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1. Executive Summary
1.1. Preface

It is now widely recognized thatr@phenethe thinnest materigbhysically in existence, has
shown exceptional electronic, thermal, mechanical and optical prope@rephene is a
covalently bonded single atomic layseet of carbon atomand the facthat it could be isolated

from parent graphitea quintessential 2D layered solid, was surprising and unprecedéhed
advent of graphene artde exploration ofnovel propertiesn this uniguematerialhas fasmated

the scientificcommunity worldwide It is well known that gaphene and its compounds exhibit
remarkable properties which have enabled the demonstration of novel devices for a wide variety
of applications in an extremelyart period of time. The exploration of graphene as a model 2D
system has had its impact in a variety of areas spanning physics, chemistry and engineering.
Pristine 2D grapheneas well as a variety of other morphologies (e.g. ribbons) have provided
fascirating insights into how this material can be modified and fabricated into novel devices for
transistors, sensing, and photonics applications, to name a few.

Owing to the great success of graphene resetlrehquestion of whether 2D atomic layers
from othe materials can be isolated and exploited for fundamental study and applications has
become very relevaniThere are alreadyeports suggesting that materials such as hexagonal
boron nitride (RBN), di-chalcogenides, tertiary compounds of canftoides, ad complex
oxides such as clays and zeolites can be exfoliated and isolated as stable single atonAs layers.
with graphene, there are also demonstrations that some of these materials can be grown by
chemical vapor deposition methods, allowing the craaticscalable large area structures, which
could be furthedeveloped intalevices.A good example has been hexagonal boron nitride (h
BN). Compared to graphene;BN is an electrical insulator and hence represents the opposite
end of the spectrum as fas &lectrical properties are concerned. Recently there have been
attempts to fabricate graphene devices -@N\hinsulating substrates and these have so far given
the best performance for graphene devices. Similarly, there is a whole range of compositions
between bororcarbonnitrogen and several unexplored 2D material compositions in their phase
diagram. There are also other complex medtnponent systems that exist as layered phases
such asnica, talc which are made of alumisgicate layers of varied cgmositions

There have been already attempts to synthesize atomic layers from some of these non
graphene layered structures via chemical as well as high temperature vapor phase deposition
methods. Reports exist that show fgraphene 2D atomic layers intated into devices which
exhibit exceptional performance; for example transistors derived from 2D monolayers of MoS
show ON/OFF ratios many orders of magnitude larger than the best graphene transistors at room
temperature, with comparable mobilitiddostimportantly, avariety of studies on the synthesis,
chemical modification methods, device fabrication and testing and theoretical exploration of
structureproperty correlations havencebeen proposed on these stable 2D materials and the
field is about & see a significant explosion of activities in the near futlires therefore
extremely timely tohave sucha workshop focusing on negraphene 2D atomic layers and
devices that can have an impact on technologically significant applications in the future

1.2 Global perspective and ompetition in the field

The workshop had international participants who reported on the impressive progress that has
been made in the 2D beyond graphene area, particularly in Eurfdp&able activity in this
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beyond graphenearea has been reportet the Trinity College(lreland) University of
ManchesterEngland in graphene NO,EPHL (Swizarland) anded8aka g r 0O U |
University (Japan) Given the rate of progress overseas and the government investments made in
projects such as theuropean Flagship Mission ($100 Million Eurper yearfor 10 years)the

2D beyond graphene area is poised for tremendavgtigioverseadn Asia, industrial labsuch

as Samsung iKorea, arealso at the forefront in graphemesearh and their focus will likely

turn to other 2D material systems so®hus, t is imperative that similar efforts be pursued in

the US in a timely manner to maintain global competitiveness in research and development in

this rich andpromising area. nicreasing awareness with regardiriternationalactivity in this

2D beyondgrapheneareawas another aim of this workshop

Most of the work and publications initiated worldwide in this field have concentrated on a
few materials such as hexagonal boronidgtr the dichalcogenide family and the newly
discovered topological insulators. The applications that are beirsggpuimclude electronics,
energy storage (electrode development using materials such as dichalcogenides), photovoltaic
devices andmechanicalreinforcements where loth experimental and theoretical efforts are
being pursueglobally.

