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Layered Materials (1959)

What would the properties of materials be if we could really arrange
the atoms the way we want them... | can hardly doubt that when we
have some control of the arrangement of things on a small scale, we
will get an enormously greater range of possible properties that

substances can have...

R. P. Feynman
There is Plenty of Room at the Bottom
December 29, 1959
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Single Crystals of MoS; Several
Molecular Layers Thick
R. I, FriNp1¥

Physics and Chemistry of Solids, Cavendish Laboratory,
Cambridge, Enpgland

(Received 24 March 1965, in final form 18 June 1965)
J. Appl. Phys. 37, 1928 (1966); doi: 10.1063/1.1708627

The called scotch tape method for exfoliating graphite



Book on Layered Materials:

Wieting T. K., Schluter, M. In Physics and Chemistry of Materials with Layered
Structures, (ed E. Mooser) (D. Reidel, Boston, 1979). ISBN 90-277-0897-5
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NEW FORMS OF SP? ?2.
CARBON

Layered Materials

1985
Nobel Prize in Chemistry
(1996) 2004

1976, 1991 Nobel Prize in Physics

Kavli Prize (2010)
2006

Kavli Prize
2012

20?77

Terrones, M., et al. Nano Today 5, 351-372 (2010).



NEW FORMS OF SP2 CARBON T e

1985

2004
1976, 1991

There Is plenty of room in the Carbon world!

20?77

Terrones, M., et al. Nano Today 5, 351-372 (2010).
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Defects in Graphene

responsible of
Curvature Changes (Pentagons,
Heptagons, etc.)

2. Topological Defects (Bond Rotations,
Stone-Thrower-Wales Type
Transformations)

(Impurities,
Doping)
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Vacancies, Interstitials and Edges

Folding, Surface Distortions?




Defects in Graphene

(Impurities,




Doped Graphene




No Band Gap

Fermi Level Shift in Graphene Caused by Doping

(¢) p—doped

(b) undoped

(a) n—doped

Level

Fermi

DA

22



Doped Graphene Research PENNSTATE

3500

3000_' Doped Graphene research
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/
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{f) Photocatalytic
Splitting water
for hydrogen
doped

, graphene
(<) Photovoltal /. |
N\ oees [/ .\_

2000 -+
1500 -

1000 4

Number of Publications

500 4

(c) Fue.l cell
catalyst

2007 2008 2009 2010 2011 2012 2013 2014 2015

. Year

\\ (d) Ultracapacitor / R. Lv, M. Terrones. Mater. Lett. 2012

F. Lopez-Urias, R. Lv, M.
Terrones. Doped graphene:
Theory, synthesis,
characterization and
applications, 2013, Wiley.
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Applications of N-doped graphene (NG) f
. 3 (2] High on/off ratio |
* High-frequency FET @ = WXL
Wang XR, et al. Science, 2009, 324: 768-771 \ Sohingunter. 7/ \\ 'Bio-s:nsi:g /
for hydrogen y/ - oY, \ \
* Bio-sensing o o
Wang Y, et al. ACS Nano 2010, 4: 1790-1798 < | aﬁ: |
* Metal-free fuel cell catalyst \ar/s \FW" /
devices : catalyst
Qu LT, etal. ACS Nano 2010, 4: 1321-1326 \ { :
\ o) Ultracapacitor
* Ultracapacitors N/
Jeong HM, et al. Nano Lett. 2011, 11: 2472-2477 HOW nitrogen atoms
* Photovoltaic devices are embedded in the
Cui TX, et al. Carbon 2011, 49: 5022-5028 graphene lattice?
* Photocatalytic splitting of water for hydrogen
JiaL, etal. J. Phys. Chem. C 2011, 115: 11466-11473




Growth of NG sheets from AP-CVD of this work

CH,+Ar/H, (980°C)
NH; (850°C)

& Atmospheric-pressure chemical vapor deposition 1000 ETX:

900

(AP-CVD)

800

700

¢ Simple (No vacuum needed)

D
o
o

[
o
o

¢ Efficient (Large-area, monolayer NG sheets could

Temperature (°c)
S
o
o

w
o
o

be obtained)

Heating up
1 Cuannealing
- Cooling down
| Cooling down

T 1 T
90 100 110 120 130

[o]
o

——— .
0O 10 20 30 40 50 60 70
Time (min)

R.T. Lv, et al., Nature Scientific Reports 2, 586 (2012).
25



Raman mapping of NG sheet on SiO,/Si substrate

2D

Monolayer

e L

- B 00 1600 2000 2400 2800
! || Raman shift (cm’1)

Ivzub'

p G
2D

Few-layer

JUL

1200 1600 2000 2400 2800
Raman shift (cm'1)

Raman mapping settings:
514 nm, 4.8 mW, 2 s, 100x, Spot size = 1 um, Area:47 x 44.5 um?, Raster scan, Step: 0.4 um,
Total 13,216 points,Time = 18 hours

