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CCTN14: Ninth International Symposium on
Computational Challenges and Tools for Nanotubes

Sunday June 1, 2014
EEB 132
3740 McClintock Ave.
Los Angeles, CA

CCTN14 Organizers

Steven G. Louie
(University of California at Berkeley, USA)
Hisashi Nakamura
(Research Organization for Information Science & Technology (RIST) Tokyo, Japan)
David Tomanek
(Michigan State University, USA)

Scope

This satellite symposium of the NT14 conference focuses on quantitative understanding
of unique physical properties of nanotube systems using advanced computational
approaches. We will highlight the computational challenges in modeling these systems
and discuss new tools to master these challenges. We intend to feature significant
advances in theoretical understanding, in computational approaches and algorithms, as
well as new hardware, including the upcoming generation of high-performance
computers, capable of tackling these challenges.

Invited speakers

Jerry Tersoff
(IBM Yorktown Heights)
Jerry Bernholc
(North Carolina State University)
Young-Woo Son

(Korea Institute for Advanced Study)
Igor Bondarev

(North Carolina Central University)

Toma Susi
(University of Vienna, Austria)
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Scaling of Metal-Nanotube Contacts
Jerry Tersoff, Vasili Perebeinos

T.J. Watson Research Center, IBM, Yorktown Heights, NY, United States
tersoff@us.ibm.com

For carbon nanotube transistors to compete with silicon, they must be integrated with
very high device density. This route is being actively pursued, but there are challenges in
scaling devices to the required size and spacing. Perhaps the most important, and least
understood, is the transfer length over which electrons transfer from the metal to the
nanotube. Devices with contacts much shorter than this transfer length have
proportionally increased contact resistance. Unfortunately, the measured length is
surprisingly long, roughly 100nm, much larger than the desired contact lengths. We
predict that the transfer length under realistic device conditions is actually much shorter
than the measured value, because the transfer length shrinks with decreasing tube
diameter and increasing bias voltage. The physical mechanisms will be discussed.

Device integration also requires closely-spaced arrays of tubes, with several tubes per
device, to give adequate drive current. We find that with scaling of the tube spacing
toward smaller pitch, there is a structural transition to a geometry in which the metal
poorly wets the nanotube and substrate. This gives a sudden decrease in contact adhesion,
and probably also an increase in contact resistance. Several interesting aspects of the
wetting geometry will be discussed.
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Electronic Structure and Electron Transport in Carbon-Based
Nanosystems

Jerry Bernholc

Center for High Performance Simulation and Department of Physics, North Carolina State
University, Raleigh, North Carolina, United States
bernholc@ncsu.edu

The development of molecular-scale devices and circuits can be significantly enhanced
by predictive simulation and by formulating generic principles that will aid in their
design. This talk describes three recent examples: (1) We discuss the electronic structure
and spin polarization of nitrogen-doped carbon nanoribbons, which are candidate
materials for ultrahigh speed electronics. It turns out that only certain classes of nearly
perfect nanoribbons are suitable for devices. (i1)) We investigate electron transport in DNA
and the effects of base-pair matching, solvent and counterions. All of these dramatically
affect the conductivity of the system, which explains the wide range of results observed
experimentally. (ii1)) We consider molecular sensors based on carbon nanotubes and
describe configurations based both on direct attachment (physisorption and
chemisorption) and indirect functionalization via covalent and non-covalent linkers.

In collaboration with Y. Li, B. Tan, J. Jiang, M. Hodak, W. Lu and P. Boguslawski.
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Interactions in interlayer spaces of layered materials

Young-Woo Son

School of Computational Sciences, Korea Institute for Advanced Study, Seoul, Republic of
Korea
hand@kias.re.kr

Many layered materials such as multilayered graphene, BN, and MoS, have distinct
physical and chemical properties related with interactions between layers. In this work, |
will present our recent theoretical works related with delicate interactions between layers
themselves and with inserted liquids in interlayer spaces. First, depending on
characteristics of layer interactions, it is shown that the responses of layered materials to
external mechanical forces vary greatly ranging from weakly compressible, completely
compressible to auxetic spacing variations ). Second, when water can immerse into
interlayer spaces of graphene oxide, the formation of ice layers and their dislocations are
shown to depend on interlayer distances critically ), which may provide a clue to explain
a recent experiment ! on the peculiar water dynamics in graphene oxide.

[1] S. Woo and Y.-W. Son, in preparation.
[2] D. W. Bouhkvalov, M. 1. Katsnelson, Y.-W. Son, Nano Lett. 13, 3930 (2013).
[3] R. R. Nair et al, Science 335, 442 (2012)
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Relative stability of excitonic complexes in quasi-one-
dimensional semiconductors

Igor Bondarev

Math & Physics Department, North Carolina Central University, Durham, North Carolina,
United States
ibondarev(@nccu.edu

The (asymptotically exact) Landau-Herring approach [ that was first implemented
earlier in Ref.[3] to evaluate the biexciton binding energy in small-diameter carbon
nanotubes (CNs), is now used to derive a universal asymptotic relationship between the
lowest energy trion (charged exciton), biexciton and exciton binding energies in quasi-
one-dimensional (1D) semiconductors. The model operates in terms of the under-barrier
tunneling current between equivalent configurations of the system in the configuration
space. It allows one to interpret theoretically and thus to understand some important
relative stability peculiarities of neutral and charged exciton complexes in quasi-1D
systems, such as why in semiconducting quantum wires the positive trion binding energy
is less than the biexciton binding energy '**!, whereas in CNs the binding energy of the
trion (negative or positive) is greater than that of the biexciton ™. For CNs with
diameters ~1 nm, the model predicts the trion binding energy greater than that of the
biexciton by a factor ~1.4 decreasing with the diameter, in reasonable agreement with the
latest non-linear spectroscopy measurements of Refs.[7,8] [1.46 for the (6,5) CN and 1.42
for the (9,7) CN, respectively].

This research is supported by the US Department of Energy (DE-SC0007117).

[1] L.D. Landau and E.M. Lifshitz, Quantum Mechanics (Pergamon, Oxford, 1991).
[2] C. Herring, Rev. Mod. Phys. 34, 631 (1962).

[3] I.V. Bondarev, Phys. Rev. B 83, 153409 (2011).

[4] B. Szafran, et al., Phys. Rev. B 71, 235305 (2005).

[5] H. Zhang, M. Shen, and J.-J. Liu, J. Appl. Phys. 103, 043705 (2008).

[6] R. Matsunaga, K. Matsuda, and Y. Kanemitsu, Phys. Rev. Lett. 106, 037404 (2011).
[7] B. Yuma, et al., Phys. Rev. B 87, 205412 (2013).

[8] L. Colombier, et al., Phys. Rev. Lett. 109, 197402 (2013).
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Silicon-carbon bond inversions driven by 60 keV electrons in
graphene

Toma Susi, Jani Kotakoski, Demie Kepatsoglou, Clemens Mangler, Tracy C. Lovejoy,
Ondrej L. Krivanek, Recep Zan, Ursel Bangert, Paola Ayala, Jannik C. Meyer,
Quentin Ramasse

Faculty of Physics, University of Vienna, Vienna, Austria
SuperSTEM Laboratory, STFC Daresbury Campus, Daresbury, United Kingdom
Faculty of Physics, University of Vienna, Vienna, Austria
Nion Co., Kirkland, Washington, United States
School of Materials, University of Manchester, Manchester, United Kingdom
Faculty of Physics, University of Vienna, Vienna, Austria
SuperSTEM Laboratory, STFC Daresbury Campus, Daresbury, United Kingdom
toma.susi@univie.ac.at

Single-layer graphene is arguably an ideal material for atomic resolution electron
microscopy. But even in the so-called ’gentle’ conditions used for atom-by-atom
investigations, beam damage effects cannot be neglected. Imperfections such as doping
also change the effect an electron beam has on the atomic structure of graphene, as we

have recently shown for nitrogen substitutions !,

We now demonstrate that 60 keV electron irradiation drives the diffusion of threefold
coordinated Si dopants in graphene by one lattice site at a time *. First principles
molecular dynamics simulations reveal that each step is caused by an electron impact on
a C atom next to the dopant. Although the atomic motion happens below our
experimental time resolution, stochastic analysis of 38 such lattice jumps reveals a
probability for their occurrence in a good agreement with the simulations.

Conversions from three- to fourfold coordinated dopant structures and the subsequent
reverse process are significantly less likely than the direct bond inversion. Our results
thus provide a model of non-destructive and atomically precise structural modification
and detection for two-dimensional materials.

[1] T. Susi, J. Kotakoski, R. Arenal, S. Kurasch, H. Jiang, V. Skakalova, O. Stephan, A. V.
Krasheninnikov, E. I. Kauppinen, U. Kaiser, and J. C. Meyer, ACS Nano 6, 8837 (2012).
[2] T. Susi et al., submitted (2014)
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Carbyne: The physics of one-dimensional carbon

Vasilii I. Artyukhov, Mingjie Liu, Fangbo Xu, Boris 1. Yakobson

Department of Materials Science and NanoEngineering, Rice University, Houston, Texas,
United States
artyukhov@rice.edu

We investigate the physical properties of carbyne using first principles calculations.
Under tension, carbyne displays an extreme stiffness, beating all known materials in
specific stiffness and strength. With respect to bending, despite its one-atom thickness,
carbyne behaves as a stiff rod at length scales below its persistence length ~ 14 nm (room
temperature). The cylindrical symmetry of carbyne makes it a challenge to define a
torsional deformation but can be broken via attachment of "handles" at the chain ends,
whereupon the chemical nature of these handles determines whether they will rotate
freely or if the system will behave as a beam with a finite tensile stiffness. Based on these
three fundamental deformations we produce a comprehensive equivalent continuum-
mechanics representation for carbyne . Mechanical deformations also have a profound
effect on the electronic properties of carbyne 2. Under tension, the Peierls dimerization
of carbyne (responsible for the symmetry-breaking transition from metallic cumulene
phase to dielectric polyyne) quickly increases, and so does the band gap. We explain this
unusual phenomenon using a simple yet general analytical model, applicable to all Peierls
systems. We also find that stretching strongly affects the transport properties of carbyne,
decreasing the mobility as the electron—phonon coupling gets enhanced—however, due to
an unusually low effective mass, the mobility remains high compared to conventional
materials. By further adding the quantum zero-point motion of atoms into the picture, we
show how the Peierls ground state gets destabilized in free carbyne, restoring the metallic
cumulene structure, yet a moderate stretching reverses the balance, causing a tension-
driven metal-dielectric transition. In another mode of deformation, twisting a carbyne
chain with sp® handles by 90 degrees causes a singlet—triplet spin transition. This
combination of carbyne's unique electro/opto-mechanical properties entails many
interesting applications in nanoscale mechanical, electronic, and spintronic components,
which however rely on the chemical stability of carbyne. To investigate this aspect, we
analyze the carbyne—carbyne cross-linking reaction !*! to estimate the possible lifetime
of this material.

[1] M. Liu, V.I. Artyukhov, H. Lee, F. Xu, and B.I. Yakobson, ACS Nano 7, 10075 (2013).
[2] V.I. Artyukhov, M. Liu, and B.I. Yakobson, arXiv:1302.7250

[3] G. Casillas, A. Mayoral, M. Liu, A. Ponce, V.I. Artyukhov, B.I. Yakobson, and M.
Yacaman, Carbon 66, 436 (2014).
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Graphenylene-based nanotubes

Andrew T. Koch, Saloome Motavas, Harrison D. E. Fan, Amir H. Khoshaman, George
Sawatzky, Alireza Nojeh

Electrical and Computer Engineering, University of British Columbia, Vancouver, British
Columbia, Canada
Physics, University of British Columbia, Vancouver, British Columbia, Canada
Electrical and Computer Engineering, University of British Columbia, Vancouver, British
Columbia, Canada
akoch@ece.ubc.ca

The electronic properties of a new type of carbon nanotube based on the graphenylene
motif were investigated using density functional and tight-binding methods. The structure
of a graphenylene nanotube consists of six-membered as well as four-membered rings of
sp” carbon atoms, with localized pi bonds fixed around the six-membered rings. As a
result, these nanotubes exhibit three distinct bond lengths between carbon atoms. They
also possess unique dodecagonal pores with ~5.4 A diameter. Analogous to conventional
graphene-based carbon nanotubes, a two-dimensional graphenylene sheet can be “rolled”
into a seamless cylinder in armchair, zigzag, or chiral orientations. The resulting
nanotube can be described using the familiar (n,m) nomenclature. Density functional
theory-based calculations predict zigzag graphenylene nanotubes to be small bandgap
semiconductors, with an increasing bandgap as the diameter decreases. Similar to
traditional carbon nanotubes, zigzag graphenylene nanotubes with indices mod(n-m,3)=0
exhibit a smaller bandgap than other zigzag graphenylene nanotubes with comparable
diameters. Interestingly, density functional calculations predict metallic behavior for
armchair graphenylene nanotubes with small diameters (< 13 A), and semiconducting
behavior with a small bandgap for armchair graphenylene nanotubes with larger
diameters.