1.3. Workshop highlights and list of topics discussed

Although the idea of separating individual layers from 2D layered solids is straightforward, the
challengesn obtaining large single crystal domaicstemical modification, characterization and
modeling of such material$tansfer of these layers onto appropriate substrates, manipulating
these and fabricating devices are significartte organizers and discues leaders of the
workshophave strived to provide an important forum for the workshop speakers and participants
to addressnany of these issues and highlighting the impact this field can have in the years to
come.The successful workshop that saw theipgration ofmore thama hundred scientists from
academia and national labs as well as representatives from funding agdisuassed the
emerging field of 2D layered materials beyond graphene and elaborated on the challenges and
opportunities that exisn the field. This report is a summary of what transpired at the workshop
and presented aréhe results of breatut discussions on specific targgbportunitiesand the
crosscutting recommendatioras a result of this workshop

The list of topicaddresed at the workshop involdesynthesis, chemistry, device fabrication,
theory and interdisciplinary approaches to tackle the key issues in the development of 2D layers
of nongraphene compositions.Shown below is a list of topics that werecovered at the
workshop.

Layered material systemSeveral material categories were discussed at the workshop; some of
the prominent ones weregtrides (e.g. lBN), oxides (e.gvanadium and molybdenum oxides
sulfides (e.gtransition metal di-chalcogenides);arbanitrides (e.g. BCN, tertiary metal carbo
nitridey, complex oxides (e.g. clays), othémaditionally nonlayered structures such as
germananes (atomic layers containing germanium), silicenes (silicon based layered structures),
topological insulatorsuch afBiTe which also exhibit promise as theralectric materials

Synthesis:Synthesis of high quality materials in scalable ways marks the most important
challenge in the emergence of any new field. Carbon nanotubes and graphene are excellent
examples ofnateials whereroadblocks remain due to materials synthesis issues. Several talks at
the workshop were dedicated to developing methods suchyaggchemical methods such as
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mechanical or liquigphase exfoliation and large areapor phase synthesis (OY. Quality of
samples and the role of defects such as grain boundaries were also discussed as being extremely
relevant to the success of the field.

Materials DesignProcessing of atomic layers angparation of morphologies (e.g. nanoribhons
guantum dofs chamical modification, doping, patterning etc. have been the landmark of
research in graphene and related structures due to the necessity of modifying electronic structure
and hence device characteristics. These isateslso of prime importance in tiease of 2D

layers and were key topics of discussion at the workshop

CharacterizationDevelopment of characterization tools and new protocols and understanding of
structure at various scales has been an important piece in new materials development. The
understanding of Raman spectra of nanotubes and graphermdvasl to be a very valuable
technique This is going to be equally important in other 2D material systems although these
techniques have not been properly develggatlinderstood in the charadttion of these new
materials. Atomic level real space imaging as well spectroscopy technaneesglobal
spectroscopy methods like Raman were discussed repeatedly with thibdiapesdechniques

will play an importantrole in the 2Dbeyond grapheneeid.

Devices New device architectures andwce fabricationas well agdevice characterizatioare

going to be extremely important in the development of 2D layers for the next generation of
electronc, photonic and magnetievices. Methods to fabriate devices, device measurements,
understandingelectrical and optical propertiégsat can enable novel devices were discussed in
the context of applications of the&® atomic layers beyond graphefde extensive work on
graphenealevices can be a usefulktform which can help guidedvances in this area.

Theory Theory and predictive modeling becomes vital in any new field to understand materials
and device propertieas well as predicting new structures and materials sysiédmsry of non
graphene 2Dnaterials, theoretical studies of structpreperty correlations in atomic layeasad

new efforts in combining tools in addressing challenges in the field were disclibseahle of
theory in addressing combinatorial approaches to 2D materials desigq, the lines of the
nationalmaterials genome projestas discussed in the breakt sessions at the workshop.