26 R.T. Lu, et al., Nature Scientific Reports 2, 586 (2012).



XPS spectra of NG and pristine graphene sheets

(XPS — X-ray Photoelectron Spectroscopy)

Binding energy (eV)
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R.T. Lv, et al., Nature Scientific Reports 2, 586 (2012).
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Calculated N1s binding energies for CNx structures

a U 5 284,66V Cis
285.8 eV /;
35 % st
© -
< N-doped graphen 284.6 eV
:‘5
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Pristine graphene
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292 290 288 286 284 282 280 278

28

(XPS — X-ray Photoelectron Spectroscopy)

Binding energy (eV)

N. Hellgren, PhD. Thesis 1999 (Sweden)
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R.T. Lu, et al., Nature Scientific Reports 2, 586 (2012).
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STM images of NG sheets on SiO,/Si substrate

(STM — Scanning Tunneling Microscopy)

Zhao LY, et al. Science, 2011, 333: 999-1003

exp [N collaboration with M.G. Pan (ORNL)
A. Botello & J.C. Charlier (UCL)



Band Gap Opening: Unbalanced Doping within Sublattices

(b) ol A

~ Density of states (a.u.)

o

e L . T .
Energy (eV)

"

(©)
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Energy (eV)

(d)

M J , ;;v b o
A. Lherbier, A.R. Botello-Mendez & J.-C. Charlier, Nano Lett. (2013)
30 Lopez-Urias, et al., unpublished (2012)

Density of states (a.u.)




STM measurements on N-doped Graphene

Tuning the N doping configurations by different synthesis conditions.

38. Feng, M. Terrones et al. Sci. Adv. 2, e1600322 (2016).



Mechanism of Graphene Enhanced Raman Scattering (GERS) .\ s7arr

k.

Raman
Laser

:

Graphene

Intensity (Counts/s

Xi Ling et al. Nano Lett. 10, 553-561 (2010)

e (a) (b)
Raman SERS
Wa Laser (w,) W
— \ )j' < / SERS intensity. Laser frequency (w,)
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-laser power density, @ @ g® 0% @ ®eg®e%e molecules cirectly asdorbed onto the Anti
3 0g® 0y .00 -
e i T PO surtace (fest monolayer). Stokes Stokes
0% ® 0% ® - highly depencent by the bands ~ bands
o, ®a0 nanostructure propertios. < ] [ >
- ey
@ = chemiiphysisorbed surface analyte Surfacecomplex formation: Raman
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LE Y i}
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Mechanism of GERS on N-doped graphene BENNSTATE

" = " "
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S. Feng, M. Terrones et al. Sci. Adv. 2, e1600322 (2016).




Mechanism of GERS on N-doped graphene

PENNSTATE
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Mechanism of GERS on N-doped graphene

PENNSTATE
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1. Charge-transfer mechanism
2. Fermi level should be close to LUMO

of the molecules.

3. Molecular energy gap should be
close to laser excitation energy.



Sensitivity of GERS on N-doped graphene

PENNSTATE
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First time ever such low concentration could be detected with graphene as substrates.
S. Feng, M. Terrones et al. Sci. Adv. 2, e1600322 (2016).




Tuning the doping level of N-doped graphene PENNSTATE

", NG (950 °C, 10 min)

Constant time=10min, different T

D G
\ J\ ﬂg NG (850 °C, 10 min)

2D

NG (800 °C, 10 min)

__________________ !
|
N . l NG (750 °C, 10 min) :

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm™)

- == Intensity (a.u.)

2D

ConstantT=8%0 C, different time

N o J\ NG (800 "C, 10 min)

Intensity (qul.

N " )l Pristine graphene

L] 1 l 1 1 1 1 l 1 l
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm™)

* Question which remains for
theory

How can we explain the
formation of these double N
substitutions in Graphene?

What is the driving force?




N-doped Graphene: Molecular Sensor

C
(1600) 2D (2698)
G=*
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Raman shift (cm'1)

R.T. Lu, et al., Nature Scientific Reports 2, 586 (2012).



Graphene sensing through Raman Spectroscopy @ . . PENNSIATE
2-Dimensional and -
» Comparison of different dye molecules. T, oo a
(b) h e =514.6nm RhB: 5x10°% moliL
(1%‘99 ‘ 2D, (2698)
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Simin Feng, Maria Cristina Dos Santos, Ruitao Lv, Mauricio Terrones et al., unpublished (2015)




Molecular sensing properties of N-doped graphene PENNSTATE

&
O 1 1 1 1 1 1 1
or ] 2D| (2697)
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\T \T/ ]
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S. Feng unpublished (2013)




Graphene sensing through Raman Spectroscopy S PENNSTATE

2-Dimensional and -
Layered Materials

» Comparison of Enhanced Raman scattering effect i Bt
between NG and PG sheets for probing RhB molecule with different concentration.

