. The channel printing
process employs an aqueous solution at 0.5 wt% concentration of the semiconducting-metallic-mixed SWCNTSs.
In addition, the dispenser performs the chemical carrier doping with an agueous solution at 0.7 mol/L
concentration of 15 Crown 5 Ether and KOH, and the electrode formation with a conductive mixture paste of
silver nanoparticles and acrylic resin. As shown in Fig. 1b, the device consists of the printed channel and electrodes
on a polyimide substrate. The channel width, length, and pitch are 300 um, 10 mm, and 2 mm, respectively. Each
half region of the originally P-type CNT film channel at the GND side is chemically doped into N-type, and the
PN junction corresponds to the photodetection interface.

The presented approach advantageously enables mechanical alignment of respective device materials, and
potentially facilitates fine integration of the CNT film-based flexible broadband imagers.
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Fig. 1. a, Photograph of device component materials for CNT film-type photo-thermoelectric imager. b, Photograph of the printed CNT film
photodetector.
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1. Introduction

A variety of organic molecules, especially diarylethylenes, due to their sensing abilities, is considered promising
components of highly sensitive instruments for various applications. A range of this type of molecules
demonstrates specific photochemical properties, such as, for instance, trans-cis isomerization or variability of the
fluorescence lifetime depending on environmental conditions. Stilbene is a classic example of such a type of
molecules [1]. For example, stilbene monocrystals have been used in scintillating devices, demonstrating the
ability to distinguish between effects caused by different illuminations [2].

2. Result and Discussion

In this presentation, studies of the excitation
dynamics in polystyrene (PS) films of stilbene are
considered in a wide concentration of trans-stilbene
range, from 0.5% up to 80% wt. The fluorescence
spectra and their Kinetics are analyzed together with
the time-resolved fluorescence measurements
performed for the stilbene solutions in chloroform
and stilbene in PS matrix. Although there is no
isomerization of trans-stilbene in PS matrix, by
varying concentration, only the aggregates may
cause the changes of spectroscopic properties. The
increase of trans—stilbene concentration resulted in
redshift broadening of fluorescence spectral bands
(Fig.1). At low concentrations, spectral bands are
narrow due to the excitation of separated molecules.
The increase in concentration results in the creation
of dimers and leads to shorter relaxation times.
Contrary to the results obtained in solution and PS
matrix, where the excitation dynamics is controlled
by molecular twisting process, the fast exciton
diffusion yields thermalized exciton distribution and
a small number of fluorescence centers responsible
for fluorescence line shape and timescale and their
temperature dependencies of the bulk solids. The
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Fig. 1. Photoluminescence spectra of the films with different
concentrations of trans—stilbene in PS matrix.

conclusions are also supported by purposeful
fluorescence studies at different concentrations of
stilbene molecules.

3. Conclusions

Comparing the time-resolved fluorescence of stilbene in solution, PS matrix, and bulk solids, we found that
fluorescence decay in solution and PS matrix is controlled by molecular rotation at low stilbene concentrations
and nanocluster formation with subsequent aggregation processes at higher stilbene concentrations. The relevant
theoretical description explaining these experimental observations based on quantum chemical calculations is
analyzed for the stilbene aggregates.
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The discovery of how to make synthetic diamonds, as well as their associated 0D, 1D, 2D, and 3D defects, and unique
optical, electrical, thermal, chemical, and mechanical properties, has piqued curiosity. Many applications today call
for structured diamond arrays, but diamond's hardness and chemical resistance make it challenging to etch and design
in top-down approach. Using viewpoints from physics and material science, this research intends to introduce an
approach that leverages bottom-up diamond film manufacturing by plasma-enhanced chemical vapor deposition
(PECVD) with controlled nucleation sites.

The study used controlled seeding through the masking of seeded Si substrate to prevent diamond growth in the
areas covered by mask. Prepared substrates with masks were then used to synthesize diamond films by PECVD
technique. Masks made of Au, Cu, SiO,, TiO», and Cr were applied using combination of electron beam lithography
and physical vapor deposition methods. PECVD processes were performed at substrate temperature of 720-960 °C
and pressure of 98 mbar. Deposited diamond films contained nano-crystalline diamonds, single-crystal diamond
needles, and polycrystalline diamond films with diamond phases composing cubic <100>, octahedral <111>, cubo-
octahedral (consisting of both <100> and <111> oriented crystals), and twinned faceted faces. The composition and
surface morphology of the crystals were studied using scanning electron microscopy and Raman spectroscopy.

The quality of the five diamond suppressing masks deposited by physical vapor deposition was evaluated using
scanning electron microscopy, and SiO», TiO», and Cr masks performed admirably. Synthesized diamond films were
optically examined with Raman and photoluminescence spectroscopies at room temperature and revealed NV color
centers with narrow zero phonon lines centered at roughly 575 nm (neutral NV centers). The proposed approach is
perspective for quantum technological applications due to the successful structuring of diamond films.

This work was supported by H2020 RISE Graphene 3D (734164) project and Academy of Finland (decision
340733). The work is part of the Academy of Finland Flagship Programme, Photonics Research and Innovation
(PREIN), decision 320166.
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1. Introduction

Fluorescent nanodiamonds (FNDs) are promising objects for various applications spreading from biomedical
ones, where FNDs are used as fluorescent labels for bioimaging and systems for drug delivery [1], to optical
sensing of chemical reactions and controlling of environmental parameters such as temperature, pH, etc. FNDs
exhibit a low level of toxicity and are biocompatible. However, spectroscopic properties of FNDs strongly depend
on synthesis procedure. Precise determination of the origin and mechanisms of photoluminescence (PL) will allow
more effectively using the specific features of FNDs in particular application areas.

2. Result and Discussion
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Fig. 1: a) PLE mapping and b) PL spectra for 258, 318 and 373 nm excitation wavelengths of 0.01% FND water solution

In the present work, high-purity and high-homogeneity solutions of FNDs (RayND-M, Ray Techniques Ltd)
produced by laser synthesis were investigated. They have core-shell structure as they have diamond inner core
(sp3 carbon atoms) and chemically active hybrid graphene-like outer shell (sp2 carbon atoms) with hanging bonds
ended with functional groups.

On the photoluminescence excitation (PLE) mapping (Fig.1a) of 0.01% FND water solution, three areas of
pronounced emission are present. For these areas, excitation photon energies tentatively correspond to 4.80, 3.90
and 3. 32 eV (Fig.1b). The first one (at 258 nm) is associated with T—m* transition of the C=C bond. The other
two, less pronounced, around 318 and 373 nm, are more likely associated with the presence of oxygen functional
groups (C=0O/COOH) on hybrid graphene-like structures on the FND surface or related to lattice defects and
impurities like in natural and synthetic diamonds [2]. These groups in line with heterogeneity of graphene-like
sheets in the shell determine excitation dependent PL of FNDs.

3. Conclusions

Investigated FNDs are unique multifunctional nanoobjects, which have specific PLE properties and can be applied
for e.g., multiwavelength imaging, pH-sensing through COOH groups presented on the FNDs surface.

4. Acknowledgement

This work was supported by Horizon 2020 RISE DiSeTCom (Project No 823728) and Academy of Finland
(Flagship Programme PREIN, decision 320166).
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We present theoretical model and experimental investigation of THz metasurface made of an array of
hemispheres made of defected multilayer graphene covered with a thin (100-200 nm) PMMA layer. The
fabrication flow of the structure is sketched in Fig. 1 and involves ink-jet 3D printing, Ni sputtering and
electroplating followed by chemical vapor deposition (CVD) of graphene on the top of Ni support, which shape
reproduces that of the polymer 3D printed template.

The fabricated structure (Fig.2), i.e. a bubble wrap polymer nanomembrane covered with multilayered
graphene, demonstrates extreme broadband and almost perfect absorption at THz frequencies and shows
robustness against macroscopic random structural defects of the two-dimensional periodic lattice.
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Fig. 1. Fabrication flow of free-standing graphene metasurface.

Moreover, these defects may result in the
enhancement of the absorptance ability of
the free-standing THz metasurface. The
conductivity of graphene metasurface can
be tuned by changing it’s the Fermi energy
level by applying external stimuli including
electrostatic doping. Full control of the
graphene metasurface can be achieved if
the voltage is independently applied to
individual unit cells.

We propose a method that enables a closed-
form description of a so-called random
metasurface comprising unit cells randomly
distributed on the planer substrate and
having different properties.

Fig. 2. (a), (b) SEM images of 3D printed polymer nanomembrane
hemispheres on a silica substrate (polymer template). (c) SEM images of the
graphene-based metasurface (‘“bubble wrap” polymer nanomembrane covered
with araphene) and (d) hemisphere unit cell.
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Terahertz (THz) imaging systems are currently one of the most attractive tools in many types of applications
[1]. Real implementation require that all systems elements, both active and passive, would be compact and
convenient in use.

Exceptional properties of graphene [2] make it attractive for a large variety of THz applications, including,
for instance, production of diffractive optical elements, filters or modulators. However, this approach stimulates
a strong need to develop characterization techniques — preferably contactless — to control properties and quality
of this material.

In this work, it was demonstrated that optical modulation [3] together with simultaneous terahertz (THz)
imaging application enables characterization of samples based on single and double layer graphene transferred
on a high resistivity silicon (Si) substrate.

It was demonstrated that an optical excitation applied simultaneously with THz imaging allows to increase a
contrast by an order of magnitude illustrating that the technique can be found as convenient contactless tool for
characterization of graphene deposited on high-resistivity silicon substrates. Furthermore, it was shown that the
single- and double-layer graphene can be discriminated and characterized via variation of THz image contrast
using a discrete frequency in a continuous wave mode. Modulation depth of 45 % has been reached, the contrast
variation from 0.16 up to 0.23 is exposed under laser illumination for the single and double layer graphene,

respectively (see Fig.1).
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Fig.1. Transmittance spectrum of bare Si, single and double graphene layers. Inset depicts
graphene’s Dirac cones before and after photoexcitation.

