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|. Introduction of 2D TMDC
Materials



Transition Metal Dichalcogenide (TMDC)

Materials: Compositions

MX.
M = Transition metal
X. = Chalcogen
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Nature Chemistry 5, 263—275 (2013)




TMDC Materials: Crystal Structures
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Nature Chemistry 5, 263—275 (2013)

Two polymorphs in monolayer : trigonal prismatic (1H) and octahedral (1T).



TMDC Materials: Crystal Structures

Bulk TMDCs exhibit a wide variety of polymorphs and stacking polytypes



I1. Synthesis and Transfer of 2D
TMDC Materials/Heterostructres

1.1 Synthesis



Mechanical Exfoliation

Nature Nanotechnology 6, 147-150 (2011)

Credit: K S Novoselov and A H Castro Neto

* Low yield, not scalable

e Limited control in layer number

» Low uniformity (mixed layer numbers)
o Small size



Liquid Exfoliation

—_—
o Good sovent
— ___.-"'-
Faar sabaim |

Key: good solvent (its surface energy is similar to that of the layered material,
dimethylformamide or N-methyl-pyrrolidone), surface surfactant or polymer

lon intercalation - assisted exfoliation

Intercalation} Nature Chemistry 5, 263—275 (2013)

e Surface contamination

Intercalants such as n-butyllithium in hexane  Structure distortion or damage
(exclusively monolayers)



Sulfurization of Pre-deposited Precursors

Oxide precursor: MoO, or WO, Metal precursor: Mo or W

E-beam
MoO,evaporation MoO, evaporation
 Gacesapphive - L J — L 4
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(1T, 500°C, 1hr) sulfurization Quartz tube

(600T, 1000°C, 30min)
Nanoscale 4, 6637-6641 (2012)

Closed furnace

Applied Physics Letters, 102, 252108 (2013)

Thiosalt
dip-coating 1st anneal 2nd anneal
Ar MoS»
Ar/Hy . or Ar+S
1 Torr " 500 Torr / transfer
— F — g —
500°C 1000°C —
1hr 30 min 1cm
(NH4);MoS S Mo‘, & tem
4)2M054 ) _
solution on sapphire on SiO/Si on Si0/Si

Nano Letters 12 (3), 1538-1544 (2012)

Uniformity & Control of layer number?



PVD, ALD, and MBE Growth

Physical vapor deposition Atomic layer deposition
Quartz tube
. ~900 °C, 20 Torr j,s & ©
/ wmte & ALD / BXpOsUnE \\
Mo s == 1 cycle .8, \
il h — B B2 e Mo, A @::u;:e;
|
by CH;SSCH;
R T \ exposure /

ACS Nano, 2013, 7 (3), pp 2768-2772 Nanoscale, 2014,6, 14453-14458

ACS Nano, 2013, 7 (12), pp 11333-11340

Molecular beam epitaxy (only MoSe2 reported to date)

Nature Nanotechnology 9, 111-115 (2014)

Cost, Uniformity & Control of layer number?



Chemical VVapor Deposition: Oxide Precursor

Vapor Phase Reaction
or
Physical Deposition

5% §56
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Precursor 2 Grwoth Substrate

GasIn == | == Gas Out

Credit: Lain-Jong Li

Precursor 1: S or Se
Precursor 2: MoO3 or WO3

100 pwm

W52 With H; carrier sh
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Nat. Mater. 12, 554, 2013 ACS Nano, 2014, 8 (5), 5125-5131
ACS Nano, 2013, 7 (10), 8963-8971 ACS Nano, 2014, 8 (1), 923-930

Nat. Mater. 12, 754, 2013 ACS Nano, 2014, 8 (8), 8582—-8590

Large size & Control of layer number?



Self-limiting CVD Growth
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Growth of large-area, uniform monolayer and fewlayer MoS2.
Yifei Yu et al. Sci. Rep. 3, 1866, 2013



Remarkable Uniformity

sapphire
Raman mapping
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The synthesized MoS2 film shows remarkable uniformity.