(a)|w RhB: 5x10° mouL| (D) (Wl RhB: 5x10° mol/L
tugt (2698) et (2;%51
Aa/re (1598) ’
G 2D tupg
= g n.'éza
O (1380) .
3 0 g s 4’337)
2 RhB on N-doped Graphene 2 L e
Z 2 20 4(26%0)
3 20}(2687) [
£ (1587) £ (1587)
G
(1348) RhB on Pristine Graphene
o RhB on Pristine Graphene
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
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s|” 20 s
2 2
7} RhB on N-doped Graphene
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B 1380 - (180 £ 590) even with RhB concentration
D G 2D (2691) (1360) G
D as low as 5 x 10 -8 mol/L,
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; . : : s . . 2 § n very much enhanced Raman
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000 signal for different RhB
Raman Shift (cm™) Raman Shift (cm”) Raman features.

Simin Feng, Maria Cristina Dos Santos, Ruitao Lv, Mauricio Terrones et al., unpublished (2015)




R. Lv, et al. PNAS 112, 14527 (2015)
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R. Lv, et al. PNAS 112, 14527 (2015)



HTEM / Raman mapping of BG sheet on Si0,/Si substrate ppy\nSTate

I2p
Ig

2D

D G

D’

Raman mapping settings:
514 nm, 4.8 mW, 2 s, 100x, Spot size = 1 um, Area:47 x 44.5 um?, Raster scan, Step: 0.4 um,
Total 13,216 points,Time = 18 hours



STM / STS of BG sheet on SiO,/Si substrate PENNSTATE

with M.G. Pan (ORNL), V. Meunier (RPI) &
A. Botello & J.C. Charlier (UCL)



B-doped Graphene as Gas sensors: NO, and NH, PENNSTATE

Pristine Pristine
Graphene Graphene

B-doped

B- d
dope Graphene

Graphene

In collaboration with G. Chen and A. Harutyunyan



B-doped Graphene as Gas sensors: NO, and NH,

PENNSTATE

Target
gas

Sensing material

Lowest concentration
tested

Detection limit

W

NO:

NH3

Mechanically exfoliated
graphene(47)

CVD graphene-like films(48)
Ozone-trated graphene(49)
Ethylenediamine-modified rGO(50)
Sulfonated rGO(50)

Epitaxial graphene from SiC(51)
MPECVD graphene(52)

rGO(53)

rGO(54)

Carbon Nanotubes/rGO hybrid(55)
Mechanically exfoliated
graphene(56)

CVD graphene(57)

rGO(53)

Mechanically exfoliated
graphene(56)

CVD graphene(58)
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Mechanically exfoliated
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rGO(54)

100 ppm
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S ppm
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65 ppm
5 ppm
10 ppm

20 ppm
500 ppb
10000 ppm (1%)
10000 ppm (1%)

1.3 ppb
70 ppb
3.6 ppm

The order of 1

ppb
100 ppb
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Si-doped Graphene: Synthesis PENNSTATE

(c)
PENNSTATE
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Si-doped Graphene: Raman spectroscopy & XPS analysis PENNSTATE

* Challenges remaining

(a)

Need to image Si in graphene
by STM or HRTEM

Is there a preferential
location(s) for Si within the
graphene lattice?
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Graphene Oxide (GO) and Reduced GO
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Terrones, M. ACS Nano (2012)



Dunnste Kohlenstoff-Folien

H.P. Boehm, A. Clauss, G.O. Fischer and U. Hofmann
[Z. Naturforschung 17b, 150 (1962)]

Bei der Reduktion von Graphitoxyd in sehr verdunnter alkalischer
Suspension entsteht extrem feinlamellarer Kohlenstoff. Die Bestimmung
der Dicke der dunnsten Lamellen aus dem Kontrast im
Elektronenmikroskop ergab, dal} sie nur aus einigen wenigen, z. T.
wahrscheinlich nur aus einer einzigen Kohlenstoff-Sechseckschicht des
Graphitgitters bestehen. Das Ergebnis wird gestutzt durch
rontgenographische Untersuchungen sowie durch Messungen der
spezifischen Oberflache.

The thinnest carbon sheets

The reduction of graphite oxide in a very dilute alkaline suspension
produced extremely thin carbon lamellae. An estimation of the thickness of
the thinnest lamellae from TEM contrast showed that they consisted of
very few carbon layers, probably a single one. This result was supported
by X-ray studies as well as by measurements of specific surface area.

Courtesy of Peter Thrower



e
GO fibers by wet-spinning

- Preparation of GO dispersion.
- Use the colloidal instability of GO to make a fiber

Xu et al. Adv. Mater. 2013, 25, 188



e
GO fibers by wet-spinning

- Preparation of GO dispersion.
- Injection of GO dispersion in a coagulation bath.
- Drying and reduction to graphene.

Xu et al. Adv. Mater. 2013, 25, 188



Film preparation by bar-coating

Average size=2200 pum?