[1]J. M. Soler et al. J. Phys.: Condens. Matter 14 2745 (2002)

[2] D. Porezag, T. Frauenheim, T. K. Kohler, G. Seifert, R. Kaschner, Phys. Rev. B 51,
12947—-12957 (1995)

[3] G. Brunetto et al. J. Phys. Chem. C, 116, 12810-12813 (2012)

[4] Q. Song et al. J. Mater. Chem. C, 1, 38 (2013)
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Spontaneous origami in multi-phase 2D phosphorus

Zhen Zhu, Jie Guan, David Tomanek

Physics and Astronomy Department, Michigan State University, East Lansing, M1, United
States
zhuzhen@msu.edu

Similar to graphitic carbon, phosphorus monolayers, dubbed phosphorene M, can be
exfoliated from layered black phosphorus. Phosphorene is a p-type semiconductor with a
significant band gap. It is stable, flexible, and displays a high carrier mobility !,
suggesting its potential use in 2D electronics. Most interesting, based on ab initio density
functional calculations, we found that phosphorus can form four different 2D structural
phases that are almost equally stable and may be inter-connected. Connection of two
planar phases resembles a sharp origami-style fold. This fold occurs naturally in this
multi-phase system, whereas in single-phase systems like graphene it requires the
presence of defect lines or lines of adsorbed atoms. We also find the possibility of
moving this fold by structural transformation from one allotrope to another, with an
unusually low activation barrier of <0.5 eV per bond. Since the electronic properties of
multi-phase phosphorene may also be tuned by in-layer strain, including a
semiconductor-to-metal transition, we postulate that origami-style folded phosphorene
should display an unprecedented richness in its electronic behavior.

[1] H. Liu et al. ACS Nano 8 (2014)
[2] Z. Zhu and D. Tomanek, Phys. Rev. Lett. (2014)
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Polygonal nanotubes of multi-phase layered phosphorus

Jie Guan, Zhen Zhu, David Tomanek

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan,
United States
ouanjie(@msu.edu

Similar to graphite, black phosphorus is a layered structure that can be exfoliated to
monolayers dubbed phosphorene!"). Similar to carbon nanotubes, which are related to
few-layer graphene, we propose the existence of phosphorus nanotubes formed of
phosphorene, Different from graphite, besides the black allotrope, layered phosphorus has
three stable structural phases, called blue-P [2], v-P and 6-P, which can be connected
naturally. The fact that connected structures do not lie in a plane allows us to design
nanotubes by connecting laterally nanoribbons of different phases. Unlike single-phase
nanotubes consisting of a layer rolled up to a cylinder, multi-phase phosphorene
nanotubes will have a polygonal cross-section.

Both single-wall and multi-wall phosphorene nanotubes may be constructed in this way.
The availability of more than one structural phase offers much larger structural richness
than the carbon counterpart with one single phase. Consequently, we find that the
electronic properties of phosphorene nanotubes depend not only on the chiral vector that
defines the edge structure, but also the presence of the individual phosphorene phases. In
analogy to the successful synthesis of carbon nanotubes by ball milling of graphite, we
believe that phosphorene nanotubes may be formed in the same way in an inert
atmosphere.

[1] H. Liu et al. ACS Nano 8 (2014)
[2] Z. Zhu and D. Tomanek, Phys. Rev. Lett. (2014)
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The influence of the curvature of surface and &t electrons on
adsorption of nanocarbons

Takumi Araki, Syogo Tejima, Shatoshi Nakamura, Hisashi Nakamura, David Tomanek,
Morinobu Endo

Division of Computational Science and Technology, Research Organization for Information
Science & Technology, Shinagawa, Tokyo, Japan
Physics and Astronomy, Michigan State University, East Lansing, Michigan, United States
Factory of Engineering, Shinsyu University, Wakasato, Nagano, Japan
araki@rist.or.jp

Nano carbons structures as CNTs, graphenes, fullerene, Mackay crystal and their
composite have been attracting scientists and engineers to finding of novel functional
materials for water technology and electronics.

We have investigated the adsorption of nanocarbons as adsorbent with varying their
surface curvature at adsorption point by use of ab initio simulation.

The adsorption of CNTs, fullerene, graphene and Mackay crystals, has been simulated for
Cesium, Cs, as adsorbate. The results show commonly that n-electron extending beyond
the surface of carbons plays important role for catching the valence 6s electron of alkali
metal Cs. The valence 6s electron of Cs flows into nanocarbon’s m orbitals. It helps for
nanocarbons to adsorb Cs stably by the charge transfer interaction. The surface curvature
of the adsorption point clearly influences on the adsorption strength. The adsorption
becomes more stable if curvature radius of CNTs increases. For the negative Gaussian
curvature of Mackay crystals, the adsorption is enhanced around octagonal rings among
the hexagons. This result points out that such a sophisticated configuration by the spread
of m electrons contributes to the adsorption strength.

The feature is useful for nanocarbon filter or film in novel water technology or future
carbon electronic materials.
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SWCNT Growth from Organic Precursors Without a Catalyst:
Possibilities and Limitations Revealed by Theoretical
Simulations

Hai-Bei Li, Alister J. Page, Stephan Irle, Keiji Morokuma

Department of applied chemistry, School of Ocean, Shandong University, Weihai,
Shandong, China
Discipline of Chemistry, School of Environmental and Life Sciences,, The University of
Newcastle, Callaghan, NSW, Australia
WPI-Institute of Transformative Bio-Molecules and Department of Chemistry, Nagoya
University, Nagoya, Nagoya, Japan
Fukui Institute for Fundamental Chemistry, Kyoto University, Kyoto, Kyoto, Japan
lihaibei@sdu.edu.cn

Our recent simulations of catalyst-free, chirality-controlled growth from
cycloparaphenylene (CPP) precursors are presented. We will show that different chemical
routes for chirality-controlled growth exist, and depend on the nature of the growth agent.
We demonstrate this phenomenon using acetylene (C,H,) and the ethynyl radical (C;H)
as growth agents, at temperatures ranging from 300 to 800 K. In the case of the ethynyl
radical, we observe a strong dependence of the SWCNT growth rate on the chiral angle.
This is consistent with a previously proposed screw-dislocation-like model of transition
metal-catalyzed SWCNT growth. However, the absence of a catalyst in this case indicates
that the SWCNT growth rate is an intrinsic property of the SWCNT edge itself.
Additionally, the ability of a SWCNT to avoid defect formation during growth is also an
intrinsic quality of the SWCNT edge, one that is maximized at lower temperatures.
However, using the ethynyl radical as the growth agent, the SWCNT diameter does not
influence the growth rate; acetylene-based growth is, on the other hand, strongly
diameter-dependent. We therefore predict the existence of a maximum local growth rate
for a particular (n,m) SWCNT at a given acetylene/ethynyl ratio.



MSIN14: Eighth International Workshop on Metrology,
Standardization and Industrial Quality of Nanotubes

Sunday June 1, 2014
SLH 100
831 Bloom Walk
Los Angeles, CA

Organizers

Ming Zheng
Ado Jorio
Hiro Kataura
Mildred Dresselhaus
Stephen B. Cronin

Scope

This satellite symposium is dedicated to the metrology, standardization and industrial
quality of carbon nanotubes and related materials. Adoption of a new material in industry
requires consistency and quality that can only be assured by international standards of
measurement. The research community also benefits from standard measurement
practices and quality in carbon nanotubes as it facilitates inter-laboratory comparisons of
research results. Development of protocols for the definition of sample parameters like
composition, purity, stability, homogeneity, dispersability, structural metrics are keys for
both research and applications of nanotubes and graphene. The MSIN13 workshop strives
to bring together the international stakeholders in measurement science and
standardization to build consensus on best measurement practices to assure consistency
and quality in the field of carbon nanotubes and graphene.

Invited Speakers

Alexander Balandin
Han Wang
R. Bruce Weisman
Stefan Strauf
Shigeo Maruyama
Junichiro Kono
Motoo Yumura
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Low-Frequency Current Fluctuations and 1/f Noise in
Graphene

Alexander A. Balandin

Department of Electrical Engineering, University of California - Riverside, Riverside, CA,
United States
balandin(@ee.ucr.edu

Low-frequency current fluctuations with the spectral density S(f)~1/f (f is the frequency)
is a ubiquitous phenomenon observed in a wide variety of electronic materials and
devices. This type of fluctuations, referred to as 1/f noise dominates the spectrum at
frequency below 100 kHz. Low-frequency 1/f noise limits the sensitivity of sensors and
makes the main contribution to the phase-noise of communication systems via its up-
conversion. It is now accepted that different fluctuation processes can be responsible for
1/f noise in various materials and devices. For this reason, practical applications of every
new material system require a thorough investigation of specific features of the low-
frequency noise in this material and developing methods for its reduction. It has already
been demonstrated that the low-frequency current fluctuations in graphene /' and thin
films of van der Waals materials *! reveal unusual gate bias dependence, which cannot be
described with conventional Hooge parameter or McWhorter model. In this talk, I will
review state-of-the-art in the 1/f noise field in graphene and van der Waals materials, and
describe possibilities for deeper understanding of 1/f noise offered by availability of
continuous atomically thin films. A long-standing question of importance for electronics
is whether 1/f noise is generated on the surface of conductors or inside their volumes.
Using graphene multilayers we were able to directly address this fundamental problem of
the noise origin. Unlike the thickness of metal or semiconductor films, the thickness of
graphene multilayers can be continuously and uniformly varied all the way down to a
single atomic layer of graphene — the actual surface. We found that 1/f noise becomes
dominated by the volume noise when the thickness exceeds ~7 atomic layers (~2.5 nm).
The 1/f noise is the surface phenomenon below this thickness ). We investigated
experimentally the effect of the electron-beam irradiation on the level of the low-
frequency 1/f noise in graphene devices. It was found unexpectedly that 1/f noise in
graphene reduces with increasing concentration of defects induced by irradiation ). The
bombardment of graphene devices with 20-keV electrons reduced the noise spectral
density by an order-of magnitude at a certain radiation dose 7] The noise reduction can
be explained within the mobility fluctuation mechanism. The obtained results are
important for the proposed applications of graphene in sensors and communications 7,

[1] G. Liu, et al., Appl. Phys. Lett., 95, 033103 (2009);

[2] S. Rumyantsev, et al., J. Phys.: Cond. Matter, 22, 395302 (2010);
[3] G. Liu, et al., Appl. Phys. Lett., 100, 033103 (2012);

[4] M.Z. Hossain, et al., ACS Nano, 5, 2657 (2011);



[5] G. Liu, et al., Appl. Phys. Lett., 102, 093111 (2013);
[6] M. Z. Hossain, et al. Appl. Phys. Lett., 102, 153512 (2013);
[7] A.A. Balandin, Nature Nanotechnology, 8, 549 (2013).
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The photophysics of excitons in single-walled carbon nanotubes has been the subject of
much recent interest. While large exciton binding energies are promising for
optoelectronic devices, photoluminescence quantum yields are rather low due to
dominant extrinsic nonradiative recombination of highly mobile excitons exploring
defects and dopants along the tube. As a result, spontaneous emission lifetimes (T;) of
20-200 ps, ultrafast exciton dephasing times (T;) of about 500 fs, and spectral linewidth
of several meV characterize the exciton emission in most experiments. The question
arises to what extend previous experiments probe for the true intrinsic properties of the
exciton dynamics and how one could reach deeper into the intrinsic regime. To this end
we have studied ultra-clean carbon nanotubes bridging an air gap over pillar posts . Our
measurements demonstrate the onset of a new regime of intrinsic exciton photophysics
with prolonged spontaneous emission times up to T;=18 ns, in agreement with values
first hypothesized by theorists about a decade ago *!. Furthermore, we measure for the
first time the exciton decoherence times of individual nanotubes in the time-domain and
found four-fold prolonged values up to T,=2.1 ps compared to ensemble measurements.
In addition, the exciton emission displays narrow spectral linewidth down to 220 eV,
which have recently also been independently confirmed and surpassed with even lower
values down to 40 eV Pl These first observations of an intrinsic exciton photophysics
regime in single-walled carbon nanotubes motivate new discussions about the magnitude
of the intrinsic dephasing mechanism while the observed prolonged exciton dynamics
and improved quantum yields are promising news for photonic device applications.

