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BDECOM Monolayer 2D: Graphene, h-BN ..... ARL
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Tetra-layer 2D: TMDC
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Transition Metal Dichalcogenides -

2 NATURE CHEMISTRY | VOL 5 | APRIL 2013
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RDEcom®  Solution: Application Domain
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RDECOM Solution: Application Domain

nergy Generation and Harvesting
Mechatronics Catalysis
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Limitations

v Interfaces problem —

v" Difficulty forming an ohmic contact

v' Exfoliated materials may not be pristine enough to lead to complete electronic

coupling

Immune to intercalated contamination- Hard to control
Growth of Large crystal- Bottleneck for industry-standard electronics
Low mobility and higher contact resistivity- Far from bulk Si
Uncontrolled chemical doping- Oxidation problem

Low optical quantum yield- Indirect gap for FL-system

Integration issues exists-Strain mismatch between substrate and
TMD
Stacking of 2D multilayers- Uncontrolled sliding and twisting

AN NI N N NN

AN

In the last 10 years, 2D materials research had made a huge

stride by “Scotch Tape governed” to “Sandwich governed”
;
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RDECOM Are we there yet?
. T70° L—— v Suitable for Active devices
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Solutions

» Advanced synthesis technique for large area growth

Experiment
» Efficient characterization technique to understand the
atom|St|C detalls Experiment +The0ry

Suitable and accurate theory and modeling explorin@
electronic, photonic and magnetic properties to
support and guide experimental process

" J
Theory + Modeling

;
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Can complement experimental efforts
by being:
» Complementary
» By providing theoretical reasoning
for experimental findings
» Predictive
» By venturing rich but unexplored
chemistry and physics

| UNCLASSIFIED The Nation’s Premier Laboratory for Land Forces
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Experimentally observed commensurate Graphene material systems
Misorientation in common in multilayer vdW materials

PRL 109, 236604 (2012) Grap hene/h-BN
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graphene on h-BN.
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To be published

No. of atoms in supercell

v' BZ-folding in the commensurate supercell contributes to v Gap of (~56 meV) in the perfectly aligned AB-G/BN
the low-energy modes, consistent with experiment.

v’ Folded phonons attributes to the phonon scattering
channels at the zone-center.

system vanishes with the a slight misorientation
v No velocity renormalization in the linear region of
bandstructure.

| uncLAssiFED  Submitted The Nation’s Premier Laboratory for Land Forces
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BDECOM'  Complementary Modeling

|dentification of structure topology
SnS, — An Emerging 2D Material
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v/ SnS, occurs in different polytypes (1T, 2H, and 4H) with the same
structure of the S-Sn-S layers but different interlayer stacking

v Low-temperature synthesis produces the 2H-polytype, while
crystal growth at temperatures above 800 C tends to give 4H

v SnS,- Experimental ambiguity exist

v' High quality mapping of ARPES band structure
requires accurate theory

v' HSE level of theory correctly predicted the
existence of 4H-topology in the bulk SnS,

.......
S o
...................

r ; X v In the bulk form, SnS, exists in the 4H topology

In-plane momentum K,

v Unlike other TMDC, SL-SnS, has indirect bandgap

Y. Huang, E. Sutter, J. T. Sadowski, M. Cotlet, O .L .A. Monti, D. A. Racke, M. R. Neupane, D. Wickramaratne, R. K. Lake, B. Parkinson, and P. Sutter.. ACS Nano, 2014
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BDECOM’ Complementary Modeling ARL

Validation of optical behavior in ML-MoS,

Indirect-to-direct bandgap &
—
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Increasing layer-thickness g Energy (eV) —Preo,
st

Rohan Dhall, M. R. Neupane, D. Wickramaratne, M. Mecklenburg, Z. Li, C.
Moore, R. K. Lake, and S. Cronin. Bulk Direct Band Gap MoS2 by Plasma
Induced Layer Decoupling. Advanced Materials, 2015

@)
) \ DFT (HSE) correctly predicts the indirect-to-direction
i, bandgap transition in Multilayer MoS,

(b) 1.9 T = . -4 -2 0 2 4 6
Direct (K, -K,) P i : Distance (um)

Height (nm)

No significant shift in the

% : i Raman peaks
§ E L 2-Layers Before O,
g EAE}-Layers > Ao,
/' For 4L-MoS,, indirect to direct cross 2 ; @d-Layers 2
over occurs at A (vdW gap) of 1.45 A : P ; £
/ The gap is nearly equivalent to the 13 s o — - ::
symmetric distribution of 20% Al () SR T R

increases in layer thickness in the

experiment. Plasma treatment leads to the modulation of vdW-gap between the layers
New mechanism to turn indirect-direct bandgap tuning ML TMDC

UNCLASSIFIED The Nation’s Premier Laboratory for Land Forces



UNCLASSIFIED

Us. ARMY

RDECOM" p(c(ictive Modeling

Material | e | m. | mp |€err | Ey(theory)|Ey(expt)