1.4. Basic challenges to be addressed in 2D layered materialsd devices beyond graphene
Some dthe basic broader challenges or questiorise addressed in this field are listed below:

* Synthesis of large area, large domain, defes# crystals of 2D atomic layers

* Control of the number of layers of crystals grown on substrates

* Understandinggrowth mechanisms and control of growth oultiple substrates

* Development of transfeiree methods for 2D atomic layers (unlike in graphene)

* Development oBolutionbasedbulk exfoliation methods for atomic layers

* Develogng characterization methods for specimens usingineasive techniges

* Chemical doping, modification and lattice manipulatiorof atomic layers to tailor
electronic optical and magnetigroperties

* Development of nanofabrication approaches for atomic layer devices

* Understanding the role gbntacts and interface progies in devices

* Exploration of new physics and device characteristics in atomic layer devices
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* Atomic layer engineering and fabrication of hybrid devices

* Exploring new device lysics arising from layer stacking of dissimilar 2D material
systems thatan lead to new functionalities

* Exploring interface effects which can enable new properties and new devices

* Discovery and development of new atomic layered materials for applications

* Development of modeling tools for the exploration of atomic lsyard their devices

* Use of theory/modeling to probe structypeoperty correlation in 2D layered structures

1.5. Genaal workshop highlights

The workshopdiscussedmportant aspects of a variety of 2D material systems and devices that
could be caplimertary to graphendased systemd.his new and emerging technical area and
the ensuing interdisciplinary activities will be in perfect synergy with the already well
established graphene science and will impact different fields of materials science, chemistry
physics and engineering in the next decade.

In addition to the scientific community, there were several representatives from the funding
agencies (NSF, DoD, DOE, NIST etc)he workshop was esponsored by NSF and the
AFOSR andsenior managemeffiitom these agencies participated and gapening remarks as
well as closing statement#s part of the workshop, NSF featured two lunch time talks focusing
on their flagship programs (CREATIV and SAVI) highlighting the importance of innovation and
interdisciplnary research. These talks were sgnergy with the workshop goals, which
essentially called for new approaches, innovations and interdisciplinary andgetesy efforts
to promote the field of 2D layered materials

To set the stage for the meeting, Heynotepresentation was given by Professditdred
Dresselhaus oMIT, who highlighted the statef-the-art in graphene research atite new
perspectiveghat can emergdrom exploring 2D materialbeyond graphene. The enormous
investment that has goneétd graphene research by countries worldwide tr@atedthe
excitemenbf a new field, as well ahe challenges that are intrinsic to any new technology. She
elaboratedon the importance to learn the lessons from graphene research and streamline goals
for successfully addressing the scientific and technological challenges in 2D layeredlsnateria
As fate would have itProfessoDresselhaus was awarded the 2012 Kavizéin Nanosciences
for her pioneering contributions to the study of phonasctronphonon interactions, and
thermal transport in nanostructuresnd the announcement came right after her keynote
presentation at the workshop. This rightfully called darelebration and dignitaries including
NSF DirectorDr. Subra Surestgnd AFOSR Diretor Dr. Patrick Carrickcame tohonor Millie
on the occasion.

Another highlight of the workshop was three breakout sessions organized to address the
issues at hand in this emerging field and recommendations from the scientific community in
taking this fiel forward The three sessions were divided into areas related to the relevance of
2D layered materials for electronics applications, structural and energy applications, and
photonic and sensing applications. Specific comments and recommendations froses$iseses
will be discussed later in the report.
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3. Program and Highlights

PROGRA

7:151t08:00 |Registration and Breakfast Buffet
Welcome and Irtroductions
Assistant Director for Engineering: Thomas Peterson, NSF
8:00 to 8:20 ECCS Senior Engineering Advisor: Lawrence Goldberg, NSF
' ' Division Director for DMR: lan Robertson, NSF
Chief Scientist: Thomas W. Hussey, AFOSR
ECCS Program Director: Anupama Kaul, NSF
) : Overview
8:20 10 8:40 Workshop Chair: Pulickel Ajayan, Rice University
Funding Agency Perspectives
. . ENG/ECCS/NSF: Anupama Kaul, NSF
8:40108:50 | \\pS/DMR/NSF: Charles Ying, NSF
AFOSR: James Hwang, AFOSR
8:50 t0 9:30 |Keynote Presentation- Mildred Dresselhaus --- Graphene and Beyond A Perspective
9:30 to 9:40 Coffee Break
) ) Session I: Latest in Graphene and Device Applications
9:4010 1140 Chair: Anupama Kaul, NSF
9:40 to 1000 Philip Kim i Columbia