[1] L. Sarpkaya, Z. Zhang , W. Walden-Newman, X. Wang, J. Hone, C.W. Wong, and S.
Strauf, Nature Communications 4, 2152 (2013), doi:10.1038/ncomms3152.

[2] Spataru, C. D., Ismail-Beigi, S., Capaz, R. B. & Louie, S. G. Phys. Rev. Lett. 95,
247402 (2005); Perebeinos, V., Tersoff, J. & Avouris, P. Nano Lett. 5, 2495-2499 (2005).



[3] M. S. Hofmann, J. T. Gliickert, J. No¢, C. Bourjau, R. Dehmel, A. Hogele, Nature
Nanotechnology 8, 502-505 (2013).
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Many important photophysical properties of SWCNTSs remain inadequately determined,
including (n,m)-specific absorption cross sections, emissive quantum yields, and
fluorescence action cross sections. A major challenge has been quantifying structure-
specific SWCNT concentrations in dispersed mixed samples. We have used short-wave
IR fluorescence microscopy to image and count individual nanotubes within known
volumes of structurally sorted samples, thereby directly finding (n,m)-specific particle
concentrations. Separate measurements of the length distribution and bulk absorbance
then give absolute absorption cross sections per SWCNT carbon atom. We find cross
sections that are inversely related to nanotube diameter. E;; cross sections are larger for
mod 1 species than for mod 2, whereas the opposite pattern is found for E,; transitions.

We also introduce a new experimental method, Spectral Analysis of Fluorescence
Fluctuations (SAFF). Here, long sequences of millisecond-scale emission spectra are
captured from dispersed SWCNT samples that are dilute and thin enough to show clear
intensity variations reflecting statistical variations in the numbers of nanotubes inside the
small probed volume. In contrast to normal fluorescence correlation spectroscopy, our
method is spectrally resolved. The fluctuation data are analyzed to reveal relative
abundances of (n,m) species, isolate emission spectra of single species, show
inhomogeneous spectral components, and expose the presence of small SWCNT
aggregates (through spectral cross-correlations).
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Anisotropy refers to the property of a material exhibiting directionally dependent features.
In this work, we introduce black phosphorous (BP), the most stable allotrope of
phosphorus in layered orthorhombic structure with a bandgap of 0.3 eV in bulk, as a
unique elemental 2D material in which electrons, phonons and their interactions with
photons behave in a highly anisotropic manner within the plane of the layers. The unique
anisotropic nature of BP thin films is revealed using angle-resolved Raman and infrared
spectroscopies, together with angle-resolved transport study. For 15 nm thick BP, we
measure Hall mobility of 1000 and 600 cm?/Vs for holes along the light (x) and heavy (y)
effective mass directions, respectively, at 120 K. These BP thin films also exhibit large
and anisotropic in-plane optical conductivity from 2 to 5 pm wavelength. Field effect
transistors using 4 to 30 layers of BP (2 to 15 nm) as channel material exhibit an on-off
current ratio exceeding 105, a field-effect mobility of 205 cm?/Vs, and good saturation
properties all at room temperature, suggesting its promising future in high performance
thin film electronics. By introducing narrow bandgap BP into the 2D material family, we
fill the space between semi-metallic graphene and large bandgap transition metal
dichalcogenides (TMDCs), where great potentials for infrared optoelectronics lie. Most
importantly, the unique anisotropic nature of this intriguing material creates
unprecedented possibilities for the realization of conceptually new optoelectronic and
electronic devices in which angle-dependent physical properties are highly desirable. I
will conclude with remarks on how this unique 2D material is expected to bring new
opportunities for novel applications in nano-electronic and nano-photonic systems.
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We synthesized single-walled carbon nanotubes (SWNTs) with small diameter and
narrow diameter distribution using acetonitrile (AcN)-mixed ethanol (EtOH) feedstock.
Due to the presence of nitrogen (N) during synthesis, the SWNT mean diameter was
dramatically reduced from approximately 2.1 nm to less than 1 nm as AcN was added as
carbon source ' 2. Surprisingly, the main nitrogen configuration was found to be
encapsulated diatomic N, molecules interior of SWNTs with the content of 1 at % 3. 41
As the sequence of feedstock was switched during synthesis, SWNT diameter was
changed along the vertically aligned array. A majority of nanotube junctions between two
different diameter nanotubes were found to be discontinuous, while a minority of
continuous junctions were trevealed by high-resolution transmission electron
microscopel™). This diameter modulation was reversible upon the sequence of feedstock
introduction. Additionally, the observed N, molecules on the top of double-layered
SWNT vertical array, where the top layer was EtOH-grown array, imply that
encapsulated N, molecules were migrating across nanotube junctions, indicating a
viability of connected SWNTs with different diameters. We also address the role of
nitrogen on influencing the SWNT diameter in which nitrogen affects only the surface of
the catalyst particle, resulting in a change from the Octopus to the VLS growth mode,
which results in a smaller diameter. Several devices using this nitrogen-incorporated
SWNTs will be discussed.

[1] T. Thurakitseree, C. Kramberger, P. Zhao, S. Aikawa, S. Harish, S. Chiashi, E.
Einarsson, S. Maruyama, Carbon 50 (2012) 2635.

[2] T. Thurakitseree, C. Kramberger, P. Zhao, S. Chiashi, E. Einarsson, S. Maruyama,
Phys. Stat. Sol. B 249 (2012) 2404.

[3] C. Kramberger, T. Thurakitseree, H. Koh, Y. Izumi, T. Kinoshita, T. Muro, E.
Einarsson, S. Maruyama, Carbon, 55 (2013) 196.

[4] C. Kramberger, T. Thurakitseree, E. Einarsson, A. Takashima, T. Kinoshita, T. Muro,
S. Maruyama, Nanoscale, 6 (2014) 1525.



[5] T. Thurakitseree, C. Kramberger, A. Kumamoto, S. Chiashi, E. Einarsson, S.
Maruyama, ACS Nano 7 (2013) 2205.
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Since the properties of carbon nanotubes (CNTs) strongly depend on their structures [,

methods for synthesis of CNTs with precisely controlled structures are essential for many
of their possible technological applications. Therefore, syntheses for CNTs with
controlled structures are required in addition to mass production methods. Chemical
vapor deposition (CVD) methods have been the subject of considerable research efforts
2] because they can concurrently satisfy both the mass production and structural control
requirements for CNT synthesis. Extensive studies have been performed on structural
control in CVD synthesis of CNTs in terms of their number of layers [3], diameter [4],
length ), and chirality [ by modifying the various catalysts, substrates, carbon sources,
and precursors used.

We have developed a novel floating-catalyst CVD method with precise diameter-
controllability called enhanced direct injection pyrolytic synthesis (eDIPS) *! in which at
least two kinds of hydrocarbons with different decomposition properties are used as
carbon sources. Because of their high throughput and productivity "), floating-catalyst
CVD methods such as eDIPS-CVD are some of the most suitable CVD processes for the
industrial production of CNTs with the high quality (degree of graphitization). TEM
observation and optical absorption spectroscopy suggested that the mean diameter of
single-wall CNTs produced by eDIPS-CVD was selectively tuned at any point within the
range ca. 1.0 nm to 2.0 nm ™*. The photoluminescence mapping and optical absorption
spectroscopy showed the dominant chirality of (7,5) in the narrower eDIPS-SWCNTs ).
On the other hand, we have also reported that the tube length can be controlled by cross-
flow filtration "” or the way of dispersing """ Furthermore, it has been revealed that
eDIPS-CVD with toluene as a primary carbon source and pyrolytically stable methane as
a secondary carbon source provides the preferential growth of double-walled (DW)
CNTs!'?. At the symposium, we will also show the properties of the commercialized
eDIPS-SWCNTs, because recently industrial production plant of eDIPS-CVD was
developed and high-quality, high-purity SWCNTSs synthesized in this plant has been
introduced to the market in 2014. The author wishes to acknowledge the financial



supports from the New Energy and Industrial Technology Development Organization
(NEDO) and the Japan Science and Technology Agency (JST-PRESTO).

[1] R. Saito, M. Fujita, G. Dresselhaus, M.S. Dresselhaus, Appl Phys Lett 1992;
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[11] S. Ohmori, K. Thara, F. Nihey, Y. Kuwahara and T. Saito, RSC Adv. 2012; 2: 2408—
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Semiconducting single-walled carbon nanotubes exhibit near infrared luminescence!"),
and their emission photon wavelengths are suitable for photonic applications in
telecommunication, quantum information, and bio-imaging technologies. However,
relatively low quantum yield of free exciton luminescence typically on the order of 10-3
— 10-2 "1 has limited such applications of carbon nanotubes. In this context, recently,
fabrication and characterization of local luminescent states in carbon nanotubes have
attracted much attention because of the enhanced photoluminescence in such local states
promising for applications as near-infrared light emitters *). In order to evaluate and
compare luminescence properties of various kinds of local states in carbon nanotubes,
determination of luminescence quantum yields of a single localized exciton is essential.
We will discuss how the luminescence quantum yield of a localized exciton in carbon
nanotubes can be evaluated . Moreover, we will report observation of strong nonlinear
photoluminescence saturation from such local states; the phenomenon is attributed to



unique exciton dynamics in one-dimensional nanostructures with sparse local states, as
verified by Monte Carlo simulations of exciton diffusion dynamics.

[1] M. J. O'Connell et al., Science 297, 593 (2002).

[2] Y. Miyauchi et al., Phys. Rev. B 80, 081410(R) (2009).
[3] Y. Miyauchi, J. Mater. Chem. C 1, 6499 (2013).

[4] A. Hogele et al., Phys. Rev. Lett. 100, 217401 (2008).
[5] S. Ghosh et al., Science 330, 1656 (2010).

[6] Y. Miyauchi et al., Nature Photon. 7, 715 (2013).

[7] M. S. Hofmann et al., Nature Nanotech. 8, 502 (2013).
[8] I. Sarpkaya et al., Nat. Commun. 4, 2152 (2013).

[9] Y. Piao et al., Nature Chem. 5, 840 (2013).
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Aqueous two-phase extraction has recently been demonstrated as a new method to
separate single-wall carbon nanotubes (SWCNTs) by diameter/chirality..") The separation
is based on the relative hydrophobicity of the SWCNTs. In this paper, we will
demonstrate that this hydrophobicity can be tuned by the exact surfactant composition at
the SWCNT-surface.”” By strategically combining multiple surfactants with different
diameter-dependent binding affinities for SWCNTSs and salts that readjust the surfactant
structure within the mixed micelle surrounding the SWCNTs, we developed a simple,
easily scalable and extremely fast method for obtaining highly enriched single-chirality
suspensions in just 1 or 2 steps.