3 3 DFT+ Variational principle
EXCItOﬂIC gap [gate | (110) |(176) (eV) (eV)

sourcel = [ crain 9H-MoS, |3.43|0.57|0.66(3.86| 1.6 1.9

Conceptualized TexFET

p N oy N N 2H-MoSe, |4.74] 0.7 [0.55(4.52|  1.375 1.66
el TR 7Y 2H-MoTe, |5.76] 0.69 | 0.66 5.03|  0.94 -
5 2H-WS, (4.13/0.44[0.45[4.21| 1.548 1.95
A4 / Ay
SENE Rl =N S— 2H-WSe, [4.63|0.53|0.52 [4.46]  1.254 1.64
excitonic N\ A

off-state -
same Fermi surfaces

for electrons and holes
g ; Mats. | 2D Boh Effective Bohr Radius (1)
(azp)
250 ) BN thickness (ML)
----------
BOTTOM GATE MosS, 0.665 232 3 38 431 438 5 55 55 56
T | MoSe,  0.777 1.9 250 31 359 381 419 47 5 522 537
52 E L . \ r 200
E'/K'E‘J:7M 12 i Eb - ?n.m{E{fLE) —I-E{COU-IO?N-E?)} MoTe, 0.789 197 252 31 349 38 42 469 52 527 549
. > ws, 1 22 24 278 32 34 37 4 43 46 47
) Reduced effective m_ass e ( ; A £ 150 Wse, 0.9 207 27 315 33 36 39 429 46 478 49
E(Coul) = e [dz dy dz, dz, N} NQSL‘HQ(M < Zh) sm(im sl m )‘)
K voE lw L, ’ Graph. 7.8 101 117 109
[ (@ + 97 1 |
. . . exp|— - - -
Effective dielectric constant 2xn [+ P+ (2 — 2y )M 100
50 ~57 -70 meV
0

@ A = 3.3 nm (11 ML)

BN thickness (nm)

» In the hetero-TMDC-BN system, the binding energies range from ~59- 63meV at BN thickness of
3.3nm (-2 -2.5 KT at room temperature).
» Effective Bohr radius for the TMDC-BN system ~ 1/3 of the Graphene-BN system

In collaboration with Prof. Appenzellar

UNCLASSIFIED The Nation’s Premier Laboratory for Land Forces
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Material | e | m. | mp |€err | Ey(theory)|Ey(expt)
) o (m0) | () (eV) (eV)
DFT+ Mean-field Approximation
2H-MoS, |3.43| 0.57 | 0.663.86] 1.6 1.9
2H-MoSe, |4.74| 0.7 |0.55 [4.52 1.375 1.66
Ap =) Vi A"
B = 2H-MoTe, |5.76| 0.69 [ 0.66 |5.03 0.94
2Eﬁ,
: 2H-WS, [4.13)0.44 |0.45[4.21|  1.548 1.95
Conduction =
band 2H-WSe, |4.63]0.53]0.52 |4.46 1.254 1.64

Good Fermi-surface nesting

Valence
band

Gap (A) vs Dielectric Thickness (d)

7O

- - -@- - MoTe2/MoTeZ(bare)
B0 o, —;-— MoTeZiMo Tez(screened}

- WSeZ2WWSe2(bare

+ 'VSeQ.-’”\.fS 2( creened}

W2 - T2

A E ‘QosiLSO,OSZO/é/O.Oé - k\$t:05 ‘0 0,;)5
T _ WS2 WSe
Similar electron and haéle

v sz 2s s s 4 a5 s effective masses

Thickness (nm)

» Inthe hetero-TMDC-BN system, screening effect reduces the A by ~1/3 for a thicker BN layer
» Mean field Approximation predicts that the screening issues in the e-hole system is prominent,
and it reduces the superconducting gap by an order of magnitude

The Nation’s Premier Laboratory for Land Forces
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ﬁﬁ*‘"f:"ca’w@ Nanoindentation: Predictive Modelin% R i.

Experiment
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Robert M. Elder*, Mahesh R. Neupane*, and Tanya L. Chantawansri, APL, 107, 073101 (2015) 00 0'1 0'2 - 0'3 0'4 - 5

Method: Pretention (N/m)

1. Optimized lattice constants are obtained from DFT calculation using VASP. 600 |1

2. Nano-indendation simulation was formed in MD simulation using LAMMPS. o F~&

3. By examining the maximum of the force-deflection curves, we can calculate the =
yield stress and ultimate strength of the materials. Z 400l 'F 4}*’ MoS IGR

e 1 Hns'zmsz

Fact: & . ,Mos,
Graphene is mechanically stronger than steel, with a " 200} 77 s,
Young’'s modulus of 1 TPa, whereas MoS, has a 7

Young’'s modulus of only about 0.25 TPa.

0 e R . 2
0 20 40 G0 a0
Indentation depth (inm)

v" How does topology (stacking order, number) effect overall mechanical properties of
vdW heterostructure?
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RDECOM Stress during indentation 4RI
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/ Graphene / . Upper MOSZ breaks Il. Lower MOSZ breakS

|. Before rupture

IV. Graphene breaks

98]

Force, F (UN)
\S]

Experimental Verification is under investigation

Key findings:

»The overall mechanical strength of Graphene/MoS, heterostructure is ~200% higher than MoS, mono
and bilayer.

»The Young’s modulus of the M/G/M trilayer (0.68 TPa) improving the bending modulus and ultimate
strength of mono MoS, by an order of magnitude

UNCLASSIFIED Mahesh_neupane_ctr@mai]_m” The Nation,s Premier Laboratory for Land Forces
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RDECOM" | imitations

v ML-TMDC can give a comparable electrical performance to

a 10 nm thick organic or amorphous oxide semiconductor 3D materials with 2D properties
v Ultrathin TMDCs are particularly well-suited for transparent

and flexible electronics

#

FUTURE ELECTRONIC TEXTILES
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CONFORMAL AND
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Multifunctional fibres that see, o

| W | ight FIexane Electronics
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Materials by Design

Scientific Reports 3, 3532, 2013

Inorganic/Organic Heterostructure
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