Graphene and Hexa Boron Nitride Heterostacks and igkyo

10:00 to 10:20

Walter de Heeri Georgia Tech
Beyond 2D Graphene

10:20 to 10:9

Michael Fuhrer 7 University of Maryland
Ultrabroadband Photodetection with Graphene Devices

10:40to 11:0

Hengxing JiT University of Texas- Austin
Graphenébased and Giphenederived Materials and their Properties

11:00to 11:P

Vivek Shenoyi Brown University
Influence of Grain Boundaries on the Physical Properties of Polycrystalline Graphene

11:20to 11:0

Saroj Nayaki Rensselaer Polytechnic Institute
Giant Band Gaplodulation in 2Dimentional Structures through Dielectric Screening

11:40amto
12:40 pm

Working Lunch -AiNSF CREATI Vo
Thomas Russeli NSF OD/OIA

12:40 to 2:20

Session II: Synthesis, Chemistry, Characterization and Modeling of 2D Ataic Layers
Chair: Pani (Chakrapani) Varanasi, ARO

12:40to 1:00

Yury Gogotsii Drexel University
Two-Dimensional Carbides and Related Compounds

1:00to 1:®

Mauricio Terrones i Penn State and Shinshu University
Single Layer Dichalcogenides: Theory, Pregimn and Characterization
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Thomas Mallouk i Penn State

12010 1:4 Synthesis of Functional Nanostructures through Topochemical Reactions of Layered Solid
Manish Chhowallai Rutgers University
1:40 to 200 |Chemically Exfoliated Layered Transition Methalcogenide Nanosheets for Energy
Applications
2:00 0 2:D Jun Lou i Rice University
' ' Large Area Vapor Phase Growth and 2D Engineering of Atomic Layers
2:20 to 2:35 Coffee Break
2:35 t0 4:35 Session lll: Devices and Applications of 2D Layered Material
' ' Chair: James Hwang, AFOSR
) ) Andras Kis - Lausanne
2:35102:55 Single Layer Mo& Devices, Electronics and Mechanics
Gotthard Seifert - Dresden
2:551t0 3:15 |Perspectives and Limits of Transition Metal Chalcogenide Nanostructure (TMCN) Based
Electronic Deices
3-15 to 335 Boris Yakobsoni Rice University
’ ' Probing the BCNriangle by Computatioids Outside the Carbon Corner
Mustafa Lotya i Trinity College Dublin
3:35t0 3:55 |Liquid Phase Exfoliation of Graphene and Inorganic Layered CompduadRoute to verse
Application
) ) Jeanie Laui UC Riverside
3:55t0 415 1, 2, 3: Strains, Band Gap and Mamydy Physics in Graphene
415 to 4:35 Debdeep Jena, University of Notre Dame
' ' 2D Crystals: Solutions for Next Generation Electronic
4:35 to 4:45 Coffee Break
4:45 to 6:00 Breakout Sessions |
2D Layered Materials (beyond grapheme) for Electronic Applications
Chairs: Kaustav Banerjee, UCSB; Michael Fuhrer, UMD; Ivan Oleynik, USF
2D Layered Materials (beyond graphene) for Structural and Energy Applications
Chars: David Geohegan, ORNL; Thomas Mallouk, PSU; Mauricio Terrones, PSU and Shit
University
2D Layered Materials (beyond graphene) for Photonic and Sensing Applications
Chairs: Manish Chhowalla, Rutgers; Keith Perkins, NRL
7:15t0 8:00 |Registration and Breakfast Buffet
8:00 to 10:20 Session IV: Synthesis, Chemistry, Characterization and Modeling of 2D Atomic Layers
' ' Chair: Charles Ying, NSF
8:00 o 8:D Alex Zettl i UC Berkeley

Synthesis, Characterization, and Opportunitie@mMaterials Based on BN and MX2
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Yoichi Ando i Osaka University

820084 Progress in Topological Insulator Materials for 2D Devices

8:40 to 900 Xiao-Liang Qi i Stanford University
' Topological Insulator Surface States Coupled with Magnetic Materials

9:00 t0 9D Sanjay Banerjeei UT Austin
' ' Novel Transistor Concepts Based on 2D systdaraphene and Topological Insulators
) ) Ali Javey i UC Berkeley