[1] C. Y. Khripin et al., J. Am. Chem. Soc. 135 (2013), 6822
[2] N. K. Subbaiyan et al., ACS Nano 8 (2014), 1619-1628
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We investigate exciton diffusion, end quenching, and exciton-exciton annihilation
processes in individual air-suspended carbon nanotubes by photoluminescence
microscopy [ We have performed excitation spectroscopy on thousands of nanotubes to
identify their chiralities and filter out bundles. In such a large dataset, we observe slightly
redshifted satellite peaks which suggest the existence of single chirality bundles. Intrinsic
exciton diffusion lengths for six different chiralities are obtained by analyzing the length
dependence of emission intensity with a random walk theory **). We also estimate
absorption cross sections by comparing the power dependence with Monte Carlo
simulations, and inspired by the agreement, we have obtained an analytical expression
that reflects the one-dimensional nature of exciton diffusion.

Work supported by KAKENHI, SCOPE, The Canon Foundation, KDDI Foundation, and
the Photon Frontier Network Program of MEXT, Japan. A. I. is supported by a JSPS
Research Fellowship.

[1] A. Ishii, M. Yoshida, Y. K. Kato, manuscript in preparation.

[2] S. Moritsubo, T. Murai, T. Shimada, Y. Murakami, S. Chiashi, S. Maruyama, Y. K.
Kato, Phys. Rev. Lett. 104, 247402 (2010).

[3] M. D. Anderson, Y.—F. Xiao. J. M. Fraser, Phys. Rev. B 88, 045420 (2013).
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For electronic applications it is useful to control the single walled carbon nanotube
(SWCNT) type (metal or semiconductor) precisely and accurately. Pure materials are
now readily available, and while there are many ways to distinguish between metallic and
semiconducting nanotubes, it remains a metrological challenge to practically assess
“metallicity”, especially in highly pure samples, in bulk. As the Kataura plot shows,
metal and semiconductor SWCNTs have distinct optical resonances and they have
distinct Raman spectra. Therefore a common approach is to use Raman spectroscopy to
characterize metallicity. However, there are various possible procedures. A metric should
be clearly prescribed, reproducible, and quantitative, and ideally, easy to apply. Here |
will describe the testing of two Raman spectroscopy derived metallicity figures of merit
against commercially available metal rich and semiconductor rich materials of various
purities, both liquid and solid, as well as non-commercial polyfluorene sorted nanotubes.
These are compared to absorption based figures of merit. The Raman scattering cross-
section and the resonant excitation profile are critical to metrological assessment of
metallicity. A meaningful and precise Raman metallicity figure of merit can be obtained
quickly and easily with a sensitivity relevant to currently accessible purities. However,
there are practical limitations to simple metallicity figures of merit, and these and more
fundamental limits associated with such approaches will be described.
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Recent progress in carbon nanotube (NT) research has allowed the synthesis of various
organic-NT hybrids, creating a critical need for dedicated characterization techniques of
such complex systems. Solubilization of NTs with bile salt surfactants'’ has enabled
major advances in their processing, purification, and in particular their spectroscopic
study. The regular, unperturbing coating yields much narrower spectral linewidths than
other surfactants, allowing to resolve the spectroscopic features of e.g. empty (closed)
and water-filled NTs, even for the very thinnest tubes, where only a single file of water
molecules fits inside the nanotube channel.”?! Also the filling with larger organic
molecules results in very specific spectroscopic changes to both the NTs and the
encapsulated molecules. We will show how energy-transfer from the molecules to the
NTs, and chirality-dependent electronic and vibrational shifts of the NTs and of the
molecules can be employed to prove the encapsulation, as well as to precisely determine
the required encapsulation diameter for the specific molecules under study.

[1] W. Wenseleers et al. Adv. Funct. Mater. 14, 1105 (2004);
[2] W. Wenseleers et al. Adv. Mater. 19, 2274 (2007);

[3] S. Cambré et al. PRL 104, 207401 (2010);

[4] S. Cambré¢ et al. Angew. Chem. Int. Ed. 50, 2764 (2011);
[5] S. Cambré et al. ACS Nano 6, 2649 (2012).
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To investigate photoconductivity of chirality-identified carbon nanotubes, we have
fabricated field-effect transistors with individual air-suspended nanotubes . Trenches
are etched into SiO,/Si substrates, and Pt/Ti are deposited on both sides of the trenches.
By ethanol chemical vapor deposition, carbon nanotubes are grown over the trenches. We
have also constructed a system which can simultaneously measure photocurrent and
photoluminescence excitation spectra 2] Nanotubes are excited with a wavelength-
tunable continuous wave Ti:sapphire laser, and photoluminescence is detected by an
InGaAs photodiode array attached to a spectrometer. Photoluminescence imaging and
excitation spectroscopy allows us to locate the nanotubes and identify their chirality. For
photocurrent microscopy, excitation laser is modulated by an optical chopper and a lock-
in amplifier is used for detection.

Work supported by KAKENHI, The Canon Foundation, The Asahi Glass Foundation,
KDDI Foundation, and the Photon Frontier Network Program of MEXT, Japan. The
devices were fabricated at the Center for Nano Lithography & Analysis at The University
of Tokyo.

[1] S. Yasukochi, T. Murai, S. Moritsubo, T. Shimada, S. Chiashi, S.Maruyama, and Y.
K. Kato, Phys. Rev. B 84, 121409(R) (2011).

[2] Y. Kumamoto, M. Yoshida, A. Ishii, A. Yokoyama, T. Shimada, and Y. K. Kato,
Phys. Rev. Lett. 112, 117401 (2014).
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Previously, we reported a multicolumn gel chromatography method that can separate
single chirality single-wall carbon nanotubes (SWCNTs), where a chirality selective
adsorption of SWCNT to the gel was utilized M In this study, we have improved the
elution process of a single column chromatography and have demonstrated a single
chirality separation using chirality selective desorption of SWCNTs.

We used aqueous solution of mixed surfactants, sodium dodecyl sulfate (SDS) and
sodium deoxycholate (DOC) for the chirality selective elution. Precisely controlled DOC
concentration enabled chirality selective elution and high-purity (6,5) and (7,6) SWCNTs
were obtained from a tiny amount of HiPco solution that was not sufficient for the
multicolumn method. The chirality distribution of each fraction was analyzed in detail
using optical absorption and photoluminescence (PL) spectra. Results suggest the
desorption process is highly diameter selective probably due to diameter selective DOC
adsorption to SWCNTSs. Because this separation is based on a quite simple adsorption
chromatography, this method can be easily applicable to a large scale separation of
single-chirality SWCNTs.

[1] H. Liu et al. Nat. Commun. 2, 309 (2011).
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Under an application of longitudinal electric fields, we have performed simultaneous
photoluminescence and photocurrent measurements on individual single-walled carbon
nanotubes. We observe nonzero photoconductivity at small fields, indicating that the
injected excitons are spontaneously dissociating into free electron-hole pairs . By
modeling the excitation power and voltage dependences of emission intensity and
photocurrent, we find that a significant fraction of excitons are dissociating before
recombination. We are also able to estimate the absorption cross section and the oscillator
strength from the same model. The field-induced redshifts do not depend on excitation
power or energy, ruling out effects from heating or relaxation pathways. As the shifts
scale quadratically with electric fields, we attribute them to Stark effect [*!. These results

show the potential for controlling excitons in individual nanotubes using external electric
fields.

Work supported by KAKENHI, SCOPE, KDDI Foundation, and the Photon Frontier
Network Program of MEXT, Japan. The samples are fabricated at the Center for Nano
Lithography & Analysis at The University of Tokyo.
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Single wall carbon nanotubes (SWCNTSs) have shown extrordinary electronic and optical
properties since their discovery in 1991 by Iijima et al . However, these properties are
highly sensitive to any slight fluctuation in their environment, making their control
difficult. On the contrary, double wall nanotubes (DWCNT) offer the advantage that the
outer layer can be used as a sacrificial layer, preventing any degradation of the electronic
structure of the inner layer . However, interaction between the layers and its impact on
their respective properties require to be known in detail.

This is the purpose of the study we have undertaken. DWCNT have been elaborated
using CVD techniques ™) In this process, CHy is thermally decomposed on Co:Mo-MgO
catalysts, in order to reach a fraction of DWNTs close to 80%. As a first step, we
performed a detailed analysis, by TEM, of the CNT population.

We have found a population of DWNT close to the forcast of 80%. We have observed
that nanotubes with an homogeneous diameter distribution, are often grouped into

bundles. Statistical analysis of the diameter distribution indicates that diameter of
DWNTs down to 1.4 nm can be obtained.

Moreover, thanks to a Cs-corrected JEOL ARM200 operating at 80kV, we have been
able to image directly the chiralities of either the intern or the extern wall for different
tubes. Numeric FFT of the images have been compared to diffraction simulations using a
Fortran code developped by Lambin and Kociak [, Results show an excellent agreement
between measurements and simulations which confort us in the reliability of this study.

In order to rely diameter distribution, chirality and optical properties, we sorted the
primary solution, using the density gradient ultracentrifugation (DGU) and perform
optical absorption measurements and TEM for different populations of CNTs. We present
our first results on optical and structural characterization of sorted DWCNTs.

[1]. S. lijima, Nature, 354 (1991) 56
[2]. T. Hertel, A. Hagen, V. Talalaev, K. Arnold, F. Hennrich, M. Kappes, S. Rosenthal, J.
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[3]. E. Flahaut, R. Bacsa, A. Peigney, and C. Laurent, Chemical Communications, 2003
(2003) 1442-3

[4]. M. Kociak, K. Hirahara, K. Suenaga, and S. lijima, Eur. Phys. J. B 32, 457-469
(2003)
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Electron-Phonon Interactions in Ultra Clean Suspended
Carbon Nanotubes

Rohan Dhall', Shun-Wen Chang?, Stephen Cronin'

'Department of Electrical Engineering, and *Department of Physics and Astronomy,
University of Southern California, Los Angeles, CA, USA
rdhall@usc.edu

We report pronounced electron-phonon interactions in suspended, nearly defect-free
metallic carbon nanotubes, observed through a non-adiabatic Kohn anomaly (KA) of
greater strength than theoretically predicted. The phonon energy is studied as a function
of Fermi level in the nanotube for the Raman G'! and 2D band. Metallic CNTs have a
finite bandgap on the order of the phonon energy (~100meV), which significantly
changes the renormalization of phonon energy due to non-adiabatic electron phonon
interaction. Using electrical transport measurements, we are able to independently
determine this gap, and hence, experimentally demonstrate the effect of this gap on the
phonon energy renormalization.

[1] Dhall, R., Chang, S. W., Liu, Z., & Cronin, S. B. (2012). Pronounced electron-phonon
interactions in ultraclean suspended carbon nanotubes. Physical Review B, 86(4), 045427.

