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2D transition metal dichalcogenides

MX, @ M=MoW ® X=8.5c P
view

Layered structure suitable for extracting
monolayer by mechanical exfoliation

Bulk or even-layers Monolayer

> Indirect bandgap Direct bandgap <

I’“w with inversion without inversion

< symmetry symmetry
: Even-odd oscillation of SHG Splendiani et al., NL 10”

T_,x Zeng, et al. Sci Rep 13” Mak et al., PRL 10”
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FIG. 3 (color online). (a) PL spectra for mono- and bilayer MoS, samples in the photon energy range from 1.3 to 2.2 eV. Inset: PL
QY of thin layers for N = 1-6. (b) Normalized PL spectra by the intensity of peak A of thin layers of MoS, for N = 1-6. Feature / for
N = 4-6 is magnified and the spectra are displaced for clarity. (¢c) Band-gap energy of thin layers of MoS;, inferred from the energy of
the PL feature I for N = 2-6 and from the energy of the PL peak A for N = 1. The dashed line represents the (indirect) band-gap
energy of bulk MoS,.
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AR

FIG. 1 (color online). Left: LDA (dashed blue curve) and GW
(solid red curve) band structure of monolayer MoS,. Top right:

(a) Present [|C (b) Present work with
work QP lifetimes
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FIG. 2 (color online). (a) Absorption spectra of MoS, without
(dashed red curve) and with (solid green curve) clectron-hole
interactions using a constant broadening of 20 meV. (b) Same
calculated data as in Hg. 2(a), but using an ab initio broadening
based on the dectron-phonon interactions |27 28]. (¢) Previous
GoWy calculation (in arbitrary units). Note that the region
between 2.2 and 2.8 ¢V is completely flat. (d) Experimental
absorbance [1].
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Valley index of Bloch electron

+ Valley index of Bloch electron

Degenerate energy extrema of Bloch bands in momentum space

In atomically thin 2D crystals: graphene, BN, MoS, ete.

¢+ Long lifetime of valley polarization expected

Intervalley scattering suppressed by large k-space separation

Valley polarization

14



Valley vs spin for information processing

Index of Bloch
Associated electron
physical phenomena

Spin Valley

Magnetic moment

\/ / }‘ Xiao, WY & Niu, PRL 07"

Hall effect

v | v

Optical selection rule

\/ \/ WY, Xiao & Niu, pﬁl%kn)sz;

¢+ Valley physics from inversion symmetry breaking

¢+ Valley can be manipulated in ways similar to spin

+ Key quantities: Berry curvature & orbital magnetic moment

Hall effert

Qk) = Vi X k)iViluk))

15




Valley contrasting properties by I1SB

Time-reversal symmetry

Q(k)=-Q(-k) m(k)=-m(-k)
Space-inversion symmetry Q(k)=Q(-k)  m(k)=m(-k)
Both symmetries Q(k)=0 m(k)=0

+ Valley contrasting properties

- Opposite Q & m for a time reversal pair of valleys

Necessary condition: inversion symmetry breaking (ISB)

Example: graphene with staggered sublattice potential

Massive Dirac fermion:
. ..

a
|

| 2|
o
L]

[ ] i = atOho, + ko) + 30,
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Valley contrasting Berry curvature

3At?
A1 3ganypr =101 atvalley K(-K)

Berry curvature ((q) = 7. z

bR

Valley Hall effect

K, K,
. V.4
Gapped energy dispersion A
é W 1
R R —
K <H; : D':

~byiply-

m(a?e/h)

=
sl=

gapped Dirac cones

Xiao, WY & Niu, PRL 99, 236809 (2007)
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Spin-valley coupled massive Dirac fermions

CIE /20 VGV 2
o |
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LETTERS
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nature
nanotechnology

Single-layer MoS, transistors

B. Radisavljevic', A. Radenovic?, J. Brivio', V. Giacometti' and A. Kis'*

1074 T T T
-4 -2 0 2 4

Top gate voltage V..(V)
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Interfacial band structure

Bilayer MoS, on metal

Monolayer MoS, on metal

3 —~— B
e ) B § BN
o 3
2 o i
Ll
(c)  Ti(0001)
R s RS
s 3
(NN i
(d) () Ni (111)
“logoo0e FUTY
0000 VR
000 -
: :
I w

» The band structure of MoS, is identifiable clearly for MoS, on Au surface
> is slightly destroyed by Pt and Ag surfaces
> destroyed seriously by Sc, Ti, and Ni surfaces,
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X JZ: Sc Ohmic, Ti small SBH[7T meV
HE:  MoS,-Ti: larger SBH
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at low temperature
(Appl. Phys. Lett. 2012, 100, 123104.)
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5 HARFET XS L CREIA) AR A L A D

lon L] SS
(mA/mm) "  (mV/dec)

Category L., (nm)

MoS, FET 10 1030 1.0x10* 62
CNT 9 630 1.0Xx10* 94
Si nanowire 10 300 1.0x10* 89
Si Fin 10 138 1.0X10° 125
UTSOI 8 41 1.0x10* 83
S E PR FARLRE (ITRS) 2018 IR EER % E
FET Len (mm) 1, (RA/pm) lon/lott
MoS2 FET 10 2929 2.9 X 10*