Possibilities to apply the technique for investigation of graphene-based THz diffractive elements will be
illustrated in addition.
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Defective single-walled carbon nanotubes (SWCNTS) is a promising material for various applications such
as nanowire processing [1], beams control [2], cross-linking [3], optoelectronics [4], and others. There are
several ways to create defects in SWCNTSs. One of them is the use of ion beams [5,6]. Accepting the stability of
SWCNTSs over the energetic ion beams and investigating the irradiation with different fluences it is possible to
controllably create the required amount of defects in SWCNTSs. Raman spectroscopy is a powerful tool for the
estimation of the amount and type of defects in SWCNTSs [7].

In the work, we used single-walled carbon nanotubes produced by OCSiAl company with an average
diameter equal to 1.8 nm. We prepared thin films on the Si or glass substrates and irradiated them with Ar and
He ions with energies of 80 and 50 keV respectively. We varied fluences from 10%? to 2*10% ions/cm? in order
to achieve the smooth change of the defects density up to the amorphous stage. We conclude the defectiveness
of SWCNTSs by Raman spectra.
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Fig. 1. Raman spectra of defected single-walled carbon nanotubes by Ar* ions

In some applications, it is important to further modify the properties of SWCNTSs by various dopants [8].
We used a gas-phase technique to obtain the doping of SWCNTs with iodine [9-10]. We found by Raman
spectra and by the UV-vis-NIR absorbance spectroscopy that the effectiveness of doping can be increased for
ion irradiated SWCNTs with low fluences. We also found that the conductivity of the films with any level of
defectiveness was dramatically reduced after the iodine doping.
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Laser beam engineering is one of the main techniques widely used in microfabrication and laser ablation,
therefore, its management possibilities play essential role aiming to optimize a large variety of laser-material
processing applications [1].

Room temperature terahertz (THz) imaging is a powerful tool for non-destructive inspection covering
different kind of materials, security checks, or medical scanning [2]. However, practical implementation of
compact THz imaging and spectroscopy systems in real outside laboratory environment still meets significant
obstacles because of low powers of THz emiters, reliability of sensitive THz detectors and effective solutions in
design and technology of planar optical components. In particular, it gains a significant importance if the aim is
alignment-free THz imaging systems. Therefore, design solutions in passive optical THz components in
reducing their dimensions remains one of the main topics in THz photonics. As a rule, investigated objects are
bulky, hence, bearing in mind the fact that image quality is strikingly sensitive to the sample position in respect
to diffractive optical elements, obtained images can be blurred resulting in complication to resolve the recorded
data.

In this lecture, we present silicon-based THz beam profile engineering via planar optics solutions providing
both compact focusing as well as extended focus geometry in THz imaging and enabling thus precise inspection
of thick objects with weak sensitivity of the object position.

We have revealed recently that thin silicon based multilevel phase Fresnel lenses are suitable solution for
optical components for the entire THz range [3]. It was exposed that at least 4 and up to 8 phase quantization
levels are required for efficient diffractive element compromising the performance and fabrication complexity of
phase structures. We extended the silicon optics approach to so-called Fibonacci or bifocal THz imaging and
Bessel THz imaging employing diffractive zone plates fabricated by laser ablation technology [3,4]. Zone plates
simulated by 3D finite-difference-time-domain method displayed bifocal focusing operation. Features of the
performance were studied both theoretically and experimentally via spatial profiles, distances between the foci
and the focal depth at frequencies of 0.3 THz and 0.6 THz. Terahertz images of various packaged objects at
0.6 THz frequency were simultaneously recorded with the spatial resolution of the wavelength in two different
planes of the packaged volume. It is worth noting that Bessel zone plates provide a 2x\ resolution at 0.6 THz
frequency with weak dependence of the object positioning between the diffractive elements [5].

THz beam engineering properties using flexible materials shaped in zone plates with integrated filters will
be considered.

Further steps in development of THz beam profile engineering in imaging and its application for
investigation of carbon-based materials will be discussed as well.

The support from the project Dirac Semimetals based Terahertz Components (DISETCOM) in carbon-
related research is sincerely acknowledged.
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The main properties of halide perovskites useful for solar cells make them also attractive for terahertz (THz)
applications. This class of materials, well studied in the optical range, remains much less studied in the THz
range. Meanwhile, increasing the efficiency of pulsed terahertz sources and detectors due to more advanced
designs or new materials is one of the main directions in the field of terahertz technologies.

Here, we experimentally demonstrate the first attempt to apply solution-processed polycrystalline films of
hybrid perovskites for the development of photoconductive terahertz emitters and detectors. By using
polycrystalline films and single crystals of widely studied methylammonium-based perovskites MAPbI3 and
MAPDBr3, we fabricate and characterize large-aperture photoconductive antennas [1]. The combination of
ultrafast time-resolved spectroscopy and terahertz emission experiments allows us to determine the still-debated
room temperature carrier lifetime and mobility of charge carriers in halide perovskites using an alternative
noninvasive method. The ultrafast change of conductivity that occurs in single crystals and polycrystalline films
of lead methylammonium halides excited by a femtosecond laser both above and below the bandgap enables
efficient emission and detection of THz radiation [2]. Under excitation with 40 fs pulses centered at 400 nm the
fabricated perovskite photoconductive detectors in the frequency range of 0.1-2 THz demonstrate detectivity
comparable to traditional detectors based on electro-optical sampling in nonlinear crystals [3].

The results demonstrate the viability of solution-processable halide perovskite for the fabrication of
photoconductive THz antennas and the further development of scalable and cost-effective sensor manufacturing
for THz time-domain spectroscopy, imaging, and other photonic THz devices.
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Oxygen-doped single-walled carbon nanotubes (O-SWNT) attract huge interest because such nanotubes
demonstrate brighter luminescence compared to pristine nanotubes [1] and possess such advances as photon
antibunching [2], both due to inducing 0D-like excitonic states in addition to ordinary 1D excitons of pristine
nanotubes. However, such aspect as the susceptibility of 0D states to the local environment, is not been
sufficiently investigated so far, unlike the case of 1D states in pristine nanotubes.

To unveil this issue, we performed oxygen doping of single-walled carbon nanotubes by adding NaOCI to
the SWNT aqueous suspension followed by lingering UV irradiation [3]. Efficient oxygen doping was
confirmed by the appearance of a bright photoluminescence peak corresponding to recombination of 0D
excitons which is redshifted from the ordinary photoluminescence peak corresponding to recombination of 1D
excitons (Fig.1). Subsequently, a protonation of SWNT was performed by adding HCI to the suspension and the
dependencies of 1D and OD-states photoluminescence intensity on the concentration of HCI were investigated.
It was found that OD states demonstrate sufficiently higher sensitivity to pH compared to 1D states of both
oxygen-doped and pristine nanotubes. Differences in sensitivity of 1D and 0D states may reflect differences in
the distribution of electronic and hole states, which 0D and 1D excitons consist of.
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Fig.1. Photoluminescence spectra of pristine SWNTSs (black line), oxygen doped SWNT before
protonation(red line) and oxygen doped SWNT after protonation (blue line).
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1. Introduction

Plasmons, collective oscillations of electron systems, can efficiently couple light and electric current, and
thus can be used to create sub-wavelength photodetectors, radiation mixers, and on-chip spectrometers. Despite
considerable effort, it has proven challenging to implement plasmonic devices operating at terahertz frequencies.
The material capable to meet this challenge is graphene as it supports long-lived electrically tunable plasmons.
In this talk we discuss plasmon-assisted detection of terahertz radiation by antenna-coupled graphene-based
transistors that act as both plasmonic Fabry-Perot cavities and rectifying elements.

2. Resonant detection of terahertz radiation

First we discuss observed resonant enhancement of detector response when the channel using FETs based on
high-quality van der Waals heterostructures [1]. In particular, we employ graphene encapsulated between
hexagonal boron nitride (hBN) crystals which have been shown to provide the cleanest environment for long-
lived graphene plasmons. Antenna-mediated coupling of such FETs to freespace radiation results in the
emergence of dc photovoltage that peaks when the channel hosts an odd number of plasmon quarter-
wavelengths. Exploiting the gate-tunability of plasmon velocity, we switch our detectors between more than 10
resonant modes, and use this functionality to measure plasmon wavelength and lifetime. Thanks to the far-field
radiation coupling, our compact devices offer a convenient tool for studies of plasmons in two-dimensional
electron systems under non-ambient conditions (e.g. cryogenic environment and high magnetic fields) where
other techniques may be arduous.

3. Helicity sensitive detector based on plasmon interference

Next, we discuss how plasmonic effects could be recognized even when CVVD-grown graphene is used. By
using a specially designed antenna and controlling ellipticity and helicity of the THz radiation [2] we can tune
the phase difference between the plasma waves excited at the source and drain electrodes. With a channel length
and radiation frequency from 700GHz to 2.5 THz our data unambiguously show that response of such detectors
is determined by the interference of plasmons in the transistor channel. As a result, these devices operate as all-
electric detectors of the helicity of circularly polarized terahertz radiation that can be further used in terahertz
optoelectronics
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Historically, terahertz science and technology has been restricted to specialized applications such as radio
astronomy due to various technological challenges. Hollow rectangular waveguides are the primary transmission
line medium in many terahertz systems due to their mechanical stability, low electromagnetic losses, enclosed
nature, and compatibility with active circuit elements. Electromagnetic wave devices such as circulators,
couplers and power dividers require that one or more of their ports be terminated to eliminate unwanted signals
and ensure correct operation. Waveguide terminations are often realized by short-circuited waveguide sections
that present low reflection and absorb the incident energy due to the presence of an absorbing material inside the
waveguide [1]. We proposed a new kind of ultra-wideband THz absorber which can be directly integrated into a
standard metallic waveguide (Fig.1la-c) [2], allowing it to be used in conventional THz systems.