Yifei Yu et al. Sci. Rep. 3, 1866, 2013



Precise Control of Layer Number
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Key of Self-limiting Growth

Carrier Gas_ _ Pump

Synthetic Setup 5 — [T . B
| I | [

- S MoCI5 Substrate -
Tube Furnace
Ar reaction transfer
e 0
I oo © °0 oo =P o0 diffusion

0 0
° ° MoCl5 +S +» MoS»
blimatio e
’ \\
S MoCls

5 precipitation '
|

The rate-determining step Is the precipitation reaction:
MoS, (g) = MoS, (S)

Yifei Yu et al. Sci. Rep. 3, 1866, 2013



Key of Self-limiting Growth
MoS, (g) & MoS, (s) Two pressures dictate the precipitation:

o @Pvo o0 1. partial pressure of the gaseous MoS,, P,,,
O\v 7 2. vapor pressure of the MoS, film. Py,
[ Substrate | To drive the precipitation, P,,, > P°,

The balance between the partial pressure and the vapor pressure
provides the self-limiting growth mechanism.

- o ,,'O I:)oMo,1 <Ppo < I:)OMO,Z
MO,1I,,V I,’l POMO,Z mem
: W Substrate
000000
v
Layer dependent vapor pressure of the film due ] % "o
to interaction with the substrate. CCSCubcstCraCteC

Yifei Yu et al. Sci. Rep. 3, 1866, 2013



Key Advantages of Self-limiting CVD Growth

- Other CVD Method
Self-limiting CVD / M0oO3 +S \

MoCI5 +S Comparable Quality

MoO; + S
MoCl5s + S

PL (a.u.)

Nat. Mater. 12, 554, 2013

600 650 700 750
Wavelength (nm)

Key advantage of the self-limiting C\VVD approach : \ Nat. Mater. 12, 754, zo13

* Much larger size (5 cm vs mm)

» Control of layer numbers
Yifei Yu et al. Sci. Rep. 3, 1866, 2013



1. Fundamental Properties

[11.1 Raman



Raman vs. Layer Number

Two most important modes (a)
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Raman intensity and peak position depend on the layer number.



Raman vs. Layer Number
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Scientific Reports 3, Article number: 1755

Raman can serve as a credible tool to indentify the layer number.



Raman vs. Strain

Strained monolayer
MUSE

. Y
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Nano Lett., 2013, 13 (8), pp 36263

* the A, peak shows no measurable shift in position

e the degenerate E’ peak splits into two subpeaks



Raman vs. Carrier Concentration

lymer electrolyte
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A, strongly depends on the carrier concentration.



Raman vs. Substrate/Dielectric Screening
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* No obvious dependence on the dielectric environment, but substantial
dependence on the substrate (doping, strain).



1. Fundamental Properties

[11.2 Catalytic Properties
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MX2 (M= Mo, W, X=S, Se). HER Catalyst
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Nature Chemistry 1, 37 - 46 (2009)

MX2 (M= Mo, W, X=S, Se) are predicted as good catalysts for the hydrogen evolution
reaction (HER)



Current Theory: Edge Sites Matter.

MoS2

ans | 0106 018 020
MoS, edge length (nmydnm? )
Science 6 July 2007:

vol. 317 no. 5834 100-102

Conventional wisdom: exchange current density is proportional to
the number of edge sites.



Recent Studies: Coupling with Graphene
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Scientific Reports 4, Article number: 6256

The electronic coupling with graphene is helpful.



Recent Studies: Composition and Crystallinity
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1.

The stoichiometric ratio of Mo: S does not matter muchS® <! 2015 ® (1) pp 4487455

2. The crystallinity may affect the Tafel Slope and TOF in opposite ways
Low crystallinity: 40 mV/dec and low TOF

Highly crystalline : 80-90 mV/dec and high TOF



Does Edge Sites Really Matter?



Recent Studies: Not Just Edge Sites
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1T-MoS2 is better than 2H-MoS2 in terms of catalyzing the HER.



Does The Edge Sites Really Matter?

Continuous Film Discontinuous MoS2 Flakes
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Magnetic measurements indicate No substantial edge sites in the film
Unpublished Results



Does The Edge Sites Really Matter?