[2] Chang, S. W., Dhall, R., Amer, M., Sato, K., Saito, R., & Cronin, S. (2013). Evidence
for structural phase transitions and large effective band gaps in quasi-metallic ultra-clean
suspended carbon nanotubes. Nano Research, 6(10), 736-744.
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Reliable and rapid measurement of the material purity is central to the progress in the
bulk production and purification of single-walled carbon nanotube (SWNT) materials.
This talk will focus on the application of solution phase near-IR (NIR) spectroscopy for
evaluation of carbon nanotube purity, sample preparation and homogenation. Other
popular analytical techniques for characterization of SWNT materials, including
thermogravimetric analysis (TGA), Raman spectroscopy, SEM and TEM will be
discussed. In addition to recent advances in the purification of carbon nanotubes, I will
talk about the SWNT thin film technology and its prospects for energy applications and
optoelectronic devices.
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Scope

All kinds of thin-film device applications of nanocarbon materials such as carbon
nanotubes and graphenes are included in the scope of this satellite symposium, e.g, (a)
active electronic and optical devices such as FETs, TFTs, and optical switches, (b)
sensors such as bio sensors, gas sensors, and MEMS/NEMS sensors, (c) passive elements
such as transparent conductive films and interconnections, and so on. Fundamental
physics and technologies related to those applications such as growth,
purification/separation, film formation, printing technology, device fabrication and
characterization are also covered.
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Monodisperse Carbon Nanomaterial Thin Film
Heterostructures

Mark C Hersam

Materials Science and Engineering, Northwestern University, Evanston, Illinois, United
States
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Improvements in carbon nanomaterial monodispersity have yielded corresponding
enhancements in the performance of electronic, optoelectronic, sensing, and energy
technologies. However, in all of these cases, carbon nanomaterials are just one of many
materials that are employed, suggesting that further device improvements can be
achieved by focusing on the integration of disparate nanomaterials into heterostructures
with well-defined interfaces. For example, organic self-assembled monolayers on
graphene act as effective seeding layers for atomic layer deposited (ALD) dielectrics,
resulting in metal-oxide-graphene capacitors with wafer-scale reliability and uniformity
comparable to ALD dielectrics on silicon. Similarly, the traditional trade-off between
on/off ratio and mobility in semiconducting carbon nanotube (CNT) thin-film transistors
(TFTs) is overcome by replacing conventional inorganic gate dielectrics with hybrid
organic-inorganic self-assembled nanodielectrics, yielding on/off ratios approaching 106
while concurrently achieving mobilities of ~150 cm?/V-s. Finally, p-type semiconducting
CNT thin films are integrated with n-type single-layer MoS, to form p-n heterojunction
diodes. The atomically thin nature of single-layer MoS, implies that an applied gate bias
can electrostatically modulate both sides of the p-n heterojunction concurrently, thereby
providing 5 orders of magnitude gate-tunability over the diode rectification ratio in
addition to unprecedented anti-ambipolar behavior when operated as a three-terminal
device. Overall, this work establishes that carbon nanomaterial thin film applications can
be substantially enhanced and diversified into new areas through precise integration into
heterostructure devices.
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Selective synthesis and extraction of (9,8) single walled carbon
nanotubes

Yuan Chen, Hong Wang, Rongmei Si
School of Chemical and Biomedical Engineering, Nanyang Technological University,

Singapore, Singapore, Singapore
chenyuan@ntu.edu.sg

Electronic and optical properties of single-walled carbon nanotubes (SWCNTSs) correlate
with their chiral structures. Electronic applications need chirally pure SWCNTs while
current synthesis methods cannot produce. Here, we show a sulfate-promoted
CoS04/Si0; catalyst, which selectively grows large diameter (9, 8) nanotubes at 1.17 nm
with 51.7 % abundance among semiconducting tubes, and 33.5% over all tube species.
After reduction in Hy at 540 °C, the catalyst containing 1 wt% Co has a carbon yield of
3.8 wt%, in which more than 90% is SWCNT. As compared to other Co catalysts used
for SWCNT growth, the CoSO4/SiO; catalyst is unique with a narrow Co reduction
window under H, centered at 470 °C, which can be attributed to the reduction of highly
dispersed CoSQO4. X-ray absorption spectroscopy results showed that sulfur content in the
catalyst changes after catalyst reduction at different conditions, which correlates with the
change in (n, m) selectivity observed. We proposed that the potential roles of sulfur could
be limiting the aggregation of Co atoms and/or forming Co—S compounds, which enable
the chiral selectivity towards (9, 8) tubes. Further, selective polymer wrapping is a
promising approach to further improve the chiral purity of SWCNTs. We showed that
among three fluorene-based polymers with different side chain lengths and backbones,
poly [(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,10-anthracene)] (PFH-A) can selectively
extract SWCNTs synthesized from the CoSO4/SiO, catalyst, resulting in enrichment of
78.3% (9,8) and 12.2% (9,7) nanotubes among all semiconducting species. Our results
suggest that the matching between the curvature of SWCNTs and the flexibility of
polymer side chains and aromatic backbone units is essential in designing novel polymers
for selective extraction of (n,m) species.

[1] Si, R; Wei, L; Wang, H; Su, D; Mushrif, S; Chen, Y; Extraction of (9,8) Single-
Walled Carbon Nanotubes by Fluorene-Based Polymers, Chemistry - An Asian Journal,
2014, 9, 868877

[2] Wang, H; Fang, R; Liu, C; Si, R; Yu, D; Pfefferle, L; Haller, G; Chen, Y;
CoS04/Si0, Catalyst for Selective Synthesis of (9,8) Single Walled Carbon Nanotubes:
Effect of Catalyst Calcination, Journal of Catalysis, 2013, 300, 91-101

[3] Wang, H; Goh, K; Xue, R; Yu, D; Jiang, W; Lau, R; Chen, Y; Sulfur Doped Co/SiO,
Catalysts for Chirally Selective Synthesis of Single Walled Carbon Nanotubes, Chemical
Communications, 2013, 49, 2031 — 2033



[4] Wang, H; Wei, L; Ren, F; Wang, Q; Pfefferle, L; Haller, G; Chen, Y; Chiral-Selective
CoS04/Si0, Catalyst for (9, 8) Single Walled Carbon Nanotube, ACS Nano, 2013, 7,
614-626
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Selective Growth of Semiconducting Single-walled Carbon
Nanotubes

Jie Liu

Chemistry, Duke University, Durham, NC, United States
j.liu@duke.edu

Even though the devices made from individual nanotubes have shown outstanding
performances such as high mobility, high current, high thermal conductivity, good
chemical and mechanical stability, the high hope for the next generation of carbon
nanotube based electronics is hampered by several major problems. Among them, is the
lack of reliable methods to control the alignment and position of nanotubes as well as,
and perhaps most problematically, the growth of nanotubes with controlled chiralities.
Even though the post-growth separation of metallic from semiconducting SWNTs have
made very good progress, the alignment and assembly of the separated nanotubes into
devices are still challenging and not suitable for large scale fabrication. Consequently, a
method that can directly produce well aligned arrays of pure semiconducting nanotubes is
thought to be the ideal choice for large scale fabrication of nanotubes FETs. In recent
years, through systematic studies, we proposed and confirmed a mechanism on the
selective growth of semiconducting carbon nanotubes. Important rules were summarized
for achieving a high selectivity in growing semiconducting nanotubes by systematically
investigating the relationship among water concentration, carbon feeding rate, diameter
of catalyst and the percentage of semiconducting nanotubes in the produced SWNT
arrays. This understanding will help us to develop better approach to solve the most
difficult problem which limited applications of carbon nanotubes in nanoelectronics — the
coexistence of metallic and semiconducting nanotubes in samples produced by most, if
not all, growth methods.
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Light emission and detection with carbon nanotubes

Lian-Mao Peng

Department of Electronics, Peking Univeisity , Beijing, Beijing, China
Impeng@pku.edu.cn

Carbon nanotubes (CNTs) are direct band gap materials that are not only useful for
nanoelectronic applications, but also have the potential to make significant impact on the
developments of nanoscale optoelectronic devices. In particular CNTs have been
investigated for various electronic and optoelectronic device applications, such as light-
emitting diodes!"?, photodetectors and photovoltaic (PV) cells®*. Semiconducting
single-wall CNTs (SWCNTs) are direct-gap materials that can efficiently absorb and emit
light. The unique band structure of SWCNT suggests that multiple subbands absorptions
can contribute to optoelectric properties. By combining sufficient nanotubes with
different diameters, it was also demonstrated that it is possible to gain a nearly
continuous absorption response within a broad spectral range (from UV to infrared) to
match the solar spectrum ). In addition, extremely efficient carrier multiplication (CM)
effect has been observed '), which may potentially lead to a higher energy conversion
efficiency than that defined by the Shockley-Quiesser limit. More recently, efficient
photovoltage multiplication was also realized via introducing virtual contacts in CNTs,
making the output photovoltage of CNT based solar cells a tunable quantity via choosing
the diameter of the tube and the number of virtual contacts introduced in the devicem,
making it possible for developing optoelectronic communications between nanoelectronic
circuits and high performance infrared photodetectors ™*'*.

[1] Mueller T, M. Kinoshita M, M. Steiner M, V. Perebeinos V, Bol AA, Farmer DB and
Avouris P (2010), Nature Nanotech, 5:27.

[2] Wang S, Zheng QS, Yang LJ, Zhang ZY, Wang ZX, Pei T, Ding L, Liang XL, Gao M,
Li Y and Peng LM (2011), Nano Lett., 11: 23.

[3] Lee JU, Gipp PP and Heller CM (2004), Appl. Phys. Lett., 85:145.

[4] Wang S, Zhang LH, Zhang ZY, Ding L, Zeng QS, Wang ZX, Liang XL, Gao M,
Shen J, Xu HL, Chen Q, Cui RL, Li Y and Peng LM (2009), J. Phys. Chem. C, 113(17):
6892.

[5] Lehman J, Sanders A, Hanssen L, Wilthan B, Zeng J and Jensen C (2010), Nano Lett.,
10, 3261.

[6] Gabor, N.M., Zhong, Z.H., Bosnick, K., Park, J. & McEuen, P.L. (2010), Science 325,
1367.

[7] Yang LJ, Wang S, Zeng QS, Zhang ZY, Pei T, Li Y and Peng LM (2011), Nature
Photonics, 5:672.

[8] Zeng Q.S., Wang S., Yang L.J., Wang Z.X., Pei T., Zhang, Z.Y., Peng L.-M., Zhou
W.W., LiuJ., Zhou W.Y. and Xie S.S. (2012), Optical Materials Express 2(6): 839

[9] Yang L.J., Wang, S., Zeng, Q.S., Zhang, Z.Y. and Peng, L.-M. (2013) 8:1225.



[10] Yu, D.M., Wang, S., Ye, L.H., Zhang, Z.Y., Chen, Y.B., Zhang J. and Peng L.-M.
(2014) Small 10:1050.
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Stretchable carbon nanotube transistors

Taishi Takenobu

Department of Applied Physics, Waseda university, Shinjyuku, Tokyo, Japan
takenobu@waseda.jp

Flexible and stretchable electronics are attracting considerable attention as the next-
generation functional electronics because it is believed that in future many electronic
assemblies on rigid substrates will be replaced by mechanically flexible or even
stretchable alternatives. We have already reported that high density SWCNT film
transistors hold carrier mobility of more than 100 ¢cm®/Vs and on/off ratio of 10,000-
100,000 (11 Based on this method, we fabricated SWCNT transistors on flexible plastic
substrates and stretchable poly(dimethylsiloxane) (PDMS) substrates. Particularly, in this
study, we improved the fabrication method for stretchable SWCNT. We have preliminary
tested expanding durability of devices on PDMS substrates up to strain of 70 % and,
during expanding test, both carrier mobility and on/off ratio were approximately constant.

[1] H. Shimotani, S. Tsuda, H. Yuan, Y. Yomogida, R. Moriya, T. Takenobu, K. Yanagi,
Y. Iwasa, Adv. Funct. Mater., 10.1002/adfm.201303566 (2014).