In order to analyze the electromagnetic properties of the absorbing materials in the frequency range from 67

GHz to 500 GHz, the absorbing material has to be embedded inside a waveguide. At the sub-millimeter
frequencies, these dimensions get too small to insert any absorber material; therefore, we use vacuum filtration
to directly deposit the absorber material inside a specialized waveguide cassette. This cassette can then be
integrated with a waveguide system for material characterization. The integration method developed here is
easily scalable to different frequency ranges and waveguide geometries and requires only standard laboratory
equipment and techniques, making it viable for high-volume production. In addition, by utilising the same
method with precision silicon micromachined components [3], our approach could be used to develop compact,
low-cost THz waveguide absorbers of complex geometry.
The attenuation of the embedded samples across a wide band of frequencies is shown in Fig.1le. The measured
insertion loss between 67 GHz to 110 GHz is greater than 20 dB and exceeds 40 dB at frequencies above 400
GHz. The reflection coefficient of the samples measured below 200 GHz is in excess of —10 dB, indicating that
much of the incident energy is reflected by the step change in impedance at the material’s interface at these
frequencies. The short electrical length of the samples at these frequencies (0.210 at 88.5 GHz) leads to a
relatively low insertion loss, despite the material’s high reflectivity. Above 200 GHz, the GAIN samples exhibit
a reflection coefficient below —10 dB.
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Fig.1. Schematic of a) method of deposition, b) wideband waveguide measurement setup. ¢) Measured
attenuation of the absorbers
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1. Introduction

This work presents the fabrication of a mechanically stretchable and optically broadband imager sheet. As photo-
visualization techniques non-destructively capture physical information in large areas, the use of imager devices
facilitate variety of applications including industrial testing, agricultural monitoring, and security screening. For
the sensing of transformable objects such as soft liquid tubes, plants, and so on, mechanical stretchability is
essential for the imager to stably attach to the outer surface of targets. However, studies on developing stretchable
imagers are yet to be fully performed, and some existing stretchable photodetectors only function in narrow
ultraviolet or visible light bands. To this end, this work integrates carbon nanotube (CNT) films-based flexible
and high efficient broad infrared (IR)-terahertz (THz) absorbers and soft device frameworks. The device
collectively satisfies transmissive inner imaging of opaque objects and repetitive mechanical deformation,
demonstrating non-destructive inspections of arbitral-structure targets!).

2. Results

Fig. 1a shows the proposed device. The device consists of flexible CNT film channels and stretchable silver
nanoparticles-based stretchable electrodes, and a polyurethane film stretchable substrate. The device functions
under photo-thermoelectric (PTE) effect in broadband frequency regions ranging from near-IR to sub-THz, and
the PN junction at the center of the channel serves as the photodetection interfacel?. As shown in Fig. 1b, the use
of the device enables photodetection even during the whole device stretching, and the device stretchability in
universal directions ranges 70-280 %. The obtained device stretchability is well comparable with that of the
existing stretchable narrowband photodetectorll.

In conclusion, this work presents the device design of the stretchable broadband photodetector, and its multi-
functional sensing and imaging applications will be reported at the workshop.
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Fig. 1. a, Photograph of the proposed PTE imager sheet, being bent and stretched. Scar bar 3 mm. b, Mapping of the PTE responses and
electrical resistances of the imager sheet against changes in strain of the device. An IR laser was used as a photo source.
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We discuss the unique possibilities stemming from exploiting the exotic properties of artificial metasurfaces
designed for operation in the THz regime. Metasurfaces are electromagnetically ultrathin artificial materials
with macroscopic properties defined by the architecture of the building blocks, the meta-atoms. Adjusting the
meta-atoms enables the control over different aspects the electromagnetic waves and the realization of unusual
electromagnetic functions. Within this framework we present groups of metasurface configurations
incorporating different constituent materials. We mainly focus on graphene based metasurfaces acting as
modulators for the THz regime. Graphene, the acclaimed two-dimensional (2D) material made of carbon atoms
arranged in a honeycomb lattice, exhibits unique optical properties particularly in the THz spectrum, where it
predominantly exhibits a Drude-like response. We focus on planar metasurfaces structures, starting from the
simple metal-insulator-metal scheme to carbon nanotubes of variable number of interlayers and we show that
the effective medium analysis unveils a rich palette of electromagnetic features that can be engineered by the
adjustment of the geometry [1,2]. Additionally we show that ultrafast modulation response can be assessed with
the use of a broadband THz time-domain-spectroscopic system (THz-TDS) in an IR pump-THz probe
configuration and also with nonlinear self-action [2,3]. The proper design of the metasurface provides the means
for achieving critical coupling and hence increased/perfect tunable absorption. The near-IR stimulus generates
hot carriers in the graphene metasurface which effectively reduces its THz conductivity. Similar phenomenon
can be induced by self-modulation using intense THz fields. The simple scheme of the absorber can be used as a
platform for ultrafast flat optics and metasurfaces. Apart from that, we review additional recent THz
metasurface findings with some interesting features. For example it has been shown, that using hybrid
metasurfaces with metals combined with graphene one is able to produce switchable and tunable terahertz
electromagnetic advanced functions like wavefront shaping.
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Multipole decomposition is a promising method for study of radiating or scattering response of electromagnetic
sources or particles, even in the case of relatively complicated and compound scatterers like multilayer particles,
clusters or asymmetrical systems. Indeed, the radiation fields of point electric or magnetic sources are
decomposed only into electric or magnetic dipole moments, while real sources can be described by series of
multipoles, including higher multipoles, toroidal moments and moments of mean-square radii. In this talk, we
discuss the concept of modified multipoles describing the real sources of electric, magnetic and more
complicated toroidal types. We discuss the secondary multipole decomposition for explanation of light
interaction with compound particles, asymmetrical particles. We discuss high Q-factor resonances in
metamaterials and meta-particles due to interference effects, like anapole mode, Kerker effects and Bound state
in the continuum. Our approach will be useful for multipole analysis of complex systems in photonics such as
nanoparticle clusters, metamaterials and nanoantennas and hybrid systems based on plasmonic/all-
dielectric/carbon structures.
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Babinet principle is a modern tool for light controlling and widely used in electrodynamics [1]. Here we
demonstrate a novel type of Babinet principle based metamaterials exhibiting broadband transmission of asolute
amplitude in microwave frequency range. Another feature of the given structure is the simplicity of the unit cell
representing a checkerboard-like pattern that simplifies both analysis and fabrication stage.

The well-known Babinet principle here is exploited in the form of two similar metasurfaces (i.e. surfaces
whose unit cells are of subwavelength dimension) outstanding from each other at half wavelength distance and
providing complementary patterns (see Fig. 1(a)) [2]. The simulated transmission characteristics have
demonstrated the absolute transmission at the region of 5-6.5 GHz corresponding to ultra-broadband
transmission. Furthermore, experimental measurement in an anechoic chamber of metamaterial sample perfectly
matched the theoretical one and confirmed ultra-broadband transmission at 4.5-6.5 GHz frequencies (Fig. 1(b)).

f, GHz

Fig. 1. :lllustration of Babinet metamaterial (a) and its simulated and measured transmission characteristics (b).Poincare sphere

Given results are of great interest of modern technologies, since this ability of light manipulation able to provide
number of applications, namely, they could serve as frequency selective surfaces, polarizers, filter design and
broadband transparent screens for different spectra ranges.
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Abstract

Pseudorelativistic Dirac quasiparticles have emerged in a plethora of artificial graphene systems that mimic the
honeycomb symmetry of graphene. However, in these metamaterials it is notoriously difficult to manipulate the
properties of Dirac quasiparticles without modifying the lattice structure.

Here we theoretically investigate Dirac polaritons (called “Dirac light”) supported by honeycomb metasurfaces
embedded in photonic cavities and unveil rich Dirac physics stemming from the competition between short-range
Coulomb interactions and long-range photon-mediated interactions. By modifying only the photonic environment
via the enclosing cavity we show that we can induce qualitatively different polariton phases and alter the
fundamental properties of Dirac light [1-3].

Among several effects we discuss in particular the creation and manipulation of type | and type 1l Dirac points,
the inversion of chirality of Dirac light [1], as well as the tunable fictitious magnetic fields for Dirac light in
strained lattices. The latter is accompanied by a tunable Lorentz-like force that can be switched on/off and by a
collapse and revival of polariton Landau levels [2].

We stress that the crossover between the different phases of Dirac light can be achieved by varying only the
photonic cavity width while preserving the lattice structure—a unique scenario that has no analog in real or
artificial graphene systems. Exploiting the photonic environment thus gives rise to unexplored Dirac physics
beyond the conventional paradigms of metamaterials science.
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1. Summary

A FEM model of THz passive component will be presented and used to assess the effect on the whole device
performance of the uncertainties affecting geometrical and physical parameters of the device by means of
sensitivity analysis. Moreover, with the aim of support the experimental validation, the overbounding and
underbounding of the performance will be derived ranging the actual behaviour of the designed component.