Exchange current density: 25-40 uA/cm2
Tafel slope: 75mV/dec
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Unpublished Results



Recent Studies: Layer Dependence Electrocatalysis
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Efficiency of electron hopping plays a important role



MoS2: Catalyst for Carbon Dioxide Reduction
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MoS2 is a promising catalyst for the reduction o fcarbon dioxide



1. Fundamental Properties

111.3 Electronic Structures/Properties



111.3.1 Band Structures



Electronic character of TMDCs: d-Orbital filling
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Hexagonal Brillouin Zone of TMDCs (Mo0S2)
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Phys. Rev. B 84, 153402



Evolution of Band Structure: Indirect to Direct
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An indirect to direct bandgap transition at monolayer MoS2



band gap [eV]

Evolution of Band Structure: Indirect to Direct

MoS,, bilayer MoS,, monolayer WS, bilayer WS, monolayer :
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The d-electron orbitals dominate the valence and conduction bands



The Crossover of Indirect to Direct Not Universal

Nb3,, bulk Mb5,, quadrilayar Nb3,, bilayer MBS, monolayer
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Phys. Rev. B 83, 245213

NbS2 and ReS2 are metallic because the 4dz, orbital is half-filled. No
layer dependence crossover.



Key Points

e Mo 4d and S 3p atomic orbitals play a
decisive role in the band structure

e The energy levels dominated by the S p-
orbitals is subject to the influence of
interlayer interactions, while those
mainly consisting of Mo d-orbitals not

 The valence band edge at I point
involves the contribution from S 3p
orbitals, while the band edges at K point
are mainly made of Mo 4d orbitals



111.3.2 Mobility



Phonon-limited Charge Mobility in Mo0S2
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Nature Communications 3, 1011

The room-temperature mobility is dominated by optical phonon scattering.

200 ~40 cm?2V-1s71



Charge Mobility of in MoS2: Substrate Effect

: : h % __—
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The ionized impurity scattering and remote phonon scattering are the major factors
limiting the mobility



Charge Mobility In MoS2: Experiments

A wide variation in the measured results

a

0—80 —f-i-O 6 4IO
V, (V)
0.5-3 cm2/V 200 cm2 V-15-1,

Proc. Natl. Acad. Sci. U. S. A. 102, 10451-10453

>100 cm2 V-1 s-1)

Nature Nanotechnology 6, 147-150 (2011) Nature Communications 3, 1011

" "MoS, flake

E-mode D-mode

- Pd Al

Sisubstrate

~10cm2 V-1s-1

300 cm2 V-1 s-1

517 cm2/V-s
IEEE Electron Dev. Lett. 33, 546—548 (2012) Nano Lett., 2012, 12 (9), pp 4674-4680 J. Appl. Phys. 101, 014507 (2007)



111.3.3 Piezoelectricity



Piezoelectricity in 2D TMDC Materials: Theory
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Monolayer TMDC materials are piezoelectric



Piezoelectricity in MoS2: Experiments
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111.3.4 Spin-Valley Coupling



Coupled Valley-Spin of TMDCs (Mo0S2)

» M=MoW ® X=S5Se

zZA

L 3

f Credit: Wang Yao

« At the K and K’ valleys, the band edges are mainly of molybdenum d-orbital
e spin—orbit interactions split the valence bands by ~160 meV in monolayer
« The valley and spin of the valence bands are inherently coupled in monolayers



Valley-Spin Polarized Luminescence in Monolayer
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Electrically Tuned Valley-Spin Polarization
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n = (P(o+)-P(c-))/(P(c+)+P(c-)).

safe voltage (V)

Optical helicity can be continuously tuned from —15% to 15% as a function of gate
voltage in 2L MoS2, but is gate independent in monolayer MoS2



Valley-Hall Effect and Zeeman-Type Splitting

Valley Hall effect. | o
/ _hx’;

.l;.' i Il_."-
f o A A A o
Nature Physics 10, 343-350 (2014)
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Nature Physics 9, 563-569 (2013)



1. Fundamental Properties

111.4 Optical Properties



[11.4.1 Exciton, Binding Energy
& Radius



Excitonic States
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Nature Communications 5, 4543, (2014)

A and B from interband transtion of K/K’ points, and C from transition in the
Brillouin zone between I' and A



energy (eV)

Extraordmarlly Strong Binding Energy
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The exciton binding energy in MoS2 monolayer is reported ~ 0.4-1.1 ev



Strong Binding Energy in WS2
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The exciton binding energy in WS2 monolayer is 0.71 £ 0.01 eV around K valley



Exciton Radius

‘Pgak A

Phys. Rev. Lett. 111, 216805

The exciton radius is estimated to be 0.5-2 nm



Comment

Most of the studies (binding energy, radius) focus
on the A exciton

How these results could be applied to the B and C
excitons is not clear.