I8

Aligned Carbon Nanotubes Enabled Functional Thin-film
Devices

Qingwen Li

Key Laboratory of Nanodevices and Applications, Suzhou Institute of Nano-tech and
Nano-bionics, Chinese Academy of Sciences, Suzhou, Jiangsu, China
gwli2007@sinano.ac.cn

Aligned carbon nanotube (CNT) structures possess more efficient transport paths for
charges compared with random CNTs. Therefore, high performance optoelectronic
devices are expected when the aligned CNT films are used as transparent electrodes.
Herein, we report the utilization of the aligned CNT films as window electrodes for
CNT-Si heterojunction solar cells and as flexible scaffolds for water-splitting cells and
gradient electro-chromic films, respectively. The aligned CNT-Si solar cells show high
and stable power conversion efficiency of 10-12%, much higher than that of the devices
fabricated using random CNTs. Benefiting from the unique surface of the aligned CNTs,
semiconducting oxides such as TiO, and WO; are uniformly coated around the CNTs
respectively, achieving flexible heterostructure films with interconnected conducting
paths inside of the oxide coatings. Such novel structure is highly contrast to the previous
CNT-organic hybrids in which CNTs are isolated by the low conductive oxide. The
aligned CNT/TiO, films show an incident photon-to-electron conversion efficiency to be
32% at 320 nm, outperforming TiO, nanoparticle electrodes for water splitting. The
aligned CNT/WO; films also show greatly improved charge density for proton
intercalation. Moreover, due to the anisotropic conducting property of the aligned CNT
sheets, the CNT/WO; films exhibit a very interesting gradient electrochromic
phenomenon, with the color changing from yellowish to blue along the nanotube
alignment during the coloration.
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Probing the Chirality-related Information of Single-walled
Carbon Nanotubes by Low Voltage SEM

Kaili Jiang

Department of Physics, Tsinghua University, Beijing, Beijing, China
JiangKL(@tsinghua.edu.cn

Chirality controlled growth is a key challenge now in the research field of single-walled
carbon nanotube (SWCNT). However, there is still no efficient method for evaluating the
chiral indice distribution of as-grown SWCNTs. Here we show that low voltage SEM
(LV-SEM) provides a high throughput way for probing the chirality-related information
of SWCNTs. For example, metallic and semiconducting SWCNTs display different
contrast in LV-SEM. The metallic one shows bright contrast while the semiconducting
one shows dark contrast when connected to electrodes. Furthermore, the Schottky barrier
at the metal- SWCNT contact can be clearly observed in LV-SEM as a bright contrast
segment with length up to micrometers due to the space charge distribution in the
depletion region. The lengths of the charge depletion increase with the diameters of
semiconducting SWCNTs (s-SWCNTs) when connected to one metal electrode, which
enables direct and efficient evaluation of the bandgap distributions of s-SWCNTs.
Moreover, this approach can also be applied for a wide variety of semiconducting
nanomaterials, adding a new function to conventional SEM.
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Chirality-controlled vapor phase epitaxial growth and
termination of carbon nanotubes

Bilu Liu™", Jia Liu', Chuan Wang', Xiaoming Tu?, Ming Zheng®, Chongwu Zhou'

'Department of Electrical Engineering and Department of Chemistry, University of
Southern California, Los Angeles, California, 90089, United States
?National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United
States
Email: biluliu@usc.edu

Chirality-pure single-wall carbon nanotubes are highly desired for both fundamental
study and many of their technological applications. Recently, we have shown that
chirality-pure short nanotubes can be used as seeds for vapor-phase epitaxial cloning
growth, opening up a new route toward chirality-controlled carbon nanotube synthesis."
Nevertheless, the yield of vapor-phase epitaxial growth is rather limited at the present
stage, due to the lack of mechanistic understanding of the process. Here we report
chirality-dependent growth kinetics and termination mechanism for the vapor-phase
epitaxial growth of seven single- chirality nanotubes of (9, 1), (6, 5), (8, 3), (7, 6), (10, 2),
(6, 6), and (7, 7), covering near zigzag, medium chiral angle, and near armchair
semiconductors, as well as armchair metallic nanotubes. Our results reveal that the
growth rates of nanotubes increase with their chiral angles while the active lifetimes of
the growth hold opposite trend.'”) Consequently, the chirality distribution of a nanotube
ensemble is jointly determined by both growth rates and lifetimes. These results correlate
nanotube structures and properties with their growth behaviors and deepen our
understanding of chirality-controlled growth of nanotubes.

In the second part, we will brieﬂ?/ report our recent progress on the in situ SEM
observation of nanotube cloning,”! and electronic-structure controlled growth of

nanotubes from organic chemistry synthesized molecular caps.*!

Reference and Notes

[1]. Liu, J.; Wang, C.; Tu, X. M.; Liu, B. L.; Chen, L.; Zheng, M.; Zhou, C. W.,
Chirality-controlled synthesis of single-wall carbon nanotubes using vapour-phase
epitaxy. Nat. Comm. 2012, 3, 1199.

[2]. Liu, B. L.; Liu, J.; Tu, X. M.; Zhang, J. L.; Zheng, M.; Zhou, C. W., Chirality-
dependent vapor-phase epitaxial growth and termination of single-wall carbon nanotubes.
Nano Lett. 2013, 13, 4416-4421.

[3]. In collaboration with Prof. Yoshikazu Homma.

[4]. Liu, B. L.; Liu, J.; Bhola, R.; Jackson, E.; Scott, L. T., Zhou, C, Under review.
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Robust Transistor of Single Wall Carbon Nanotube in a
Network Structure, Rubber Materials and Gel

Atsuko Sekiguchi, Fumiaki Tanaka, Takeo Yamada, Kenji Hata

Nanotube Research Center, National Institute of Advanced Industrial Science and
Technology, Higashi, Tsukuba, Japan
atsuko-sekiguchi(@aist.go.jp

Ambient and wearable electronics have received increasing attention for realizing a safe,
secure and comfortable smart community, requiring the devices that possess a similar
feelings and comparable robustness to clothes. We developed the transistor from all soft
organic materials, such as single wall carbon nanotube (SWNT) in a network structure,
rubber materials and gel so that all components integrally stretch and absorb applied
loadings and impact. The transistor is the side-gated transistor of SWNT channel, ion-gel
gate dielectric, and the conductive SWNT rubber electrodes. The transfer characteristic of
the side-gated transistor shows that the transistor operates at low voltage and shows high
ON/OFF current ratio of 104. We evaluated robustness and stretchability of the transistor
systematically by measuring the transistor performance before and after various loadings
such as press, bending, stretching and twisting. Our results indicate that the transistor
really combines stretchability and robustness comparable to clothes.
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Sub-10 pm top-gate carbon nanotube thin-film transistors
based on high-speed flexographic printing process

Michihiko Maeda, Kentaro Higuchi, Shigeru Kishimoto, Takuya Tomura, Masafumi
Takesue, Katsuhiko Hata, Yutaka Ohno

Quantum Engineering, Nagoya University, Nagoya, Aichi, Japan
Research and Development Center, Bando Chemical Industries, LTD., Kobe, Hyogo,
Japan
Quantum Engineering, Nagoya University, Nagoya, Aichi, Japan
maeda.michihiko@b.mbox.nagoya-u.ac.jp

Among various thin film transistors (TFTs), carbon nanotube (CNT) TFTs have
advantages such as high mobility, flexibility, transparency, printability, and so on. In the
previous work, we developed a fully-lithography free and non-vacuum process to
fabricate CNT TFTs based on flexographic printing technique, one of high speed printing
methods, and achieved a high mobility of 157 cm*/Vs. I

In this work, we have improved the resolution of the printing technique for miniaturizing
printed CNT TFTs. Flexographic plates were fabricated by using micro-fabrication
process. High-purity semiconductor CNTs were used for the channel. Top-gate CNT
TFTs with a channel length of ~7 pm was fabricated. The devices showed an on/off ratio
of 10° and a mobility of 3.7 cm?/Vs.

This work was partially supported by ALCA-JST, SICORP-JST, and Grant-in-Aid of
MEXT.

[1] K. Higuchi et al., Appl. Phys. Express 6, 085101 (2013).
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Single-Wall Carbon Nanotube Films Filled with Acceptor
Molecules for Transparent Electrodes

Elena D Obraztsova, Alexander A Tonkikh, Pavel V. Fedotov, Ekaterina A. Obraztsova,
Viktor I. Tsebro, Alexander A. Dolgoborodov, Albert G Nasibulin, Esko I. Kauppinen,
Andrey L. Chuvilin

Natural Sciences Center, A.M. Prokhorov General Physics Institute, RAS, Moscow,
Russian Federation
Theory Department, Lebedev Physical Insitute, RAS, Moscow, Russian Federation
Department of Applied Physics, Aalto University School of Science, Espoo, Finland
Department of Applied Physics, Aalto University School of Science, Espoo, Finland
Electron Microscopy Laboratory, CIC nanoGUNE Consolider, San Sebastian, Spain
elobr@kapella.gpi.ru

In this work we propose a new approach for modification of optical and electronic
properties of thin (thinner than 100 nm) films of single-wall carbon nanotubes (SWNTs)
via their gas phase filling with different acceptor molecules (iodine M, CuCI®!). The
modified films can serve as efficient transparent electrodes with parameters comparable
with those of indium tin oxide (ITO) films.

We have realized a gas phase filling of aerosol-grown SWNT films with two types of
acceptors — iodine and CuCl. HRTEM measurements have revealed the well-ordered one-
dimensional crystals inside nanotubes. With both fillers the optical transparency of
SWNT films remained higher than 90%. The optical absorption bands, corresponding to
E;; transition (for iodine) and both E;; and E,, transitions (for CuCl) have been
suppressed. This happened due to a Fermi level shift into the valence band. The filled
SWNT films have demonstrated a drop of electrical resistance of one order of magnitude
(down to 70 Ohm/square).

The work was supported by RFBR grants 13-02-01354, 14-02-31818, 14-02-31829, RAS
research programs, projects IRSES-295241 and MK-6201.2014.2

[1] A.A. Tonkikh, E.D. Obraztsova, et al., Physica Status Solidi B 249 (2012). 2454
[2] P.V. Fedotov, A.A. Tonkikh, et al., Physica Status Solidi (2014) (submitted).
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Highly Stable Carbon Nanotube Top-Gate Transistors with
Tunable Threshold Voltage

Huiliang (Evan) Wang, Brian Cobb, Albert van Breemen, Gerwin Gelinck, Zhenan Bao
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Holst Centre/TNO, Eindhoven, AE, Netherlands
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whl0903@stanford.edu

Carbon nanotubes (SWNTs) are promising materials for electronic applications such as
printed circuits, flexible displays and RFID tags. However, the devices general exhibit
large hysteresis, uncontrollable polarity and threshold voltages. Here, by utilizing PTrFE
as the top gate dielectric, we fabricated hysteresis-free Thin Film Transistors (TFTs) with
a threshold voltage around 0 V in ambient conditions. The devices exhibit hysteresis-free
operation at different sweep rates at a gate field of 0.5 MV/cm with unipolar device
characteristics under both ambient and nitrogen atmospheres. Under a vigorous electrical
bias stress test lasting 10000 s, the threshold voltage shifts of our SWNT TFTs are
comparable to the recently reported stable organic or metal oxide TFTs. Interestingly,
when high-k P(VDF-TrFE-CTFE) was utilized as the top gate dielectric, we also
observed a clear ambipolar transistor behavior, even under ambient conditions. Finally,
we demonstrate the capability to tune the threshold voltage of both unipolar SWNT TFTs
with PTrFE dielectrics and ambipolar SWNT TFTs with P(VDF-TrFE-CTFE) dielectrics
by the application of a second gate bias. The ability to tune the threshold voltage of
SWNT TFTs in double-gate structures is important for realizing reliable SWNT logic
circuits at large scales. !'!

[1] H.-Wang, et al., Advanced Materials, 2014, Accepted
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Carbon Nanotube Thin Film Transistors for Printed
Electronics
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Department of Quantum Engineering, Nagoya University, Nagoya, Nagoya, Japan

Department of Applied Physics, Aalto University, School of Science, Helsinki, Helsinki,

Finland
kimmo.ojanpera(@vtt.fi

We present single-walled carbon-nanotube (SWCNT) thin-film transistors (TFT)
fabricated on a plastic substrate using a hybrid manufacturing method. The device
structure is a bottom-gate top-contact (BGTC) configuration. The SWCNT networks for
the TFT channels were collected onto nitrocellulose membrane filters directly from a
floating catalyst-CVD reactor 1 SWCNT networks were transferred onto plastic PEN
substrates, by dissolving the membrane filter by acetone 1*!. Before the transfer process,
the gate electrodes were shadow-evaporated and polyimide dielectric layer was ink-jet
printed on the substrate. The source and drain electrodes were shadow-evaporated on top
of the percolating SWCNT network. Finally, another layer of polyimide was ink-jet
printed on top of the channel to function as a mask for O, plasma etching that removed
the SWCNTs outside the channel area.

The TFTs were characterized by transfer and output curve measurements using a
Keithley 4200 semiconductor characterization system in ambient conditions. The TFTs
had parallel plate mobilities on the order of 8 cm*/Vs and on/off-ratios over 10°, with the
measurement voltage ranging from -20 V to +20 V. The demonstrated process can be
used to fabricate, for example, backplane circuits of flexible displays.