2. Description of the problem and proposed approaches

The performance f of an electromagnetic system is the output that the designer looks for: several efforts have to
be applied in order to ensure the satisfaction of the customer constraints. Usually, the designed parameters are
considered fixed and well know, i.e. the vector xo= (X0, X20, ...,Xn0) Of the n design parameters, and it
corresponds to a point in the parameter space D = [x1 X ]x e X [an , xnU] with x;; and x;y the min and max

values of x; parameter respectively. Nevertheless, there are actually several sources of uncertainty leading to
unavoidable A; variation in the parameters. It means that each component of the design parameter vector
becomes “interval value”, given by xitA;, and the point x; becomes the hyper-rectangle

U('XO): [xlo _Al>x10 +A1]X"'X[xn0 _An’an +An] (ﬁg l f()r I’l:3) [1] AS
X3 fk A a consequence, also the performance will be an “interval function” that
7 Pad A could be mismatched with respect to the desired design. This is especially
true when the technology is not well established or the material behaviour
and its physics is still understudies such as the case of nanocarbon-based
device [2]. In this case, bounding of the performance function and
X sensitivity analysis can help to identify the more effective parameter and
the results of such analysis can be used as a support in the experimental
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of the performance will be derived from the N Monte Carlo trials, ranging the actual behaviour of the designed
component by considering uncorrelated and uniformly distributed uncertain design parameters in the space
parameters D. Moreover, simulated scattered data will be used to evaluate the sensitivity of the performance due
to the assumed variability in discrete way [6].
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1. Two-stage removal of PMMA supportive layer for the CVD graphene transfer.

We demonstrate the development of a simple, environmentally-friendly technique to remove the poly(methyl
methacrylate) (PMMA) layer from graphene, synthesized by a chemical vapor deposition (CVD), on different
substrates.

As the first step, the polarity of the PMMA was modified under the influence of deep-UV irradiation as a
result of its photodegradation, namely scissions of main-chain, as well as side chains of the polymer [1]. Since
the DUV intensity is lower than that of an e-beam or X-ray radiation, this avoids destructive crosslinking under
DUV exposure. Moreover, the main-chain scission products have time to absorb photons and contribute to
polymer degradation due to side-chain scission too. As a result, stable products are formed, including ketone-
type and aldehyde-type carbonyl compounds, which have a higher polarity than pristine PMMA. The
modification of PMMA polarity was confirmed by UV and FTIR spectrometry and the contact angle
measurements (see Fig.1).

Consecutive dissolution of a polarity modified polymer in a binary mixture of isopropyl alcohol/water (more
commonly alcohol/water), prepared in a certain proportion (see Fig.2), results in rapid and complete removal of
PMMA without degradation of graphene properties. The mechanism is that when the number of water and IPA
molecules is equal, they begin to form water-alcohol hydrogen bonds, destroying existing intermolecular
clusters with hydrogen-bonds (water-water and IPA-IPA), and thus simplifying access to the surface of the
soluble substance.

IPA/H20
",

H

Ketones/aldehydes

Fig.1 Polarity of PMMA pristine (left) and Fig.2 Dissolution of modified PMMA
after deep-UV exposure (right) with aqueous isopropyl alcohol

The high quality of graphene after PMMA removal was confirmed by Raman spectrometry. For comparison,
PMMA removal from graphene was also performed by the most common methods. The electrical properties of
graphene films were investigated using THz time-domain and infrared spectroscopy methods, which, being
contactless, are perspective for characterization of CVD graphene in commercial applications [2]. The mobility
has reached 6900 cm?/(V-s), which makes the proposed PMMA removal method promising for use in the
fabrication of high-performance large-scale graphene-based electronic devices [3].
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Diamond based quantum computers and simulators

Fedor Jelezko
Institute of quantum optics, Ulm University
fedor.jelezko@uni-ulm.de

Synthetic diamond has recently emerged as a candidate material for a range of quantum-based applications
including: secure quantum communication, quantum information processing and quantum sensing. In such
applications, the synthetic diamond acts as a host for impurities or defects, acting like a solid-state atom trap. The
guantum states of these impurities, such as the Nitrogen-Vacancy (NV) and Silicon-Vacancy (SiV) defects, can
be individually manipulated and made to interact, and photons of light emitted from these impurities can be used
to read out. Notably, synthetic diamond (along with silicon carbide) offers advantages over competitive materials
as the quantum properties of NV centres it hosts can be manipulated and probed at room temperature.

In this presentation we will show how single colour centres can be created with a few nanometres accuracy and
coherent dipole-dipole coupling was employed to generate their entanglement. We will also present experimental
realisation of room temperature quantum simulator based on C*® nuclear spins arrays.
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CVD synthesis of diamond needles with controlled charge state of
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Manipulations with the objects of few nanometers size and characterization of their properties are required
during variety of modern research performed in Physics, Chemistry, Biology and even Medicine. Decreasing
size of the analysed objects significantly complicates investigations and requires development of particular
research approaches and devices. Nanoscale quantum-optical sensors are promising for such small objects
analysis. The nitrogen-vacancy (NV) centers in diamond are of great interest for the quantum-optical sensing. It
is because of combination of unique properties of diamond itself (biocompatibility, high thermal conductivity,
record hardness) and quantum features of NV centers [1]. The NV centers in diamond were demonstrated as
high-sensitive nano-thermometer [2], sensors of magnetic and electric fields [3], mechanical stress sensor [4].
To provide nanoscale spatial resolution diamond probes with NV centers their size should be in nanometer scale
at least in two dimensions. Moreover, robust methodology for manipulation and assembling of the diamond
crystallites are required for production of the nanoscale sensors. Single crystal diamond needle (SCDN)
demonstrates one of the most promising shape for nanoscale quantum sensors (see Figure 1a) [5]. Formation of
NV centers in SCDN and their optical properties were previously demonstrated in works [6-9].

Here we present the recent research results aimed at controlling of the luminescent charge states of NV
centers (Figure 1b) in SCDNs by adjusting parameters of chemical vapor deposition (CVD) process.

Sample 1
m— Sample 2

NV \

550 600 650 700
Wavelength (nm)
(@) (b)
Fig. 1. Electron image of individual SCDN (a) and photoluminescence spectra of two samples obtained

at different parameters of CVD process (b). Main spectral areas of NV° and NV~ centers luminescence
highlighted by yellow and red colors respectively.
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1. Introduction

Nanodiamonds (NDs) with a hybrid sp2-sp3 shell decorated with oxygen-containing functional groups has
attracted much interest as promising materials with high sensing potential for applications in various fields of
science and technology. Tunable surface chemistry determines photoluminescent (PL) properties of these
nanoparticles which can be adjusted to be sensitive to changes of a desired external parameter. Nano-scale size,
chemical stability inherited from the diamond, and biocompatibility allows to extend the use of hybrid sp2-sp3
carbon nanostructures in the field of biomedicine and cell technologies, where accurate, remote, and non-
destructive control of such environmental parameters as pH, temperature, and ionic strength, which are of great
importance as small shifts in these parameters may lead to dramatic results and cell death.

2. Result and discussion

In the present study, all-optical method of pH control with high-purity and high-homogeneity water solutions of
NDs (RayND-M, Ray Techniques Ltd), produced by laser synthesis followed by an undisclosed surface
modification process is proposed. Based on UV-vis absorption, FTIR, steady-state, and time-resolved
fluorescence spectroscopic analysis of NDs it was revealed that NDs exhibit excitation-dependent fluorescence
originating from hydroxyl, carbonyl, and carboxyl groups. The latter ones are sensitive to pH changes through
protonation-deprotonation which is reflected in the decrease of PL with excitation at 1ex = 371 nm and emission
at Jem = 456 nm (see Fig.1a) and simultaneous increase of PL when excited with Aex = 470 nm with emission
centered at 1em = 553 nm (see Fig.1b). Both excitations/emissions were used to obtain calibration curves which
allow determining the pH values of water solutions by PL measurements (see Fig.1b). Ratio of normalized PL
intensities Iss3 and lsse (with excitation at 470 nm and 371 nm, respectively) is well approximated with linear
function (R? = 0.97) (see Fig.1c).
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Fig. 1. pH screening with NDs with two-wavelength excitation and two-wavelength emission detection

Intensities ratio allows to avoid errors caused by the laser power fluctuations, ND-concentration dependence of
the detected signal, increasing reliability of all-optical approach of [H*] detection. Based on the obtained
calibration, pH value can be calculated using the following formula:

norm Imax

553
pH =12.8" m - 55,
456
where [707™ max and [797™ max are PL intensities when excited with Zex = 470 nm and Zex = 371 nm and
normalized on the maximum values of the PL measured for the calibration solutions with pH 10 and pH 2,

respectively; <12.8” and “5.5” are empirically obtained coefficients.
3. Conclusions

Diamond-like NDs produced by laser synthesis decorated with carboxylic functional groups are demonstrated to
be accurate all-optical sensors of pH values of solutions. pH can be easily recalculated from the PL intensities
with two-wavelength excitation/emission approach, avoiding undesirable errors caused by hardware and
fluctuations in NDs concentrations used for measurements.

4. Acknowledgements
This work was supported by H2020 RISE DiSeTCom (No 823728) and H2020 RISE Graphene 3D (No 734164)

53



54 2022

Temperature-dependent fluorescence of SiV and NV color centers
In micron-sized single crystal diamond needles

Eighth International Workshop “Nanocarbon Photonics and Optoelectronics”

Yaraslau Padrez?, Lena Golubewa?, Sergei Malykhin®, Tatsiana Kulahava?, Renata Karpicz?,

Alexander Obraztsov?, Yuri Svirko® and Polina Kuzhir?

IState research institute Center for Physical Sciences and Technology, Sauletekio Av. 3, Vilnius, LT-10257, Lithuania
’Institute for nuclear problems of Belarusian state university, Bobruiskaya str. 11, BY-220006 Minsk
3University of Eastern Finland, Yliopistokatu 7, Joensuu, 80101, Finland
yaraslau.padrez@ftmc.lt

1. Introduction

Micro-diamonds with color centers are promising objects for various applications spreading from micro-
electronics to quantum optics due to their remarkable mechanical, thermal, and optical properties.
Photoluminescence (PL) of color centers in diamonds can be also applied for precise temperature sensing at the
micro- and nano-scales. Micro-diamonds are chemically inert and biocompatible, widening their application to
biophotonics.

Synthesis of micro- crystallites with specific needle shape, controlled localization of color centers and enriched
with SiVs may allow increasing accuracy and reliability of all-optical temperature determination and sensitivity
of the method.