111.4.2 Neutral and Charged
Excitons
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Neutral and Charged Exictons
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Neutral and Charged Exictons: Effects of Doping
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Phys. Rev. B 89, 125406

The PL intensity and position is subject to the effect of substrates and molecule
adsorption, which may change doping level and the population of trions.



111.4.4 Exciton Dynamics and
Manipulation



Exicton Dynamics
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ACS Nano, 2013, 7 (2), pp 1072-1080

Nonradiative relaxation dominate
Fast trapping of excitons by surface trap states



Exicton Dynamics
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Band Structures in MoS2/WS2 Heterostructures
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Band Structures in Other Heterostructures

[8) MaS, /WS, (B) MaSMaSe, (e} Mas, MoTe, [d) MoS, /BN
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Table 1 | Direct and indirect (in parenthesis) band gaps in eV of hybrids of semiconducting transition metal dichalcogenides (STMD).
Systems with a dominant direct band gap at the K point in the Brillouin zone have an asterisk. Cases with “+* show an indirect fundamental

band gap T'-K, and “&’ corresponds to a dominant indirect gap K-I

Hybrid-Structure Bilayer-Stacking A Bilayer-Stacking B Crystal- stacking A Crystal- stacking B
WS, MoS, Type | 1.695(1.586 I4) 1708(1.190 I4) 1.669(1.284 1) 1.664 (076414
WS, 'WSes Type 2 1.007(1.725 I-)* 1.068(1.314 I4)* 1.007(1.406 I'4)* 1.037 (0.883 I)
MoS>WSe,Type 2 0.790(1.525 T-)* 0.891(1.147 I*l)* 0.802(1.245 T4)* 0.883 (0.736 )
WS,MoSesType 3 1.154(1.594 T-)* 1.180(1.052 IK)* 1.157(1.316 T4)* 1.155 (0.790 T-)
MoS,MoSesType 3 0.945(1.560 IJ* 1.013(0.899 IK)* 0.949(1.260 T4)* 0.998 (0.699 I
WSerMoSesType 4 1.443(1.330 K4)& 1.471(1.116 T4) 1.444(1.215 Kd)& 1.418 (0.761 T-)

Scientific Reports 3, Article number: 1549, 2013




Exicton Dynamics in Heterostructures

A :

N

8|

2

) b

: -

L

£ ]

T SL MoS; |

1.4 1.6 1.8

Nature Nanotechnology 9, 682-686 (2014) Photon energy (eV)

| PNAS | | vol. 111 | 6198-6202 , 2014

% hv % 680 nm
ws,

3,5

[ POPOARRE
\ -‘ / 2,01
MoS, 10 um s

Nano Lett., 2014, 14 (6), pp 3185-3190

——  Nature Materials 13, 1135-1142 (2014)

Heterostructure l [

Intensity (a.u.)

‘Nature Communications 6, Article number: 6242



Equally Efficient Interlayer Charge Transfer in Epitaxial
and Non-epitaxial MoS2/WS2 Heterostructures
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The PL in MoS2/WS2 is two orders of magnitude less!

Yifei Yu et al. Nano Lett, DOI: 10.1021/n15038177, 2014




Efficient Interlayer Exciton Relaxation
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* The radiative lifetime of excitons in MoS2 is around 1-5 ps.
 The PL is supressed by 50 -100 times after the heterostructuring.

The interfacial charge transfer is in scale of 10-100 fs!
Yifei Yu et al. Nano Lett, DOI: 10.1021/n15038177, 2014



Equally Efficient Interlayer Charge Transfer in Epitaxial
and Non-epitaxial MoS2/\WS2 Heterostructures
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Efficient interlayer relaxation in non-epitaxial heterostructures!

Yifei Yu et al. Nano Lett, DOI: 10.1021/n15038177, 2014



Disclaimer

This tutorial i1s not meant to be comprehensive. The instructor
would like to apologize for missing any important papers/works
and would appreciate it if the missing work could be brought to the
Instructor’s attention at lcao2@ncsu.edu.



Thank Youl
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