In collaboration with M. Endo

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967
(2014)




-
Free standing GO films by casting

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



e
Free standing GO films by casting

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



Scalability Tests: GO Films




I
Making a GO fiber from a film.

- Twisting
- Simple method.
- Solvent-free

T T i ekl A Y L S I (B YD I o i i N A e .

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



-
Making a GO fiber from a film.

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



-
Morphology of GO fibers.

In collaboration with M. Endo

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



e
Tensile test results: diameter effect

FG1FD1 FG2FD2
FG1FD1 :

FG2FD2

R. Cruz-Silva, et al. Submitted (2013)

_ Young's Modulus, Tensile Strength, Toughness, MPa Elongatlon at Break,
MPa MPa

STDEV STDEV STDEV STDEV
FG1FD1
(Fiber ; D=100um) 1,584 98.8 85.9 11.20 4.31 1.68 8.30 2.26
FG2
(Film ; A=7 mmX5.8 um 792 87.0 36.1 0.35 1.06 0.06 5.37 0.03
=40,600um2)
FG2FD2
(Flb.er; D=.300u.m 186 17.6 22.5 6.04 10.52 1.12 70.48 18.05
A (including air
space)=70,650um2)
FG2FD2 estimated
(Fiber ; A (w/o air 324 30.6 39.2 10.51 18.30 1.95 70.48 18.05

space)=40,600umz2)



Tensile test results: diameter effect

o Strain (%)
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R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



e
GO reduction and grafitization
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R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)



I
Hybrid-Graphene Fibers & Fabrics

R. Cruz-Silva, et al. ACS Nano 8, 5959-5967 (2014)
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Beyond Graphene: Layered Materials




Synthesis

Beyond Graphene insulator
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Crystal Structure of MoS,

vdW bond <

covalent bond <)

Mo

Layered structure top view

No. of layer | Point group

Mo odd D,
even DI

1H single layer MoS, with bulk Den
trigonal prismatic coordination

(Dsn)

Bulk MoS, in 2H phase Chhowalla, et al. Nat. Chem. 5 (2013) 263.
2: 2 layers per repeat unit Xu, et al. Chem. Rev. 113 (2013) 3766.

H: Hexagona/ symmetry Huang, etal. Chem. Soc. Rev. 42 (2013) 1934.68
Terrones, etal. Sci. Rep. 4 (2014) 4215.



Exfoliated MoS:: Photoluminescence

4L 2L

Optical Image PL Image

Splendiani A. et al. Nano Letters 10, p1271 (2010)
Mak K. F. et al. Phys. Rev. Lett. 105, 136805 (2010)

1L
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Intercalation and Exfoliation of h-BN and Graphite
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New Result: Intercalation and Exfoliation of Grahphite using Bronsted Acids
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New Result: Intercalation and Exfoliation of Grahphite using Bronsted Acids
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Mallouk, Crespi, Terrones
N. Kovtyukhova Nature Chemistry (2014)
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Differential Charge Density Map: Intercalation of Graphite and BN with H;PO,

Graphite Hexagonal Boron Nitride

Strong dipolar interactions between the guest molecules and the graphite or boron nitride
sheets. Cyan and yellow indicate charge accumulation and depletion, respectively. Color
coding of atoms: carbon (brown), oxygen (red), hydrogen (white), phosphorus (pink), boron

(green), nitrogen (light grey).
N. Kovtyukhova Nature Chemistry (2014)
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Intercalation and Exfoliation of MoS, with Li, sonication and IR irradiation
MoS2 LiMoS

ASEAAAS SLCS S ELE S

G, n-Butyllithium <SSR
. ) —— __,j‘... 6 -“:':."". et cdeces
Sonication |

(~1.5 h)

- - - -, S >, - > ~ - (DVD) - — > - - - ~ ~ - .
Exfoliated 2H MoS2 Exfoliated 1T MoS2
Intercalation

>
Phase change
e
IR irradiation
2H 1T

X. Fan, P. Xu, D. Zhou,Y. Sun, Y. C. Li, M.A.T. Nguyen, M. Terrones, T.E. Mallouk.
Nano Letters doi:10.1021/acs.nanolett. 5602091 (2015)
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Intercalation and Exfoliation of MoS, with Li, sonication and IR irradiation
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X. Fan, P. Xu, D. Zhou,Y. Sun, Y. C. Li, M.A.T. Nguyen, M. Terrones, T.E. Mallouk.
Nano Letters doi:10.1021/acs.nanolett. 5602091 (2015)
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Intercalation and Exfoliation of MoS, with Li, sonication and IR irradiation
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X. Fan, P. Xu, D. Zhou,Y. Sun, Y. C. Li, M.A.T. Nguyen, M. Terrones, T.E. Mallouk.
Nano Letters doi:10.1021/acs.nanolett. 5602091 (2015)
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Schaak & Terrones
Chem. Mater. (2015)
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Penn State