92010 9:4 2D llI-V XOl: Materials and Devices

9:40 to 10:0 Peide Ye- Purdue

Device Aspects of 2D @stals: Highk Integration, Contacts, and Scaling

10:00 to 10:20

Joshua Goldberger- Ohio State
Germananes and Silicanes: Ge and Si Graphene Analogues

10:20 to 10:35

Coffee Break

10:35t0 12:30

Breakout Sessions Il

2D Layered Materials (beyond graphene) for Electronic Applications
Chairs: Kaustav Banerjee, UCSB; Michael Fuhrer, UMD; Ivan Oleynik, USF

2D Layered Materials (beyond graphene) for Structural and Energy Applications
Chairs: David Geohegan, ORNL; Thomas Mallouk, PSU; Mauricio TerronesaR&8hinshu
University

2D Layered Materials (beyond graphene) for Photonic and Sensing Applications
Chairs: Manish Chhowalla, Rutgers; Keith Perkins, NRL

12:30to 1.3 Working Lunch
1:30to0 2:® |Presentations from Breakout Sessions
2:30to 315 | Generd Concluding Discussions (Panel Session)
3:151t0 3:45 Closing Remarks
Director of the Physics and Electronics Directoraté Patrick Carrick, AFOSR
Deputy Assistant Director for Engineeringi Kesh Narayanan, NSF
3:45 pm Adjournment

Anupama Kaul and Puickel Ajayan
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Workshop Highlights and Presenters

Mi”ic wins the Kavli Frizc in NanoScicncc
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3.1. Session Summaries

Sesion | - Latest in Graphene and Device ApplicationsThis session was dexted to the
progress and state-the-art in the field of graphene. Well known scientists in the graphene field
presented their work and showed the progress that has been made in graphene over the last
decadeln her keynote pening presentation Profesddildred Dresselhaus from MIT described

the key elements that made graphene excitimgh(electron mobility and high thermal
conductivity unique dispersion relation and exceptional mechanical propeatidshe progress

her group has made in the use ofnRa spectroscopy for characterizing and identifying
graphene layers with controlled number of layers. The importance of preparing mbi@and

few-layer graphenes with control was highlight@dhinking beyond graphene, she highlighted
several new matais which could form the basis of work in 2D layered structures with
interesting electronic properties and device possibilities. Boron nitride, sulfides and oxides, and
topological insulatorsand silicenevere introduced. Preliminary woik fabricating feld-effect
transistors with high ON/OFFat i o6s and good mobility i n som
out. In particular, the importance of basic science and discovery was highlighted and the need
for looking at entirely new 2D materials, with exoeg electronic structure as evidenced in
structures such as BiSh, with multiple Dirac cones, was highlighted.

Several other leading scientists in graphene including Philip Kim (Columbia), Walt de Heer
(Georgia Tech) and Michael Fuhrer (Maryland) talkbdwt new results in graphene with new
device demonstrations and the possibility of hybrid stacks of graphene and other 2D structures
like boron nitride(Fig. 1) for exploring new space in the field of graphene as well as expanding
the graphene knoWwow to other similar structures obtained from 2D layered materials. All the
speakers emphasizetie need for high quality, defect free materials and for developing
processes that enable easy integration of such thin atomic layers into device architectures. The
session served as an excellent precursor to the main topic of the meeting focused on 2D layers
beyond graphene.

/ \ Wang et al. (Hone. Kim. Shepard) (2012)
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Fig. 1 Gap opening in Bayer graphenefBN (Wanget al., 2012); Courtesy: P. Kim (Columbia)
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Session II- Synthesis, Chemistry, Characterizatio and Modeling of 2D Atomic Layers

This sessionfocused on synthesis, chemistry and characterization of various 2D layered
materials beyond graphengacluding 2D carbides and related compounds, transition metal
chalcogenideand hexagonal boron nitrige-BN). Yury Gogotsi (Drexel) opened the session by
discussing the importance ofsdovery and development of new atomic layered materials for
variousapplicationsBy | ecti ve etching of f(Aeoe Mstayefor fr om
transition metals, Atands for group A elements and X stands for C and/orell)is in the

formation of 2D transiton metal ar bi des and/ or n {Fig.Riwdhetmableal | ed
band gap and excellent electrical, mechanical and surface properties, rendering ¢héal pot
applications like energy storage devices, composites and flexible electronics