[1] Sun, D.-m., M.Y. Timmermans, Y. Tian, A.G. Nasibulin, E.I. Kauppinen, S.
Kishimoto, T. Mizutani, and Y. Ohno, Nature Nanotech., 2011. 6(3): p. 156-161.

[2] D.-M. Sun, M. Y. Timmermans, Y. Tian, A. G. Nasibulin, E. 1. Kauppinen, S.
Kishimoto, T. Mizutani, and Y. Ohno, “Flexible high-performance carbon nanotube
integrated circuits,” pp. 1-6, Feb. 2011.
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Scope

This Satellite Symposium will focus on fundamental and applied research in the area of
graphene and other 2-imensional materials. Graphene is a two dimensional allotrope of
carbon, with unique structural and electronic properties. Invited will be presented by
leading researchers in the field, to give perspectives on the current status of graphene
science and applications. The workshop will consist of both invited and contributed talks
spanning these areas. Exchange of results and ideas from different disciplines, and
amongst researchers specializing in 2-dimensional materials and/or nanotubes will be
highly encouraged.

Keynote Speakers
Graphene and Beyond
Antonio Castro Neto (Singapore) keynote 45 min

Transport in graphene heterostructures
Jim Hone (Columbia) keynote 45 min

Invited Speakers
Atomically Thin Semiconducting Channels for Future Nano-electronics
Kazuhito Tsukagoshi (NIMS, Tsukuba) 30 min

Two-dimensional Crystals and Nano-scale Devices
Wenjuan Zhu (IBM TJ Watson) 30 min

Thermal transport in graphene and other 2-dimensional materials
Alexander Balandin (UC Riverside) 30 min

Strong Light-Matter Interactions in Heterostructures of Atomically Thin Films
Freddie Withers (University of Manchester) 30 min

Graphene Kirigami
Melina Blees (Cornell) invited 30 min



Graphene Materials for High-Performance Energy Storage
Hui-Ming Cheng (Chinese Academy of Sciences) 30 min

K1
Quantum Transport and Correlated Phenomena in Bilayer
and Trilayer Graphene Membranes
Jeanie Lau

Department of Physics, University of California-Riverside, Riverside, CA, USA
jeaniel@ucr.edu

Graphene, a two - dimensional single atomic layer of carbon, has recently emerged as a
new model system for condensed matter physics, as well as a promising candidate for
electronic materials. Though single layer graphene is gapless, bilayer and trilayer
graphene have tunable band gaps that may be induced by out-of-plane electric fields or
arise from collective excitation of electrons. Here I will present our results on transport
measurements in bilayer and trilayer graphene devices with mobility as high as 400,000
cm2/Vs. We demonstrate the presence of an intrinsic gapped state in bilayer and trilayer
graphene at the charge neutrality point, stacking-order dependent transport in trilayer
graphene, and quantum Hall transitions in these systems. Our results underscore the
fascinating many-body physics in these 2D membranes, and have implications for band
gap engineering for graphene electronics and optoelectronic applications.
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Transport in graphene heterostructures
Jim Hone
Columbia University, New York, New York, USA

1h2228@columbia.edu

To be determined...
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Atomically Thin Semiconducting Channels for Future Nano-
electronics

Kazuhito Tsukagoshi
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Using atomic-scale thin film of metal chalcogenide layered material, we have developed
semiconducting channel for future electronics. We investigated transport properties,
particularly scattering property of carrier transport. In this transport experiment, it is
found that the carrier scattering from interfacial Coulomb impurities is greatly intensified
in extremely thinned channels, resulting from shortened interaction distance between
impurities and carriers.

Thus, we fabricated MoS; field-effect transistors on crystalline hexagonal boron nitride
(h-BN) and SiO, substrates. Temperature dependence of these transistors shows distinct
weak temperature dependence of the MoS, devices on h-BN substrate. At the room
temperature, mobility enhancement and reduced interface trap density of the single and
bilayer MoS, devices on h-BN substrate further indicate that reducing substrate traps is
crucial for enhancing the mobility in atomically thin MoS, devices. More detail of carrier
scattering in the atomic-scale thin channel will be discussed.

Furthermore, we have developed field effect transistor using high-k flak dielectric with
layered structure.

Acknowledgments: We like to thank Dr. H. Miyazaki, Dr. Songlin Li, Dr. A. A. Ferreira,
Dr. M.-Y. Chan, Dr. W. Li, Dr. Y.-F. Lin, Dr. S. Nakaharai, Dr. K. Wakabayashi, Dr. M.
Osada, Dr. T. Sasaki and Prof. K. Ueno for the collaboration to proceed this research.
This work was supported in part by the FIRST Program from the Japan Society for the
Promotion of Science and JSPS- KAKENHI Grant Number 25107004.

[1] S.-L. Li, K.Wakabayashi, Y.Xu, Y.-F.Lin. M.Y.Chen, K.Komatsu, S.Nakaharai,
A.Aparecido-Ferreira, W.W. Li, K.Tsukagoshi, Nano Letters 13, 3546 (2013).

[2] M.-Y. Chan, K. Komatsu, S.-L.Li, Y.Xu, P.Darmawan, H.Koramochi, S.Nakaharai,
K.Watanabe, T.Taniguchi, K.Tsukagoshi, Nanoscale, in press (2013).

[3] W.-W. Li, S.-L.Li, K.Komatsu, A.A. Ferreira, Y.-F. Lin, Y.Xu, M.Osada, T.Sasaki,
K.Tsukagoshi, Applied Physics Letters 103, 023113 (2013).
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Two-dimensional Crystals and Nano-scale Devices
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In the last few years, the research community has seen rapidly growing interest in two-
dimensional (2D) crystals and their applications. The electronic properties of these 2D
crystals are diverse — ranging from semi-metals, such as graphene, to semiconductors,
such as MoS,, to insulators, such as boron nitride. These 2D crystals have many unique
properties as compared to their bulk counterparts due to their reduced dimensionality and
symmetry. A key difference is the band structures, which lead to distinct electronic and
photonic properties. The 2D nature of the materials also plays an important role in
defining their exceptional properties of mechanical strength, surface sensitivity, thermal
conductivity, tunable band-gap and interaction with light. These unique properties of 2D
crystals open up broad territories of applications in computing, communication, energy,
and medicine. In this talk, I will present our work on understanding the electrical
properties of graphene and MoS,, in particular current transport and band-gap
engineering in graphene, interface between gate dielectrics and graphene, and gap states
in MoS,. I will also present our work on the nano-scale electronic devices (RF and logic
devices) and photonic devices (plasmonic devices and photo-detectors) based on these
2D crystals.
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Thermal transport in graphene and other 2-dimensional
materials
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Phonons reveal themselves in all electrical and thermal phenomena in materials. Acoustic
phonons carry heat and limit electron mobility. Nanostructures open opportunities for
tuning the phonon spectrum and related properties of materials for specific applications,
thus realizing what was termed phonon engineering ', A recent advent of graphene and
other two-dimensional materials resulted in a discovery of a wealth of new phonon
physics and created opportunities for better control of phonon transport. In this talk, I will
describe the measurements of the phonon thermal conductivity of graphene using the

optothermal Raman technique **); explain physical phenomena leading to the anomalous

behavior of the thermal conductivity of graphene **; and outline practical applications of
graphene in thermal management of electronics °®). The unique phonon properties of a
broad class of two-dimensional materials will also be discussed. Specifically, I will
address increasing thermoelectric figure of merit in stacks of layered materials "), the use
of Raman spectroscopy as nanometrology tool for quasi 2D crystals ™, and modification
of the transition temperature to the charge-density-wave phase in two-dimensional films

of van der Waals materials "',

[1] A. Balandin et al., Phys. Rev. B, 58, 1544 (1998);

[2] A.A. Balandin, et al., Nano Lett., 8, 902 (2008);

[3] S. Ghosh, et al., Nature Mat., 9, 555 (2010);

[4] A.A. Balandin, Nature Mat., 10, 569 (2011);

[5] Z. Yan, et al., Nature Comm., 3, 827 (2012);

[6] K.F. Shahil and A.A. Balandin, Nano Lett., 12, 861 (2012);
[7] V. Goyal, et al., Appl. Phys. Lett., 97, 133117 (2010);

[8] K.M.F. Shahil, et al. Appl. Phys. Lett., 96, 153103 (2010);
[9] P. Goli, et al., Nano Letters, 12, 5941 (2012).
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The arrival of graphene and other layered materials has led to the production of novel
hetero structures. Such structures show great promise for future flexible and semi
transparent devices. These heterostructures are currently produced by mechanically
exfoliating single or few layers of different crystals and combining them to construct
vertical electronic and optoelectronic devices. One such device is the vertical transistor,
where single layer graphene flakes sandwich a semiconducting tunnel barrier. In these
devices the vertical tunnel current can be tuned by means of a back gate. In the case of a
h-BN tunnel barrier the vertical tunnel current can only be tuned weakly due to the large
band gap of the h-BN. However when the band gap of the tunnel barrier is reduced the
vertical tunnelling current can be tuned by over 4 orders of magnitude. Suitable barrier
materials are the transition metal dichalcogenides (TMDC’s) such as MoS, or WS,. The
band gap of few layer TMDC materials is smaller (~ 1.5 eV) than optical energies. This
means that when excited with optical irradiation a significant number of electron hole
pairs are generated. If the sandwiching graphene flakes are asymmetrically doped then
the in-built electric field separates carriers and a significant photocurrent is observed.
External quantum of efficiencies of ~ 30 % have been obtained.

[1] L. Britnell et al., Science 335, 947-950 (2012)
[2] T. Georgiou et al., Nature Nanotechnology, 8, 100-103 (2012)
[3] L. Britnell et al., Science 340, 1311-1314 (2013)
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We apply the principle of kirigami, a paper art that includes cutting, to monolayer
graphene to create moving parts at the nanoscale. We begin by lifting patterned graphene
devices off a surface into liquid, where we can fold the atom-thick sheet like paper. We
create simple cantilever devices to measure the out-of-plane bending stiffness of
graphene, a key material property. We find that the stiffness is significantly higher than
simple theories predict, but is well explained by membrane fluctuation theory. We then
take advantage of graphene’s extraordinary mechanical properties to create resilient,
atomically thin hinges and three-dimensional structures. Selective cuts create in-plane
and out-of-plane springs with pattern-dependent spring constants, turning graphene into a
mechanical metamaterial. Finally, we show that we can actuate these devices remotely
using lasers and magnetic fields. This simple but powerful technique for altering
graphene’s mechanical response promises resilient, customizable moving parts at the
nanoscale.
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Graphene has many excellent properties, such as high specific surface area, good
chemical stability, high electrical and thermal conductivity, high mechanical properties,
and excellent flexibility. So graphene and its composite materials are expected to be used
in high-performance energy storage devices. Synergistic effects between graphene and
electrode materials and the beneficial roles of graphene in composite electrodes are
widely found. It is demonstrated that, when the composites are used as electrode
materials for lithium storage, compared to their individual constituents, graphene
composites with unique structures such as anchoring, wrapping, encapsulating,
sandwiching, buffering, layering and mixing have a significant improvement in their
electrochemical properties such as high capacity, high rate capability and excellent
cycling stability. The roles of graphene are considered to form a conductive network,
increase electron and lithium ion conductivity, and anchor and trap electrode materials,
and their efficiency is dependent upon how strong the interaction between graphene and
electrode materials is.