2. Result and Discussion
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Fig. 1: a) SEM micrographs of D-SCDNSs; b) PL spectra of them at room temperature at Aex=470 nm; c) temperature dependence of the l7sg/l73.
fluorescence intensity ratio during heating and cooling.

Dart-like micron-sized single crystal diamonds needles (D-SCDNs) were obtained by CVVD-synthesis as described
in [1]. D-SCDNs have a pronounced tip (see Fig.1a) and are enriched with both nitrogen-vacancy (NV) and
silicon-vacancy (SiV) color centers, which follows from the presence characteristic PL of these centers in spectra
(see Fig.1b). However, intensity of zero-phonon line (ZPL) of SiV color centers is several orders of magnitude
higher then NVs. The major part of SiVs is concentrated in the tip.

All-optical thermometry was performed in the following way: The PL spectra of SiV color centers of DSCDNs
were measured with excitation at 470 nm wavelength during uniform heating followed by cooling in the
physiologically significant range (25-55 °C). The dependencies of lifetime, FWHM and peak position of SiV ZPL
and its intensity on temperature were investigated. In order to reduce the errors caused by equipment and laser
intensity fluctuations and to increase the measurement accuracy, we applied the normalizing of PL intensity
measured at the maximum peak position of SiVs' ZPL (Aem=738 nm) on the intensity at the wavelength where it
is temperature independent (Aem=732 nm) (see Fig. 1c).

3. Conclusions

Our results open a way towards accurate, non-invasive, precise, and real-time monitoring of temperature
variations accompanying endothermic/exothermic processes on the sub-micro-scale, covering possible
applications from quantum bioimaging to lab-on-a-chip systems.
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1. Nanomaterials and deep transfer learning for improved sensing platforms

Reliable real-time monitoring pollutants is a major need in industrial and residential areas, to ensure health
and safety [1]. Traditional techniques, such as chromatography [2], are not suitable for a real time in-situ
detection, hence effort is currently addressed to assess monitoring and sensing technologies suitable for: i) in-
situ monitoring (through compact sensing platforms); ii) smart distributed systems (collective data processing).

The first concept is addressed through alternative electrical and electrochemical techniques, such as
Voltammetry, VA [3-4] or Electrical Impedance Spectroscopy, EIS [5-7]. Indeed, both techniques can be
implemented by means of compact systems with hand-held sensing platforms connected to portable
instrumentation. For instance, disposable Screen-Printed Electrodes (SPESs) can be used as sensing platforms.
However, the limits of conventional SPEs (i.e., made by graphite, carbon, etc.) related to their sluggish surface
kinetics severely affect the sensor performance indicators (such as sensitivity, selectivity, responsivity, etc.. [4]).

To overcome these limits, the SPEs can be modified by enhanced materials, such as the promising Carbon
Nano-Materials (CNMs), that can improve surface kinetics and enhance electroactive surface area [4-5]. More
in general, CNMs are abundant and span a wide range of physical and chemical properties that can be tailored
according to the purposes. Graphene, Carbon Nanotubes (CNTs), Nano-Diamond (ND) and their derivates have
been widely employed for electrochemical sensing in recent years [8-9].

Despite the high improvement in SPEs’ performance after their modification, a reliable technology for in-
situ real-time monitoring based on these platforms and the above-mentioned techniques is still far to be
assessed. Indeed, major limits still need to be overcome: (i) high sensitivity of the platforms to uncertainties of
the fabrication process, environmental conditions, and ageing effects; (ii) complicated time- and resource-
consuming calibration procedures, needed for in-situ measurements; (iii) difficult classification of substances
with similar electrical and electrochemical footprint.

Many of the above issues can be faced by moving from conventional solutions to 10T paradigms [10]. This is
the second concept mentioned above: the sensing platforms becomes nodes of a smart distributed sensing
system, where the data are processed both locally and collectively (e.g., in Cloud), eventually by means of
Artificial Intelligence (Al) algorithms. This approach can strongly improve the monitoring performance also in
presence of the above-mentioned uncertainties, see for instance [11], where loT-based real-time frameworks are
proposed to perform water quality monitoring, by using machine learning approaches and cloud computing.

The talk will present some recent results related to the detection and classification of organic pollutants
(quinones) in water performed by means of EIS and VA techniques. Improved sensing platforms will be shown,
where the sensing membranes for EIS and working electrodes for VA are modified by means of 2D
nanomaterials. Examples of Al-based post-process will be also discussed, with the possibility of classifying the
pollutants starting from VA results, transformed into equivalent images via GAF transformations and finally
processed by pre-trained convolutional neural networks.
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Abstract

Open science and open access (OA) have become main drivers for the current transformation of the scientific
publication process. Wiley is leading this transition with a broad range of initiatives: from corresponding
agreements with institutions supporting gold and green OA policies to launching new premier Gold OA titles
within materials science and physics. In the talk entitled “Scientific publishing within the new “Open Science”
world: how to write for high-impact factor journals” Gaia Tomasello, (peer review editor for the journals:
Advanced Functional Materials, Advanced Electronic Materials and Physica Status Solidi family) will provide
an overview of the journal portfolio and publication opportunities in materials science physics within the
Advanced family at Wiley, from including precious insights on how to prepare a scientific manuscript for high
impact factor journals to emphasizing both hybrid and pure OA models within the prestigious Advanced X
Research brand.

Advanced Physics Research

Figure 1. Front cover of the new pure OA title : Advanced Physics Research (http://www.advphysicsres.com), the new open-access
journal covering the whole gamut of physics, from applied tofundamental, however, with a strongemphasis onimportant
and relevant current topics. This includes, but is not restricted to atomic and molecular physics, computational physics, condensed matter
physics, cosmology, ferroelectrics, magnetism, nuclear and particle physics, optics, physics of complex systems, physics of soft matter,
quantum physics, spintronics, superconductivity, surface physics, thermodynamics, etc.
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Introduction

Based on the superior properties of graphene, the polymer nanocomposites offer enhanced mechanical
properties and functionality, which make them attractive for variety of applications. However, many factors are
found to govern the final nanocomposite properties and due to the complexity of the factors, contradicting
properties may be obtained [1]. The present study addresses the role of the dispersion and the loading of
graphene nanoplatelets (GNPs) in the polylactic acid (PLA) biopolymer for the enhancement of mechanical,
electrical and thermal properties of nanocomposites (NCs), towards 3D printing and packaging applications.

Results and Discussion

The PLA composites of varying GNP contents from 1.5 to 12 wt.% are prepared by melt extrusion using a
masterbatch approach. By increasing the filler loading, GNP/PLA nanocomposites demonstrate a significant
enhancement of Young’s modulus, and scratch resistance, but the tensile strength and elongation slightly
decrease (Fig.1). The coefficient of friction in wear is strongly decreased by increasing the GNP contents if
compared to the neat PLA, demonstrating the self-lubricating properties of GNP/PLA nanocomposites. The
electrical percolation threshold was determined between 3-6 wt.% GNP content, while the thermal conductivity
gradually increases by increasing the amount of filler. The highest values of the conductivities is observed for
the 12 wt.% GNP/PLA nanocomposites, with dc-conductivity of 1.3 S/m and thermal conductivity of about
1.0 W/mK, while the matrix polymer is an electrical and thermal insulator.

30

due to the lubricant effect of graphene nanoplatelets during the
flow, which is associated with sliding of the GNPs one over
another and hydrodynamic slip at the filler-polymer interfaces.
The slip-sliding effects of GNPs increase significantly by
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Fig. 1. Mechanical properties of GNP/PLA NCs

At low filler loading around the percolation threshold (3 - 6 wt.% GNPs), the improved tensile properties, the
enhanced scratch resistance with 12-15%, dc-conductivity in the range 10-6-102 S/m and 2 to 3-folds enhanced
thermal conductivity compared to the neat PLA, make the biodegradable GNP/PLA nanocomposite films a good
candidate for packaging applications. However, our study on safety showed that the graphene platelets may
release from the films into the food simulants if a high temperature treatment (4 hours at 90°C) is applied [3].
Although the nanoparticles are tightly bound in the matrix polymer, the release of GNPs mostly due to the
swelling and partial degradation of the PLA polymer in alcohol and acetic acid media at high temperatures.
Therefore, if the GNP/PLA nanocomposite films are used for food packaging application the potential hazard of
graphene associated with the high temperature treatment of the packaged food needs of further investigations.
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A brief overview of the work done within Horizon 2020 Graphene 3D project towards THz perfect absorbers
made of carbon-based 3D printed architectures is given. A number of strategies are discussed.

High broadband absorption can be achieved by 3D-printed by FDM or stereolithography cellular structures
made of a moderately conductive (1-30 S m™) skeleton. The interplay between characteristic geometrical
features (cell size) of those meshes and their conductivity allows to get very good results in very broad ranges of
wavelengths [1,2].

Another option is deposition of a thin metal layer onto 3D printed regular array of polymer hemispheres
covered with graphene [3]. Tailoring the electromagnetic responses of such metasurfaces could be done by
changing the diameter of hemisphere and / or period of the overall structure. Another pattern rather than
hemispheres could be also applied successfully, e.g. pillar-type structure.

Perfect tuneable resonant absorption could be obtained by 3D meshes made of highly conductive (1200
2000 S m™?) glassy carbon scafold.