Other important topics discussed in this session inclugethasis of large area, large
domain, defecfree crystals ofransition metaldi-chalcogenides andndersanding of growth
mechanisms and control stich2D atomic layerggrowth on multiple substratdsy Mauricio
Terrones (Penn State) and Jun Lou (Rice). They have also discussed about the importance of
developing global characterization techniques, aodhi@ layer engineering and fabrication of
hybrid devicesrespectivelyThomas Mallouk(Penn State) discussélke role oftopochemical
reactionsin layered solids to synthesize functional 2D materials and demonstratad.8@¢

and HPO, could form new intercktion compounds with -BN. Finally, Manish Chhowalla

(Rutgers) emphasized on the importance of chemistfgbricating atomic layers wittailored
electronic and other propertiss energy applications.
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Fig. 2 (a) SEM image of TJAIC, etched m HF 50% for 2 hours at room temperat(ive Naguib,

et al. Advanced Material23, 4248 (2011))(b) A false colored SEM image of JAIC, winning

the Peopleds choice award for I nternational
(Scienced35, 526 (P12)); Image Courtesy: Y. Gogotsi (Drexel)
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Fig. 3 Schematic illustration of a single layer MoS2 transistor (Radisavljevic eNature
Nanotechnolog®, 147 (2011))Image Courtesy: A. Kis (EPFL)

Session Il - Devices and Applications of 2D Layesd Materials: In this session, while
discussions onaVelopment of bulk exfoliation methods for atomic layeexe continued by
Mustafa Lotya(Trinity College Dublin)from last session about scalp production ofa wide
variety of 2D layered materials, tms was shifted more towards devices fabrication and
characterization, and modeling of 2D layered materials beyond graphene.

Andras Kis (EPFL) demonstrated single lajoS, i based transistors witbhmic contacts
that have high ON/OFF ratios, high milyiand low leakage curren{&ig. 3), basic electronic
circuit using the same materials was also successfully niradeanieLlad s ( UC Ri ver si d
new physics and device characteristics in atomic layer dewessdiscusseavhile Debdeep
Jena(Notre Dame) discussedew nanofabrication approaches f@alizingatomic layer devices
Another importantaspect of this session wése role of theory/modeling to probe structure
property correlation in 2D layeradaterials as presentely Boris Yakobson (Re). In addition,
Gotthard Seifer{Dresden) discussetie cevelopment of modeling tools for the expliooa of
2D atomic layers and devices
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Fig. 4 (a) Layered crystal structure of Be,Se showing the ordering of Te and Se atoms. (b)
Comparison othe xray powderdiffraction patterns of Bife,Se and BiTe;. Arrows indicate
the peaks characteristic of,Be,Se.(c) Temperature dependenakresistivity for samplesiB.

(d) Pla of the conductivity vs. tempature for sample 1. (Ren, Ando et @hys. Rev. §2010))
Courtesy: Y. Ando (Osaka)

Sesion IV - Synthesis, Chemistry, Characterization and Modeling of 2D Atomic Layers:
This session included several fascinating talksnaterials that can be considered as g@Bsi
These include materiatich agopological insulators where the bulk material remains insulating
but retains a metallic surface state. Topological insulators present several phafiEsgesas
well asopportunities in device physics. Several growpsld-wide are working on w@terials and
device aspects of topological insulators and have focused on materials sughegsBBiSe; as
well as ternary compounds such asTBSe (Fig. 4) Other 2D materials include W
semiconductor compounds.g. InA9 and recently there havaeen efforts to make ultthin
films of these materials. Such qu&8) materials also provelalternative routes to achieving
atomicaly thin device architectures whiatould be integrated with true 2D layered materials.
Finally, traditionally 3D material such as silicon and germanium can have 2D analogues and
new chemistry approaches to make silicad germanium containing (sikoes and germananes)
2D layers were described in thiession. Once again the common theme wa®n the
development of god-quality materials, innovativéechniquedor materials processiras well as
device fabrication. As the field evolves there will be synergy between these2fuasaterials

16