Bottom Up: Chemical Synthesis of MoSe, Nanoflowers

Intensity (Arb. units)
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| o
PDF: 29-0914
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Schaak & Terrones
Chem. Mater. (2015)
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Bottom Up: Chemical Synthesis of MoSe, Nanoflowers
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Schaak & Terrones. Chem. Mater. (2015)



Heterostructures of TMDs and Graphene by Wet Chemistry & ol PENNSTATE
2-Dimensional and
Loyered Hatertie By
> Raman Spectroscopy of WS,/Graphene > Raman mapping of WS,/Graphene
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The obtained I, 4/1,44 ratios range from 1.00 to 1.33, suggesting the existence
of mono- and bi-layered WS,

Yu Lei, M. Terrones, et al., unpublished (2015)



Defect Engineering

(b)

(a) vacancies & Adatoms Structural Defects Topological Defects
: r p
M»\Kb Layered Heterostructures

Grain Boundaries§
‘1 144

Passivation of Edges
and Vacanqies

ing D

In-plane Heterolayers (1D)'

t4d hps

(qL) sebp3z

Graphene
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==Y
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R

Single layer
2D Materials

. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Defect Engineering

Passivation of Edges
and Vacancies

(g1) sebp3

Z. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Synthesis of WS, monolayers with CVD
---- from islands and edges to films

Heating belt A Furnace
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Butler, et al. ACS Nano 7 (2013) 2898.



Hexagonal Islands of WS,

Terrones & Crespi
20
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Y. Wang, A. Berkdemir,
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A. Berkdemir, et al. (Unpublished)



SEM and PL of Hexagonal Islands of WS,

Terrones & Crespi
* Questions remaining for
theory and experiment

What is the edge structure of
these hexagonal islands?

Is the edge termination the key
parameter?

‘ X/ um

A. Berkdemir, et al. (Unpublislied)



2D WS, islands and edge-enhanced photoluminescence

Raman Spectroscopy

62 cm-?

66 cm!

Humberto R. Gutiérrez, Nestor Perea-Lopez, Ana Laura Elias, Ayse Berkdemir,
Bei Wang, Ruitao Lv, Florentino Lopez-Urias, Vincent H. Crespi,
Humberto Terrones and Mauricio Terrones.



2-D Characterization: Raman Spectroscopy

Bulk MoS, in 2H phase E',q Aig E’ A
No. of layer | Point Center of In plane Out of plane
group inversion mode mode
Even D3d Yes E129 A1g
Bulk Dsh Yes E'yq Aqq

A. Molina-Sanchez, et al. Phys. Rev. B 84, 155413 (2011). 87

H. Terrones, et al. Sci. Rep. 4 (2014) DOI: 10.1038/srep04215.



Resonant Raman on WS:2 Monolayers

A. Berkdemir, H. R. Gutiérrez, et al. (Nature Scientific Reports 3, 1755 (2013)



Resonant Raman on WS:2 Monolayers

A. Berkdemir, H. R. Gutiérrez, et al. (Nature Scientific Reports 3, 1755 (2013)



Intensity (arb. units)

Resonant Raman on WS, Triangular Monolayers
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Resonant Raman on MoS, and WSe, Monolayers

MoS, i L ‘ ‘ S

U [ e R N P i 1t ]
E' A1 2LA(M) 520.8 nm 647.1nm \

‘ : g 514.5nm ] b 640.0 nm ]

21468V A _J N1 A : 1
| r 10 ]

, " : 1t ]

211 eV A J s /5\ R 501.7 nm '”/\A 630.0 nm Jk

z 496.5 nm IF ]
c 1 S 4
=) b 4
S r 1
& 1t 1
> [ N
; 488.0 nm g 2LA  6100nmm JL
‘E L i

2LA

600.0 nm

476.5 nm/}

|

‘ I
1 " 1 " LL 2 1

472.7nm L g 568.2 nm

i1

350 400 450 500 S N A | R
Ra man Shift (Cm-1) 200 3(F)€Zman Sh:‘??cm'l) 500 200 30(;iaman Sf]?f? (cm™) *
M.A. Pimenta et al., Acc. Chem. E. Del Corro, et al. unpublished

Res., 2015, 48 (1), pp 41—47 (2015)



Resonant Raman on WS:2 Monolayers
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Phonon dispersion and electronic band structures

WS, Monolayer

(a) %5

Frequency (cm”)

\"4

450

—
(2]
S—

400
350-
300
250
200-
150

Frequency (cm”)

100 +
50

0

r M

A. Berkdemir, H. R. Gutiérrez, et al. (Nature Scientific Reports 3, 1755 (2013)

—
o
S—
W & O
TP B |

Energy (eV)
o

Hbde

—
Q.