Probably the most interesting case is an array of multi-layered graphene hemispheres made through the
combination of 3D ink-jet printing, electroplating and chemical vapor deposition processes. These very thin
metasurfaces demonstrate almost perfect absorption, > 95%, in very broad frequency range (100 GHz - 10
THz). They are also robust against macroscopic structural defects, i.e. their electromagnetic properties remain
the same when structure comprises up to 40% of randomly distributed holes and other geometrical
imperfectness [4,5].
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The development of polymer-based nanocomposites for 3D printing application based on graphene and its
derivatives and/or carbon nanotubes is addressed to the tailoring and optimization of functional properties of
printed manufacts, such as thermal dissipation and EMI shielding [1]. It is well known that in the preparation of
nanocomposite filaments for Fused Deposition Modeling (FDM) technology, the dispersion of fillers into the
polymeric matrix plays a key role in determining the processability and final properties of the printed object. On
the other side, in the preparation of powder for Selective Laser Sintering (SLS) technology, is the homogenous
deposition of conductive filler onto the particle surface which is essential to enhance the functional properties of
printed objects, due to the formation of a percolating 3D structure during laser sintering [2]. In this study new
competitive conductive nanocomposite materials for FDM and SLS 3D printing, based respectively on modified
polyvinyl alcohol (HAVOH) and thermoplastic polyurethane (TPU), carbon nanotubes (MWCNTSs) and
graphene derivatives (GE) as filler and Benzyl Imidazole Chloride (BenzImCl) as IL, have been designed,
prepared and characterized in terms of printability and final properties.

The results demonstrate that both HAVOH-MWCTs filament and TPU/GE powder are suitable for the
production of FDM and SLS printed structures. The developed materials exhibit a filler segregated morphology,
ascribed both to the confinement of filler at the interface of sintered particles (TPU, SLS) and the effect of ILs to
promote n—m interaction between carbonaceous fillers (HAVOH, FDM). This peculiar filler morphology enables
the obtainment of a right balance between mechanical and functional properties of the printed structures, which
in turns hold great potential to be used as highly sensitive piezoresistive sensors in wearable devices.
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1. Summary

A robust design approach for the selection of the best nanofilled polylactic acid (PLA) filament for the Fused
Deposition Modeling (FDM) additive manufacturing of electrical devices will be reported. The use of two
nanofillers to modify the electrical and thermal properties of the hosting material has been considered in order to
realize a three phase nanocomposite, i.e. PLA matrix, electrically conductive multiwall carbon nanotubes (CNT)
and graphene-based nanoparticles (GNP), expecting to have different effects [1-3]. According to the customer
requirements, the PLA filament with the best combination of fillers amount respecting the physical constraints is
selected among those realized following a Design of Experiment (DoE) pre-planning-phase.

2. Description of the problem and proposed approaches
The production and use of conductive polymeric composites is in continuous development due to the
opportunity to combine the advantages of plastic materials (low cost, low weight, easy workability) with the
possibility of modulating the thermal and electrical conductivity as the filler concentration varies [4-6]. It has
been demonstrated that the electrical behaviour of a nanocomposite changes from insulator to conductor
following the addition of electrically conductive nanoparticles, such as CNT and GNP, when their concentration
reaches the percolation threshold [7,8]. Moreover, the introduction of nanoparticles influences also the
mechanical and thermal properties. In case of multiphase nanocomposites, it is crucial to define the amount of a
specific filler and to understand the role of each one on specific features. In order to reduce the samples and to
exploit as much as possible the experimental measurements, specific points in the parameter space have been
% selected, avoiding the classical trial and error experimental analysis. By expressing
the material formulation in terms of two parameters, i.e the GNP wt% concentration,
x1, and the CNT wt% concentration, x>, the array of the input parameters to use in the
analysis is X = (x1,%2)€ R% The values considered for both parameters are chosen
by uniformly discretizing the interval ¥1,%> € [0,12]  defined according to possible
o percolation threshold, with the constraint on the total wt% concentration of
Figure 1. Discretized 5 level 0 =2x3 +X; =12 addressed for rheological constraint. The last constraint reduces the
parameter space used to define the region of variation of the parameter space, the x;-x2 plane, to the triangle described

required  experimental samples - . ! i X X
according to the constraint, by the red dots in Figure 1, sampled with 15 sets in the 5-level full-factorial design.

6 9

17

The experimental analyses are then performed on these selected configurations. The
same points are used to derive an interpolation of the experimental data, with
Response Surface Methodology (RSM), and exploited in the optimization procedure.
For example, if the main goal is the maximization of the electrical conductivity o, the
optimization algorithm is applied to the RSM interpolation of the measured DC
- - conductivity f7(x;,x2), suggesting the solution x;=0 and x,=12.

Figure 2. RSM interpolation of &
as a function of fillers percentage 3. ACkn()Wledgement'

(colour-map) together with the The H2020-MSCA-RISE-734164-Graphene 3D project is acknowledged for the
experimental data (black circles). fun dlng of the research.
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Shape memory polymers (SMPs) is an emerging class of smart materials, which are of special interest due to
their ability to return to their original shape after being subjected to an external stimulus, such as mechanical
stress, electric or magnetic fields, temperature, among others [1]. Among the shape memory polymers,
thermoplastic polyurethane (TPU) stands out for its easy processability and versatility, which raises its range of
final shapes and applications, including membranes, medical implants, smart stents and artificial muscles [2].
TPU is a multiblock copolymer and its morphology is composed by rigid and elastomeric immiscible segments
highly dependent on thermodynamic parameters, leading to a phase separation and forming domains[3]. The
elastomeric segment (soft domain) is associated with a polyol or a long chain diol, while the hard domain refers
to the intercalation of a diisocyanate and a chain extender. However, the low stiffness, tensile strength, thermal
and electrical conductivity are still some of TPU limitations. In addition, the use of temperature as the main type
of stimulus for the returning into the original shape narrows its application. In this scenario, the incorporation of
nanomaterials is widely explored in the literature in order to obtain composites with superior final properties.

In this study, 0.1 wt.% of graphene nanoplatelets (GNP) and multilayers graphene oxide (mGO) are incorporated
into TPU by polymer solution casting, and a contribution on the phase separation of these domains is observed.
This phenomenon is even more pronounced when these graphene-based nanocomposites are submitted to
annealing at 110 °C for 24 hours, suggesting a good interaction between the fillers with both soft and hard
domains. To elucidate the relationship between the hard and soft phase separation and the shape memory
properties, the samples were characterized within a rheometer, by selecting well defined thermal cycles. As
consequence, after annealing, both nanocomposites (TPU+GNP and TPU+mGO) presented better performance
in SME regarding the increase on shape recovery ratio (Rrec) in more than 3%. All nanocomposites maintained a
high strain during SME programming, even higher than that presented by pure TPU, before and after annealing,
indicating a direct influence of the graphene-based nanostructures on the shape memory effect.
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The polymer used in this study for the compounding formulation was IngeoTM Biopolymer PLA-3D850
(Nature Works, Minnetonka, MN, USA). Four types of carbon nanofiller were chosen to manufacture the
nanocomposites: (1) industrial graphene TNIGNP (Times Nano, Chengdu, China); (2) industrial MWCNTs —
TNIMH4 (Times Nano, Chengdu, China); (3) graphene — TNGNP (Times Nano, Chengdu, China); and (4)
MWCNTs — N7000 (NC7000TM series, Nanocyl® SA, Sambreville, Belgium). The four types of nanofillers,
with different size, shape, aspect ratio and specific surface area, were used in order to estimate the influence of
their characteristics on the nanomechanical properties of the obtained mono-filler (PLA/MWCNT and
PLA/GNP) and bi-filler (PLA/MWCNT/GNP) nanocomposites up to 6 wt%. The mono and bi-filler
nanocomposites were processed, using the melt extrusion method trough preparation of masterbatches and
further dilutions. In order to prepare films, pellets were dried, followed by hot pressing. The obtained samples
were with around 150 microns of thickness. Nanoindentation and nanoscratch tests were performed on Hysitron
TI 980 instrument (Bruker, MN, USA). The nanoindentation measurements were done to minimum five selected
areas of each composite film, with size of each indented area of 70 um x 70 um, grid of 7 x 7 indents and
spacing of 10 pum. The maximum force of 1500 um and spacing were carefully selected so that individual
indents did not affect each other. The results shows that the sample filled with 6 wt% of MWCNTs have a
maximum improvement for the hardness and Young’s modulus, in comparison with the PLA. The samples with
hybrid combination of both nanofillers MWCNTSs and GNP (1:3, 1:1 and 3:1), also shows improvement, but no
synergistic effect is observed. Coefficient of friction at scratch (COF) is calculated from the ratio of the exerted
lateral force during material plowing to the constant normal force set in load function and it could measure the
surface resistance of a composite against scratch. Figure 1 presents 3D SPM topography image of nanoscratch
test trace, made on the surface of 3 wt.% MWCNT/3 wt.% GNP/PLA composite sample. The maximum
improvement is reached for the COF at scratch for two bi-filler composite films containing 1.5 wt.%
MWCNT/4.5 wt.% GNP/PLA and 4.5 wt.% MWCNT/1.5 wt.% GNP/PLA. Synergy effect with combining
GNPs and MWCNTs is found pointing out higher scratch resistance of the bi-filler composites compared to
mono-filler composites, with same carbon loading.

Figure 1. 3D SPM topography image of nanoscratch test trace, made on the surface of 3 wt.% MWCNT/3 wt.% GNP/PLA composite
sample
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Fragmented multi-layered graphene films were directly synthesized via chemical vapor deposition (CVD) on
dielectric substrates with pre-deposited copper catalyst. We demonstrated that the thickness of the sacrificial
copper film, process temperature and growth time essentially influence the integrity, quality, and disorder of the
synthesized graphene.