Graphene can also be used in flexible batteries and Li-S batteries. By coating active
materials on a three-dimensional interconnected graphene framework (GF) developed at
our lab, an anode and cathode were made to assemble a thin, lightweight and flexible
lithium ion battery. The battery has shown high rate capability and capacity, and can be
repeatedly bent down to <5 mm without failure and degradation of its electrochemical
performance. We also designed a unique sandwich structure with pure sulfur between
two graphene membranes for a Li-S battery to trap polysulfides. One graphene membrane
was used as a current collector with sulfur coated on it as the active material, and the
other graphene membrane was coated on a commercial polymer separator. The battery
shows significant improvement in cyclability and capacity, because the electrode with
two graphene membranes can provide rapid ion- and electron transport paths,
accommodate sulfur volumetric expansion and store and reuse migrating polysulfides to
alleviate the shuttling effect. The fabrication of large-scale graphene materials has
already been demonstrated, therefore, it is not too far from graphene materials to be used
commercially for high-efficiency energy storage.
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Substrate—graphene interactions and lowering of graphene
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In the chemical vapor deposition (CVD) synthesis of graphene, the role of the substrate is
often viewed as relatively "passive", facilitating the decomposition of precursor gas into
carbon atoms and providing planar template for these atoms to assemble into the
graphene layer, guided by their own covalent interactions. In this framework it is possible
to construct useful models of graphene growth that can explain/predict the morphology of
graphene islands under thermodynamic and kinetic control. Our "nanoreactor" model [
accounts for a diversity of experimentally observed graphene shapes including zigzag-
edged hexagons, dodecagons with six zigzag and six armchair edges, and even unusual
lowered-symmetry dodecagons with non—30-degree angles, all determined by the
anisotropies of graphene’s edge energy and growth speed. Here we extend the previous
theory to add the substrate into the picture, showing how the interaction of graphene with
the substrate affects the edge energy and growth speed bringing about thermodynamically
and kinetically controlled crystal shapes that do not share the full symmetry of graphene
lattice. Through a detailed first-principles analysis and coarse-grained Monte Carlo
growth simulations we are able to explain a large diversity of experimentally observed
low-symmetry shapes of graphene such as triangles or distorted hexagons, frequently
observed in graphene CVD growth on Ni and Cu substrates, as well as for other materials
such as BN or metal dichalcogenides.

[1] V. L. Artyukhov, Y. Liu, B. 1. Yakobson, Equilibrium at the edge and atomistic
mechanisms of graphene growth. Proc. Natl. Acad. Sci. U.S.A.109, 15136 (2012).



CT2

Defect-engineered Group IV Surfaces for Phononic Circuits

Mahesh R. Neupane, Aris Sgouros, Michael M Sigalas, N. Aravantinos-Zafiris, Roger K.
Lake

Electrical Engineering, University of California, Riverside, California, United States
Material Science, National Technical University of Athens (NTUA), Athens and
University of Patras, Patras, West Greece, Greece
Material Science, University of Patras, Patras, West Greece, Greece
Electrical Engineering, University of California, Riverside, California, United States
mneup00] @ucr.edu

Phononics or phonon engineering involves the control and manipulation of phonons.
With the increasing focus on design and development of non-charge based devices,
phononic computing is emerging as an alternative computing paradigm to the
conventional electronic and optical computing, increasing our ability to manipulate and
store information in the nanoscale. To realize these phononic devices within existing
conventional architectures, phononic components such as waveguides, resonators, and
switches are needed.

In this study, we propose and analyze various phononic circuit building blocks, such as
nano-scaled phononic resonators, waveguides and switches, realized on <111> surfaces
of group IV elements, such as 3C-SiC and 3C-GeSi. This is achieved by simultaneously
introducing defects of various types, and by varying their specific locations on the surface.
To calculate the defect-induced vibrational properties, such as the phononic bandgap, the
total phonon density of states, and the partial phonon density of states, we used molecular
dynamics with semi-empirical potentials. Manipulating phononic properties with defect
engineering could provide a new route towards designing building blocks of phononic
circuits operating at THz frequencies.

Acknowledgement
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We report on the fabrication of phototransistors based on exfoliated flakes of WSe; with
few atomic layer thicknesses. Chemical vapor transport grown WSe, crystals were
mechanically exfoliated and transferred to Si substrates with a top SiO, layer (285 nm
thick). Electron beam lithography was used to create electrical contacts on the WSe,
semiconducting flakes; these contacts act as source and drain terminals of the field effect
transistor, meanwhile the heavily doped silicon body was connected and used as gate.
The morphology and chemical composition of the flakes were determined by an
extensive characterization by Raman and atomic force microscopy. The photocurrent
generation on these phototransistors was characterized under two illumination conditions,
first under the focused beam of the confocal Raman spectrometer and also under flooded
illumination using either room light or monochromated light. The resulting
photoresponse reveals dependence on the illumination wavelength and also on the
applied gate voltage, besides the well-known dependence on the drain source potential. It
was found that WSe, phototransistors have excellent electrical characteristics possible
produced by the relatively high carrier mobility. The devices tested here reached
photoresponse in the range of few A/W and fast response times in the micro second range.
WSe, is a TMD material with great potential for optoelectronics application because the
band gap is ~1.65 eV which makes it sensitive to the whole visible spectrum.



CT4

Graphene Nucleation on a Surface-Molten Copper Catalyst:
Quantum Chemical Molecular Dynamics Simulations

Hai-Bei Li, Alister J. Page, Stephan Irle, Keiji Morokuma

Department of applied chemistry, School of Ocean, Shandong University, Weihai,
Shandong, China
Discipline of Chemistry, School of Environmental and Life Sciences,, The University of
Newcastle, Callaghan, NSW, Australia
WPI-Institute of Transformative Bio-Molecules and Department of Chemistry, Nagoya
University, Nagoya, Nagoya, Japan
Fukui Institute for Fundamental Chemistry, Kyoto University, Kyoto, Kyoto, Japan
lihaibei(@sdu.edu.cn

Chemical vapordeposition (CVD) graphenegrowth on Cu(111) hasbeenmodeled with
quantum chemicalmolecular dynamics (QM/MD) simulations. These simulations
demonstrate at the atomic levelhow graphene forms on Cu surfaces. In contrast to other
popular catalysts, such as nickel and iron, copper is in a surface molten state throughout
graphene growth at CVD-relevant temperatures, and graphene growth takes place without
subsurface diffusion of carbon. Surface Cu atoms have remarkably high mobility on the
Cu(111) surface, both before and after graphene nucleation. This surface mobility drives
“defect healing” processes in the nucleating graphene structure that convert defects such
as pentagons and heptagons into carbon hexagons. Consequently, the graphene defects
that become “kinetically trapped” using other catalysts, such as Ni and Fe, are less
commonly observed in the case of Cu. We propose this mechanism to be the basis of
copper’s ability to form high-quality, large-domain graphene flakes.
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I present quantitative nanomechanical maps of suspended graphene membranes, both
monolayer and multilayer. Peakforce QNM, a new off resonance tapping AFM mode,
allows rapid mapping of force response curves at every pixel, two orders of magnitude
faster than conventional force volume mapping. A range of nanomechanical properties,
including the adhesion, modulus, dissipation and deformation can then be extracted in
real time along with the topographic data. Circular holes were created in silicon nitride
membranes on silicon supports via a SF6 etch using a photolithographically defined etch
mask. Mechanically exfoliated graphene flakes were then transferred onto the nitride
membrane, leaving an array of suspended circular areas suitable for transmission
characterization methods as TEM as well as AFM. The adhesion of the flakes to the
silicon nitride membrane was also investigated, and compared with previously published
results on silicon dioxide substrates.

[1] Clark, N.; Oikonomou, A.; Vijayaraghavan, A.; Ultrafast quantitative nanomechanical
mapping of suspended graphene. Physica Status Solidi B, 2013, 250, 2672-2677
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The high yield strength, low flexural rigidity and low mass density of suspended
graphene membranes are potentially promising for nanoelectromechanics applications.
We have explored the theoretical limits to graphene varactor and tunneling relay
performance. The suspended graphene varactor, where capacitance is tuned by
electrostatic actuation of membrane deflection, provides a capacitor tuning range of
~76%, with a membrane pull-in voltage V, as low as ~1V. An intrinsic electrical quality
factor as high as 200 is predicted at 1 GHz for these devices [M. AbdelGhany et al. Appl.
Phys. Lett. 101, 153102 (2012).]. Nonlinear currents arising from capacitance modulation
under sinusoidal drive are predicted to appear at odd harmonics, with amplitude
proportional to (VaC/Vp)S/3 . We have also considered the theory of the tunneling relay,
where the electrostatic actuation of a graphene membrane is combined with the
exponential dependence of tunneling current through a vacuum gap. Sub-threshold
swings as steep as 10 mV/decade are predicted, breaking the thermionic limit of
60mV/decade at room temperature [M. AbdelGhany et al. Appl. Phys. Lett. 104, 013509
(2014).]. The predicted performance suggests that a significant reduction in dynamic
energy consumption over conventional field effect transistors is physically achievable.
We will report on our recent experimental progress towards realizing graphene
nanoelectromechanical devices with large area graphene.
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Single-layer graphene is arguably an ideal material for atomic resolution electron
microscopy. But even in the so-called ’gentle’ conditions used for atom-by-atom
investigations, beam damage effects cannot be neglected. Imperfections such as doping
also change the effect an electron beam has on the atomic structure of graphene, as we

have recently shown for nitrogen substitutions .

We now demonstrate that 60 keV electron irradiation drives the diffusion of threefold
coordinated Si dopants in graphene by one lattice site at a time *. First principles
molecular dynamics simulations reveal that each step is caused by an electron impact on
a C atom next to the dopant. Although the atomic motion happens below our
experimental time resolution, stochastic analysis of 38 such lattice jumps reveals a
probability for their occurrence in a good agreement with the simulations.

Conversions from three- to fourfold coordinated dopant structures and the subsequent
reverse process are significantly less likely than the direct bond inversion. Our results
thus provide a model of non-destructive and atomically precise structural modification
and detection for two-dimensional materials.

[1] T. Susi, J. Kotakoski, R. Arenal, S. Kurasch, H. Jiang, V. Skakalova, O. Stephan, A.
V. Krasheninnikov, E. I. Kauppinen, U. Kaiser, and J. C. Meyer, ACS Nano 6, 8837
(2012).

[2] T. Susi et al., submitted (2014)
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We have fabricated and characterized large area graphene ion sensitive field effect
transistors (ISFETs) using different pH buffer solutions. We use resistive and capacitive
measurement of graphene's Fermi level versus changes in pH. Bare graphene devices are
insensitive to changes in pH due to the absence of surface sites available to participate in
the protonation and deprotonation process necessary for pH sensing. Deposition of a thin
layer of Ta,Os by atomic layer deposition increases the density of surface sites,
enhancing the buffering capacity of the sensing surface layer, thus increasing the
sensitivity of graphene based ISFETs. We have achieved a linear pH sensitivity up to
32.5 mV/pH and we interpret our results using the Bergveld ISFET model. Device
response is stable over ~ two weeks. We will report our recent work towards reaching the
Nernstian limit of 60 mV/pH sensitivity.
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Since the discovery of graphene, many investigations have focused on the study of
unique properties of this material. It has been shown that the interaction between a
graphene surface with polar molecules in a gas phase leads to a change in its electronic
state ', With adsorption of polar molecules on the surface, the charge transfer occurs
from the molecules to the graphene plane *. To enhance the sensing properties, we create
reactive centers on the surface by functionalizing graphene layers with fluorine.

The aim of this work is to study the structural and electrical properties of partially
reduced graphene fluoride as well as to determine the effect of the reduction degree on
the response induced by adsorbed molecules of ammonia. Using our proposed recovery
technique 1*!, the samples were obtained with different degrees of reduction and exposed
to gas mixtures with different contents of ammonia. The response amplitude, response
and recovery times depend on the reduction degree. Moreover, the equilibrium adsorption
/desorption constants and adsorption heat were evaluated using the Langmuir equation.
The experimental data are in correlation with the numerical simulations of the interaction
of a fluorographene fragment with ammonia molecules.

[1] K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V.
Grigorieva, A.A. Firsov , Science (2004) 306 , 666.

[2] O. Leenaerts, B. Partoens, F.M. Peeters, Adsorption of H20, NH3, CO, NO2, and NO
on graphene: a first-principles study, Phys. Rev. B 77 (2008) 125416 .

[3] A.V. Okotrub, I.LP. Asanov, N. F. Yudanov, K.S. Babin, A.V. Gusel'nikov, T.L
Nedoseikina, P.N. Gevko, L.G. Bulusheva, Z. Osvath, and L.P. Biro, Phys. Status Solidi
B (2009) 246, 2545.