S—
o

Energy (eV)
hdbdbhiso=moeac

- N
PO B

ws, 1L

——LDA gap 1.94 eV
- =<=-Bandupgap 2.1 eV

—

WS, Bulk




Defect Engineering

Passivation of Edges
and Vacancies

(g1) sebp3

Z. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Low Temperature Synthesis of MoS, & WS,

CVD setup

No evidence of Te doping

MoS, monolayers

Y. Gong, Z. Lin

~The presence of Te reduces the synthesis temperature

Y. Gong, Z. Lin, PM. Ajayan, Terrones, et al., ACS Nano (2015)



Low Temperature Synthesis of MoS, & WS,

~The presence of Te reduces the synthesis temperature

Y. Gong, Z. Lin, PM. Ajayan, Terrones, et al., unpublished (2015)



Low Temperature Synthesis of MoS, & WS,

»The presence of Te reduces the synthesis temperature to 500 °C
Y. Gong, Z. Lin, PM. Ajayan, Terrones, et al., ACS Nano (2015)




Low Temperature Synthesis of MoS, & WS,

»The presence of Te reduces the synthesis temperature to 500 °C

Y. Gong, Z. Lin, PM. Ajayan, Terrones, et al., ACS Nano (2015)




Low Temperature Synthesis of MoS, & WS,

Transport measurements reveal are very similar when
compared to high temp synthesis

Mobility ~4.5 cm?V-2S-1
On-off ratio ~10°

Y. Gong, Z. Lin, PM. Ajayan, Terrones, et al., ACS Nano (2015)



Bound Exciton Emission in Single Layer WS,

V. Carozo, Y. Wang, et al.

Normalized PL intensity &
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(a) Atomic structure of single layer 1H-WS2. (b) Optical image of triangular WSa2. (c) PL spectra obtained
from the marked regions in (b). Photoluminescence intensity image at 77 K of (d) X° peak centered at
1970 meV and (e) XB peak centered at 1690 meV. (f) XB and XB intensity profile acquired along the
dashed line in (d) and (e).

V. Carozo, Y. Wang, V, Crespi, M. Terrones, et al., unpublished (2016)




Bound Exciton Emission in Single Layer WS,

V. Carozo, Y. Wang

V. Carozo, Y. Wang, V, Crespi, M. Terrones, et al., unpublished (2016)



Bound Exciton Emission in Single Layer WS,

V. Carozo, Y. Wang

(a) Band structure of 5x5 WS, supercell containing a single sulfur vacancy. (b) The energy difference between the
defect state and the conduction band minimum X8 as a function of the density of extra electrons added to the system.
(c) The modulus square of the X° exciton wavefunction in real space

V. Carozo, Y. Wang, V, Crespi, M. Terrones, et al., unpublished (2016)




Bound Exciton Emission in Single Layer WS,

Vacancies found at edges (as-synthesized samples)

* Challenges remaining

Why edges have more
concentration of point defects?

Is it possible to anneal defects
and remove the bound exciton
peak?

V. Carozo, Y. Wang, V, Crespi, M. Terrones, et al., unpublished (2016)




Growing MoS, Hydrophobic Nanoflowers

In collaboration with Robinson’s Group

G.R Bhimanapati, Y. Lei, M. Terrones, J.A. Robinson et al., submitted (2016)



Growing MoS, Hydrophobic Nanoflowers

In collaboration with Robinson’s Group

(a) ()  ©=156.16°
0 = 39.02°
Bare Graphite paper (GP) As grown MoS, flowers on GP

0 =123.6° (d) 6 = 91.54°

.Y

As grown MoS, flowers on GP As grown MosS, flowers on GP
UV-Ozone: 2 minutes UV-Ozone: 10 minutes

8 = 81.34°
(€) 8 =0° (Ethanol)

y -

Partially covered MoS, flowers Fully covered flowers on GP

G.R Bhimanapati, Y. Lei, M. Terrones, J.A. Robinson et al., submitted (2016)



HER of MoS, Hydrophobic Nanoflowers

In collaboration with Robinson’s Group

(a) Polarization curves of MoS, with different ozone treatment time (1
min, 5 min, and 10 min); and (b) the corresponding Tafel slopes, the
inset table are the fitted Tafel slopes.

G.R Bhimanapati, Y. Lei, M. Terrones, J.A. Robinson et al., submitted (2016)
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. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Defect Engineering

Substitutional Doping

7 )

h}"’d .:
& A 1414

Z. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Synthesis of 2D transition metal diselenide

----from single phase to alloy

WO3+Se+H2—> W862

Huang, etal. ACS Nano 8 (2014) 923.

MoO3;+Se+H,—MoSe,

Wang, etal. ACS Nano 8 (2014) 5125.

MoO3;+Se+S—MoS, Se,_,

Gong, et al. Nano Lett. 14 (2014) 442.

MoS, MoS,+Se—MoS, Se,.,

Su, et al. Small 10 (2014) 2589.

MoS,+MoSe,+H,—MoS, Se,_,

Feng, et al. Adv. Mater. 26 (2014) 2648.