Atomic Force and Kelvin Probe Force Microscopy measurements revealed the presence of nano-
agglomerates and charge puddles. The potential gradients measured over the sample surface confirmed that the
deposited graphene film possesses a multilayered structure, which was modelled as an ensemble of randomly
oriented conductive prolate ellipsoids (see Fig.1). THz time domain spectroscopy measurements gave ac
conductivity of graphene flakes and homogenized graphitic films of around 1200 S/cm and 1000 S/cm (see
Fig.2), respectively. Our approach offers a scalable fabrication of the graphene structures composed of graphene
flakes and having effective conductivity sufficient for a wide variety of THz applications[1,2].
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Fig. 1. Top view SEM image of CVD Graphene islands on dielectric.
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Fig. 2. Calculated conductivity of the graphene flakes and theoretical conductivity obtained by Kubo formulas at chemical potential 1.2
meV.
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Recently, electromagnetic interference (EMI) has become a critical problem for electric devices, medical
systems, high quality information and safety technologies, etc. EMI can degrade the performance of a system or an
equipment and in order to solve this problem the development of EMI shielding materials received increasing attention.
Due to the wide impact of telecommunications, several economically heavy industrial sectors are likewise eager
on the progress of EMI shielding materials. These technological fields demand not only efficient shields, but
also properties of materials. For example, chemical and corrosion resistance, lightweight, flexibility, tunable
morphology, processing easiness, and inexpensiveness are requirements that materials must fulfill in order to be
applicable in flexible electronics or in aerospace and automotive industries [1-2].

Graphite, carbon black and carbon fibers were the first to combine with polymers for the fabrication of
EMI shields. After discovery of the unique properties of graphene, new possibilities for research and
development of polymer nanocomposites have been opened up. The sphere of application of the innovative
polymer nanocomposites produced by using other graphene and carbon nanostructures is enormous, since such
nanocomposites can be characterized by extraordinary multifunctional properties [3], which further increases the
number of products applied in innovative technologies. Based on the composition and processing complexity, a
serious question for mass production of such nanocomposites is how control over the structure, dispersion
degree, and morphology will be exercised, so that a material with best properties is produced. In our research,
we have synthesized reduced graphene oxide (with good mechanical and electrical properties) for well
distribution into matrix.

Polymer nanocomposites obtained by mixing the calculated amounts of Polydimethylsiloxane (PDMS) and
reduced graphene oxide (RGO) (Figure 1). The mixture evaporated and dried. Then obtained solid composites
used for further research.

As studies show, RGO/Polymer composite absorb energy particularly efficiently in the range of 0.5-6 GHz
(Figure 1) which includes: TV broadcasting, GSM, WIFI, 3G, 4G, and 5G irradiation ranges. It is advisable to
continue studies to increase the absorption coefficient in the relatively low-frequency range (50 MHz-1 GHz).
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Fig. 1. Micrographs of reduced graphene oxide
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1. Abstract

Graphene is an attractive material for optoelectronics due to its broadband absorption and high carrier
mobility [1]. With only an atomic layer of material, graphene offers the possibility for extremely fast and
broadband electro-optical devices. Two graphene layers separated with a few nanometers-thin dielectric layer
create a capacitor, which has been successfully demonstrated for signal modulation of tens of Gb/s [2]. For
doped Si-waveguides, it is enough to have one graphene layer since the waveguide can act as a second capacitor
plate [3]. Spectral filtering on Si can be obtained by a Bragg grating located along the waveguide [4]. Another
spectral filtering approach is based on arrayed waveguide grating [5]. They are of special interest due to their
flexibility in parameter choices and the possibility of fabrication with the same step as the waveguide, and no
additional space is required on the chip. The interest in silicon nitride as an optical material has increased
recently. Especially, SizNs waveguides feature broadband transparency and low losses compared to
conventionally used Si waveguides. This allows silicon nitride to be used in nonlinear and quantum systems.
However, the process of graphene transfer or growth on top of silicon nitride can still be improved. This work is
devoted to research on nanostructured silicon nitride waveguides (Fig. 1) combined with graphene for electro-
optical modulation.

Fig. 1. Cross section SEM image of the nanostructured Si;N4 waveguide.
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1. Introduction

In this study, we consider polymer composites based on two different matrices with the same fillers in terms
of electrical conductivity. The study does not aim at a comparison between the two polymers, the focus is on the
effect of the fillers on different polymer matrices. Unconventional polymer nanocomposites based on PLA and
PVDF, made of multi-walled carbon nanotubes (MWCNT), graphene nanoplates (GNP), and a combination of
the two fillers (MWCNTSs / GNPs) have been developed.

The method chosen to obtain the nanocomposites is by melt extrusion. Monofill nanocomposites (GNP /
polymer and MWCNT / polymer) with 6% by weight of filler content as basic mixtures are produced.
Composites with bi-fillers with a total filler content of 6% by weight are prepared by mixing the two fatty
mixtures with a mono-filler in a suitable ratio. The resulting composites were extruded on a Thermo Scientific
Process 11 Parallel Twin-Screw Extruder. The radar temperatures in the extrusion of composites with PLA
matrix were in the range of 170-180 ° C, and in the extrusion of PVDF in the range of 160-170 ° C.

2. Results and Discussion

Figure 1 shows the DC electrical conductivity for PLA and PVDF fibers reinforced with various
combinations of thread-shaped carbon fillers used. It should be noted the more pronounced influence of
MWCNT in increasing electrical conductivity.[1] The difference in the conductivity of pure polymers and
composite materials is several orders of magnitude higher. This can be explained by obtaining functioning
electrically conductive paths between the individual nanoparticles, thus changing the insulator to a conductor,
making the passage of electrons.[2] From the graphs we notice that the two groups are differently influenced by
the fillers. While in the group with the PVDF matrix we report better conductivity in monofilters, in the case of
PLA-based composites the bi-fillers clearly achieve better conductivity.[3]
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Fig. 1 Presented in DC the conductivity of shaped fibers at 6% by weight concentration of the filler with PLA and PVDF matrices.
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1. Introduction

Polymer nanocomposites are produced by using nanomaterials, mostly nanoclays, carbon nanotubes, nanofibers,
nano-oxides, and polymers, mostly epoxy resin, polyamide, light polyolefin. The relevant market size was
valued at around USD 8.66 billion in 2021 and will exhibit a growth rate of over 19.1% CAGR from 2022 to
2028 [1]. Main driving forces are still the packaging and automotive industrial sectors.

Inside this big market, a growing interest is addressed towards graphene as alternative to carbon nanotubes,
towards biodegradable polymers, and to provide specific properties for more sophisticated application. In
parallel, with respect to technological advances, the 3D printability of these composites is a major objective. The
above systems are the object of the Horizon RISE project Graphene 3D [2]. Moving from the imminent
conclusion of this project, we will try to bring some considerations up for discussion on the world of nanocarbon
filled polymer composites.

2. Nanocarbon polymer composites

Even if limited to this class of composites, the academic literature is overflowing in terms of papers dealing with
this subject. Really, if changing a single filler or coupling two of them, or changing the polymer matrix, or the
manufacturing technique allow to write a new publication, it’s not surprising.

However, it seems to us that, despite this huge amount of papers, less attention is devoted to profit from the
specificity of nanocarbon fillers, i.e. the fact that, differently from chemical substances, you can change their
size and shape and look for the effect of this change on the properties of the manufactured composite. We still
need systematic studies comparing, for instance, the effect of aspect ratio or purity of the nanocarbon filling the
polymer. It has been demonstrated that the aspect ratio of graphene strongly affects mechanical properties [3].

Moreover, playing with carbon nanotubes you can change length, diameter, thickness to find the best
geometric parameters providing the best features for each application.

2. Future outlook

The world of nanocarbons is really unlimited. Carbide Derived Carbon allows a hierarchial control of porosity,
the preparation of tridimensional carbon aerogel is very versatile, microporous template nanocarbons [4] show
extremely high surface area. On the other hand, cheaper nanocarbon (carbon black, active carbon graphite, char)
could substitute expensive high aspect ratio carbon nanotubes and graphene platelets, by controlling the
morphology and excluded volume of the polymer network, instead of the morphology of the filler. The
potentiality of fullerene was perhaps underestimated. We should come back to reconsider these potential
nanofillers.

Bio-char, a low cost carbon based material obtained by pyrolysis of different cellulosic matrices could
substitute much expensive carbon nanofillers to improve mechanical and electrical properties [5], but also
reducing the relevant negative waste impact. Moreover, carbon nanotubes and graphene may be integrated into
natural-fibre-reinforced polymer composites and wood-—plastic composites [6].

4. Conclusion

Examples of future challenges for nanocarbon polymer composites will be collected and discussed in the poster
which this abstract is relevant to. Future challenges will be also the footprint of a Joint lab on nanocarbon filled
composite materials to be established by the Consortium Graphene 3D as a fallout of the mentioned project [2].
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Poly(lactic acid) (PLA) is one of the most widely used polymers during the last years which finds
versatile applications in packaging, pharmaceutical, textiles, engineering, chemical industries, automotive
composites, biomedical and tissue engineering fields. However, the low mechanical properties limit the number
of its applications. In this context, carbon-based nanomaterials, offer the potential to combine PLA properties
with several of their unique features, such as high mechanical strength, electrical conductivity, thermal stability
and bioactivity and a significant research has dealt with the use of fillers for improving the properties of PLA [1-
3]. In the present work, two- and three-component PLA-based nanocomposites with carbon nanotubes and
graphene have been developed by the method of melting carbon fillers into the polymer matrix suitable for FDM
3D printing. In particular, the effect of nanoparticles, such as two different types of carbon nanotubes, graphene
and their combination, on nanomechanical, permeability and conductive properties of PLA nanocomposites
prepared by the melt blending method was investigated. Results show a remarkable improvement in the thermal
conductivity of graphene-based composite. RX analysis show that in presence of GNPs and at low concentration
of MWCNTSs an increase of the size of the bundles (d1) is observed. Moreover, g2 and d2 values suggest an
increase of the distance between MWCNTSs in the PLA matrix, as decreasing the content of MWCNTSs and
increasing the content of GNPs. Water permeability tests of the developed films show a good improvement in
water barrier properties, mainly due to the effect of GNPs which reduce the diffusion of water molecules
through the polymer matrix. Results of conductivity tests suggest that a combination of conductive carbon fillers
(MWCNT and GNP) in an equal weight ratio leads to the formation of a more effective percolation path: a
conductive network can be formed thanks to the flexible MWCNTS rods that are bridged between the planar
GNP nanoplatelets

Nano-indentation tests performed with a new rapid type of nanoindentation show that a synergistic effect
was found on the combination of graphene with carbon nanotubes on the mechanical properties of
nanocomposites based on PLA. This mechanical reinforcement of the nanocomposites is probably related to the
specific structure and geometry of the particles of the hybrid fillers, the interactions between the fillers, the
effect of the concentration of carbon nanoparticles and the processing method.
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During the last forty years, which increased significantly with the advent of nanostructured carbon-based
conductive materials, light, highly conductive and easy-to-obtain fillers have broadened the spectrum of
materials that had been used up to that time, opening up the possibility of greater development of
multifunctional materials. In particular, the carbonaceous fillers, homogeneously dispersed within a polymer
matrix, immediately represented a valid alternative to the metals used in the field of piezoresistive systems. A
significant challenge for the scientific community is represented the by the achievement of an effective
percolation pathway, which allows the passage of an electric current at the lowest percentage of filler
(percolation threshold). Generally, a conductive composite can be obtained by exploiting the concept of
segregation of filler in the polymeric matrix.

Selective Laser Sintering (SLS) 3D printing is one of the most interesting technology, able to build up easily
the segregated filler network, starting from polymeric powder adequately prepared. It is focused on the sintering
of polymeric particles by a laser in the classic layer-by-layer mode. In this work it was investigated the
possibility of obtaining piezoresistive materials printed with 3D SLS using thermoplastic polyurethane (TPU) as
a polymer matrix and graphene nanoparticles (GE) and multiwalled carbon nanotubes (MWCNTS) as
conductive filler, evaluating the effect of different geometries and porosities (from 20% to 80%) and different
shape of the conductive filler (i.e. 1D filler and 2D filler). Porous systems were printed using TPU modified
with 1wt% of GE and starting from Diamond (D), Gyroid (G) and Schwarz (S) geometries for the building up of
systems with regular porosity.

3D printed TPU products with MWCNTs and a mixture of the two fillers, again at 1wt% but with a
proportion of 70/30 wt/wt MWCNTS/GE with geometries D and G, in order to investigate a possible synergistic
effect of the two conductive fillers. The results showed that the porous structures based on TPU with 1wt%
MWCNTSs/GE exhibit excellent electrical conductivity and mechanical strength. In particular, all the porous
structures show a robust negative piezoresistive behavior, with a GF values of about -13 at 8% deformation.
Moreover, the G20 porous structures (20% porosity) show microwave absorption coefficients ranging from 0.70
to 0.91 in the 12-18 GHz region and close 1 in the THz (300 GHz - 1 THz) frequency region. The results show
that the simultaneous presence of MWCNT and GE brings about a significant improvement in the
multifunctional properties of porous structures, which are piezoresistive actuators for potential application in the
field of prostetic devices.
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Carbon nanostructures possess the unique properties, such as low density, high conductivity, high
chemical, thermal and mechanical stability, because of which an interest towards them is constantly increasing.
These materials can be used for producing diverse novel materials with perfect optical, electric, mechanical and
magnetic properties.

Graphene has a great attention in the recent research innovations mainly due to its unique properties, which
is composed of one-atom thick sheet of hexagonally arrayed sp? carbon atoms [1]. The synthesis of perfect
graphene is complicated process that is why pure graphene is very expensive. Therefore, graphene is often
replaced by graphene oxide or reduced graphene oxide. The work focuses on a method of synthesis of reduced
graphene oxide granules, which can use as nanofiller in polymer matrix. It is known that polymer
nanocomposites reinforced with graphene nanofillers have better mechanical, thermal and electrical properties
than pure polymer materials [2]. According to the aim, some corrugated spherical structures/granules of
reduced graphene oxide were produced by a dispersion/drying method. The reduced graphene oxide suspension
produced by an improved Hummers’s method (figure 1), was mixed on a magnetic stirring and delivered by a
peristaltic pump to the granulation zone at a speed 10-20 ml/min. The granulation zone temperature is kept
within 40-150°C. The suspension was dispersed by compressed air up to 3 atmospheres. The produced granules
were accumulated in a receiver, and for the purpose of final removal of the solvent was additionally dried in the
vacuum oven. The engineered reduced Graphene oxide were analyzed and the materials identification and
structural-morphological characterized by XRD, TGA, UV, Raman and SEM.
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Fig. 1. llustration of the preparation of GO

Acknowledgement.
The financial support of the H2020 MCA RISE project “Graphene-3D”, Grant No. 734164, is gratefully acknowledged.

References
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666—669,
2004;

2. Andrew T.Smith, Anna Marie LaChance, Songshan Zeng, Bin Liu, Luyi Sun. Synthesis, properties,
and applications of graphene oxide/reduced graphene oxide and their nanocomposites. J. Nano
materials Scvience, 1 (1), 31-47, 2019;

74



31 July — 5 August 2022 Holiday Centre Huhmari, Polvijérvi, Finland 75

Synthesis of highly amorphous polyvinyl alcohol/reduced
graphene oxide nanocomposite with promising electrical
percolation threshold

R. Adami'*, P. Lamberti?3, M. Casa*, N. D’Avanzo?, M. Sarno’?, D. Bychanok®, P. Kuzhir’, C. Yu?, H.
Xia8, P. Ciambelli*

1Department of Physics, University of Salerno.
2Department of Information and Electrical Engineering and Applied Mathematics, University of Salerno.
SCentre NANO_MATES, University of Salerno.
“Narrando srl, Via Giovanni Paolo 11, 132, 84084 Fisciano (SA), Italy
®Research Institute for Nuclear Problems Belarusian State University (Belarus)
"Dept. of Physics and Mathematics, University of Eastern Finland (Finland)
8State Key Lab of Polymer Material Engineering, Sichuan University, Chengdu, 610065, Sichuan, P.R. China
*radami@unisa.it

1. Introduction

The novel high amorphous polyvinyl alcohol (HAVOH) is water soluble, biodegradable polymer and has good
compatibility with most inorganic/organic fillers. It has excellent extrusion processability, ease of use in coating,
and oxygen barrier properties and has been patented and commercialized with the trade name G-Polymer. It has
been studied in a blend with chemically-modified organoclays [1] and as modified matrix loaded with
multiwalled nanotubes [2]. HAVOH/rGO composites can be considered commercially competitive compared to
benchmarks in several fields, as electrically conductive composite materials, electromagnetic shielding and
additive manufacturing, therefore it is interesting to study G-Polymer/reduced graphene oxide (rGO)
nanocomposite obtained by solution blending process of HAVOH and Graphene Oxide (GO) water solutions
and a subsequent ‘in situ’ reduction of GO.

2. Results and discussions

The HAVOH/rGO nanocomposite was prepared by mixing of two water
w e s . solutions, containing GO and G-Polymer respectively, in order to obtain
N = 20%wt of GO. The solid composites, then, underwent thermal treatment for
w4 ‘in situ” GO reduction for different times [3]. After the optimization of the
o reduction time, HAVOH/rGO composites with different concentrations in
e I order to evaluate the electrical conductivity of the materials. The materials
R B obtained were mechanically grinded and hot pressed, then bone-like samples
el LOZMI:...'.L o == were modeled in order to evaluate mechanical properties of the
Fig. 1. Percolation curve for nanocomposites. The obtained nanocomposite presents low percolation
HAVOH/rGO nanocomposite threshold (~ 1.7 %) and high electrical conductivity (~ 1 S/m, Fig. 1) due to

the uniform dispersion in the polymer matrix as a result of the solution
blending process and the good reduction level of GO. Already at 9 wt% of rGO the conductivity of the
nanocomposite is 1 S/m, 3 order of magnitude higher than the reference value of PVA/rGO system [4] and not
far from the conductivity of Black Magic filament, that is a traded system composed by poly lactic acid,
graphene and nanotubes. For higher percentages a random value of conductivity is showed, probably for the
degradation of samples.

rical Conductivity [S/m]

3. Conclusions

In consideration of the processability of G-Polymer, the conductivity obtained by using rGO as filler and the
low percolation threshold, the nanocomposite produced is a good candidate for 3D-printing of conductive
structure, that can be used for packaging and electromagnetic shielding.
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In recent times, the concept of anapole has gain significant consideration in the area of photonics due to its ability as
a non-radiating state of light which is induced by interference of the electric and toroidal dipole moment [1]. These electric
and toroidal dipoles have identical energy but oscillate out of phase and cancel each other. Being able to produce/tune a
meta-atom lattice of a metasurfaces for it to have a high-Q resonances will potentially increase the improvement of the
interactions between light and matter in both microwave and terahertz regions of the meta-atoms for sensing applications
[2,3].

We present metamaterial structure comprises of a periodic array of anapole-type metasurface of free-standing
membrane of Si and patterned with a doped layer of graphene as a novel sensing principle in the THz range as shown in
Fig.1.

| . o Figure 1: 2D view of metasurface of free-standing Si membrane with
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The spectral position of anapole modes shaped of a periodic-spherical silicon meta-atom is first investigated without
graphene layered and when patterned with highly doped graphene sheet with THz-TDS in both transmission and reflection
mode. Our simulations and experimental data reveal that our modeled transmission and reflection spectra of the structure
at the normal incident angle up to 1THz structure has very high Q-factor, anapoly-type behavior, and resonances of
absorption in THz range. Higher resonances were observed at frequencies up to 1 THz range in a normal incidence of
THz beam for both with and without graphene. However, there was enhancement when graphene was transferred on the
structure.

This shows that our anapole metamaterial spectra do not depend on the angle of the incident reflection measurements
and dependence on incidence angle. However, changing the chemical potential of graphene or conductivity of silicon,
produces hysteresis of resonant frequency because of hybridization of mode of particles and graphene impedance.
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