Dopant analysis of MoS,,.,,Se,, monolayer
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Intensity (a.u.)

atomic structure

Intensity (a.u.)

4 red: Mo

dark green: S+S
bright green :S+Se
white: Se+Se

Yongji Gongt, Zheng Liu, Wu Zhou, Gang Shi, Sina Najmaei, Zhong Lin, Ana Laura Elias, Ayse Berkdemir,
Ge You, Humberto Terrones, Mauricio Terrones, Robert Vajtai, Jun Lou, Pulickel M. Ajayan.

Nano Letters (2014)



PL of MoS,, ,Se, atomic layers
Terrones & Ajayan

o |10 * Challenges remaining
<

< 13 - Can we control the positions

< >
g & 1.7 3. of Se and S?
= g .
g Y @ 1.6 @ | Can we have a segregated
2 0 20406080100 | Monolayer of Se and S on top
g Se (Atomic Conc, %)

and bottom?

What are the driving forces to

————— 1 promote Se and S
1.6 1.8 2.0 22 : 00
Energy (V) segregation:

Yongji Gongt, Zheng Liu, Wu Zhou, Gang Shi, Sina Najmaei, Zhong Lin, Ana Laura Elias, Ayse Berkdemir,
Ge You, Humberto Terrones, Mauricio Terrones, Robert Vajtai, Jun Lou, Pulickel M. Ajayan.
Nano Letters (2014)



Mn-doped MoS,

300°C 725°C
ﬁi Substrates

~The presence of Mn promotes the growth of monolayered
triangular MoS, and WS, islands.

K.Zhang, S. Feng, M. Terrones, J. Zhu, J.A. Robinson, et al., Nano Lett (2015)




Mn-doped MoS, : PL & Transport changes
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Mn-doped MoS, : PL & Transport changes
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~The presence of Mn promotes the growth of monolayered
triangular MoS, and WS, islands.

K.Zhang, S. Feng, M. Terrones, J. Zhu, J.A. Robinson, et al., Nano Lett (2015)




Mn-doped MoS, : Grain Boundaries

What would the magnetic
=== properties be when Mn is
around 10% at.?

Mn is embedded in the lattice

03 04 0E5ne?'g‘§/ (ﬁ.eRI)O.S 09 1.0
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. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Defect Engineering

Van der Waals Solids

RIBRRAK SRIOOC  ws,
%— h-BN

Graphene

SRR > W,

e

P — C)N‘

BC,N

—_—.
e BN

Z. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



N/ /

| ":,»;\

graphene
hBN g
MoS, -
AT WSe, ‘

oY, rfluorographene‘

Geim, et al. Nature, 499 (2013) 419.
http.//www.papermachine.com.cn



Synthesis of Hybrid and Doped 2D
Systems

=
‘ graphene
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New Materials: Heterostructures of TMD

B stacking

|
|
|
5 l: I Astacking
| |
1 |

y

d

H. Terrones, F. Lopez-Urias, M.Terrones. Nature Scientific Reports 3, 1549 (2013).



Controlled growth of Hybrid Layers of Mo-W-S,
by low pressure CVD: Raman Spectroscopy

408 - Aexc= 514.5 nm
4
MOSz\M ws,

P d
3
= 381
E‘ M032
2 |
g 352
£ WS,

| . | s | y |
300 400 500 600

Raman shift (cm™)

A.L. Elias, N. Perea-Lopez, A. Castro-Beltran, A. Berkdemir, R. Lv, S. Feng, A. Long, T. Hayashi, Y. A. Kim,
M. Endo, H. R. Gutiérrez, N. R. Pradhan, L. Balicas, T. E. Mallouk, F. Lopez-Urias, H. Terrones,
M.Terrones. ACS Nano ASAP (2013)



Controlled growth of Hybrid Layers of Mo-W-S,
by low pressure CVD: Raman Spectroscopy

Mapping

A.L. Elias, N. Perea-Lopez, A. Castro-Beltran, A. Berkdemir, R. Lv, S. Feng, A. Long, T. Hayashi, Y. A. Kim,
M. Endo, H. R. Gutiérrez, N. R. Pradhan, L. Balicas, T. E. Mallouk, F. Lopez-Urias, H. Terrones,
M.Terrones. ACS Nano ASAP (2013)



I\/IoSz/Epi-Graphene
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Collaboration with J.A. Robinson



Direct Growth of vdW Solids on Expitaxial Graphene

Collaboration with J.A. Robinson Lin, et al. Acs Nano. (2014)



Large Scale Synthesis of MoS,/WS, Vertical Heterostructures

o ¥ ()

o
Si0/Si Moo,

groftth of MoS,

growth of WS,
T ——
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PL mapping
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e o T #0000 7
Gong, et al. Nature Materials (2014) 2H stacking
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Large Scale Synthesis of MoS,/WS, Vertical Heterostructures
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. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Possible Defect Structure in TMDs

» Atomic defect (vacancy, substitution)

» Lined vacancies

H-P. Komsa, et al., Phys.Rev.B (2013)
» Phase transition

W.Zhou, et al., Nano Lett. (2013)
~ Aggregated vacancies

Y.-C.Lin, et al., Nat. Commn. (2015) Y.-C.Lin, et al., Nat.Nanotech. (2014)
K.Fujisawa, B.Kabius, V.Carozo, S.Feng, Z.Lin, C.Zhou, M.Terrones, et al., unpublished (2015)




Structural Change after E-beam Irradiation

No damage area E-beam damaged area

»WS, structure was changed by E-beam irradiation. Details
should be studied with TEM simulation.

K.Fujisawa, B.Kabius, V.Carozo, S.Feng, Z.Lin, C.Zhou, M.Terrones, et al., unpublished (2015)




Atomic-vacancy Healing in MoS,

Mo atom



Defects on TMDs, MoS2-type & PENNSIATE
* Challenges remaining

Can we quantify and identify
specific defects by Raman and
PL?

Can we distinguish by Raman
and PL between S and M

vacancies?

The LA mode appears after the ion-bombardment

B. Carvalho, N. Perea-Lépez, Z. Lin, K. Fujisawa, V. Carozo, A. Elias, and M. Terrones et al., unpublished (2015)
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. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Defect Engineering

Topological Defects

B8 29 2% 2
%ﬁ@?k

hﬁ%%é

Grain Boundaries

969 49 49

Z. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Topological defects in TMD

Terrones, H., Ruitao, Lv, Terrones, M., Dresselhauss, M.S.
Reports on Progress
In Physics, Vol. 75, 062501, 2012

AE Y XX
LA A I\

Seifert, G., Terrones, H., Terrones, M., et al.,
d Physical Review Letters, Vol. 85, 146(2000).



Synthesis and Characterization of MoS, layers

Ring defects

Grain boundary in MoS, Mo

Line defects g
5|7 H

Sulfur ;-
1Y

J
" |
Substituted J
5|7 o

4*6 J

Molybdenum J\’
Substituted ”
s

S. Najmaei, et al., Nature Materials (2013)




Grain Boundaries in WS, monolayers -2\

In Collaboration with N. Alem, P. Ercuis (NCEM), A. Azizi, B. Yakobson
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Strain Field Mapping in GB of WS,

Rotation, ;

Using geometric phase analysis (GPA); see Ultramicroscopy 74, 131—-146 (1998)



Dislocation Migration in GB of WS,

In Collaboration with N.
Alem, P. Ercuis (NCEM), A.
Azizi, B. Yakobson

A. Azizi, et al.

Nature Communications
5, 4867 (2014)



Dislocation Migration in GB of WS,

A. Azizi, et al. Nature Communications 5, 4867 (2014)
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. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Defect Engineering

(b)

Layered Heterostructures
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Z. Lin, B.R. Carvalho, E. Kahn, R. Lv, R. Rao, H. Terrones, M.A. Pimenta, M. Terrones. 2D Materials (2016)



Role of Te

Bottom up synthesis of TMD heterostructures

Lateral heterostructure
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MoS

Gongq, et al. Nat. Mater. doi: 10.1 038/nmat40911 42
Duan, et al. Nat. Nano. doi: 10.1038/nnano.20714.222

Huang,et al. Nat. Mater. doi: 10.1038/nmat4064




Large Scale Synthesis of MoS,/WS, In-plane Heterostructures

* Challenges remaining

Can we measure

properties along the
interface?

What happens with the
excitons at the interface?

Chemical activity?

Gong, et al. Nature Materials (2014).  Collaboration with P.M. Ajayan, J. Lou



Large Scale Synthesis of MoS,/WS, In-plane Heterostructures
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Large Scale Synthesis of MoS,/WS, In-plane Heteroetrcutures

(B) Band structure of the
cell in (A) showing direct
transitions at 1.825 eV (679
nm. Green arrow), 1.875 eV
. —_oosw (661.33 nm. Red arrow),
-‘% 1.889 eV (656.43 nm. Black
; arrow), 1.908 eV (649.89
nm. Not shown), 1.968 eV
(630.08 nm. Blue arrow),

1.987 eV (624.05 nm. Not
shown).
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Enhanced radiative recombination at interfaces

Optical image =g Fluorescence image

Interface

Normalized photoluminescence (a.u.)

Photon energy (eV)

Lin, Gong,et al. unpublished 14
0 1 Gong, et al. Nat. Mater. 13 1135 (2014). —
Normalized photoluminescence intensity Huang, et al. Nat. Mater. DOI: 10.1038/NMAT4064.



Novel excitons in heterostructured TMDs
--==|lateral and vertical structures

Gong, et al. under review.

1D interface
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Yu, et al. arXiv:1403.6181.

Huang, et al. arXiv:1406.3122.
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