ITRS HP transistor 2018 10.2 1610 1.6 X 10*
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Electrically tunable excitonic light-emitting diodes
based on monolayer WSe, p-n junctions Solar-energy conversion and light emission in Optoelectronic devices based on electrically
Jason S. Ross!, Philip Klement23, Aaron M. Jones?, Nirmal J. Ghimire*5, Jiagiang YanS%,

D. G. Mandrus*5, Takashi Taniguchi’, Kenji Watanabe’, Kenji Kitamura’, Wang Yao®, an atomic mo"‘l°|ayer p- n d iOde

: : tunable p-n diodes in a monolayer dichalcogenide
David H. Cobden? and Xiaodong Xu'2*

Andreas Pospischil, Marco M. Furchi and Thomas Mueller*
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Figure 2 | Electrical characterization. a Gate characterigtic of the device
(0.2 V bias voltage). Both electrons (Vg =V, > 10 V) and holes
(Vey=Viea < =10V) can be injected into the channel. The curve was
obtained by scanning the gate voltage from —20 V to 20 V and back.

b, Band diagram when operating as a p-n junction diode. Asymmetric

contact metallization allows more efficient electron (green) and hole (blue)
injection. ¢, I-V characterigtics of the device in the dark for biasing conditions

as shown in the inset: p-n (solid green line; Vg, = —40V, V5, =40 V),
n-p (solid blue line; Vg, =40V, Vi, = ~40 V), n-n (dashed green ling;
V= Vea =40 V), p-p (dashed blue line; Vg, =V, = =40 V).
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Figure 3 | Device operation as solar cel and photodiode. a, -V
characteristics of the device under optical illumination with 1,400 W m~2.
The biasing conditions are the same as in Fig. 2c p-n (solid green line;
VG'|= -40V, VG,=40 V), n-p (solid blue line; VG|=40V, V@= -40 V),
n-n (dashed green line; V5, = Vi, =40 V), p-p (dashed blue line;

Ve = Viea = =40 V). When operated as a diode (solid lines), electrical power
(P,)) can be extracted. Top inset: Schematic of experiment Lower inset:

P, versus voltage under incident illumination of 1,400 W m™2. Maximum
power conversion efficiency is obtained for V = 0.64 V and /=14 pA. The
red dashed rectangle in the main panel shows the corresponding power area.
b, Short-circuit current /... Symbols, measurements; dashed line, fit of power
law. ¢, Open-circuit voltage Vio (blue symbols), fill factor FF (red symbols)
and power conversion efficiency n;,, (2reen symbols). All parameters are
plotted versus incident light intensity.
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Atomically thin p-n junctions with van der Waals

LETTERS NATURE NANOTECHNOLOGY 00t 101034/MiANO2014 50 heterointerfaces

Chul-Ho Lee'?3, Gwan-Hyoung Lee?®, Arend M. van der Zande®, Wenchao Chens, Yilei Li',
Minyong Han’, Xu Cui®, Ghidewon Arefe®, Colin Nuckolls?, Tony F. Heinz', Jing Guo¥,
James Hone® and Philip Kim'*
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Spin dependent optical selection rule

Valley optical
selection rule

Valley & spin
optical
selection rule

K K
; j%
2 VN

WY, Xiao & Niu,
PRB 77, 235406 (2008)

Xiao, Liu, Feng, Xu & WY,
PRL 108, 196802 (2012)

Selective excitation of valley & spin controlled by light polarization & freq
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WA B R R
' ' wi(r) = e™ f(8,r),

é3 | V(Kt )) =| V(Ki»,

é3 IC(K:t )= e:Fisz lC(Kt )X

1 :

I¢‘ )= |d:2 ) |¢{’) o ﬁ(ldf -.\’2> T 'Tldx.\’)) g Now the chiral optical selectivity of the valleys can be deduced.
The bottom of the conduction bands at the valleys, dominated
by the I=0 d-states on Mo, bears an overall azimuthal quantum
number m, =1, at K. At the top of the valence bands, m, =0.
Then for an optical transition at K4, the angular momentum
selection rule indicates that Am.==%1, corresponding to the
absorption of left- and right-handed photons. Therefore, our den-
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Electrically Switchable Chiral Light-Emitting Transistor
Y. J. Zhang et al.

Science 344, 725 (2014);
DOI: 10.1126/science.1251329
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Electrical tuning of valley magnetic moment
through symmetry control in bilayer MoS,

Sanfeng Wu', Jason S. Ross?, Gui-Bin Liu?, Grant Aivazian', Aaron Jones', Zaiyao Fei,
Wenguang Zhu*5$, Di Xiao®’, Wang Yao?, David Cobden' and Xiaodong Xu'?*
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Figure 2 | Electrical control of valley magnetic moment in bilayer MoSz FETs. a b, Polarization-resolved photoluminescence excited by, o * (a) and o~ (b)

light at V3 =0. Insets: zoomed-in photoluminescence spectra around 650 nm. Black (red) P(o*) (P(o ™)) signals. ¢, Degree of photoluminescence .

polarization as a function of wavelength. Red (blue): o* (o~ ) excitation. d, Photoluminescence intensity map as a function of wavelengt h and gate voltage. $E

e, Degree of photoluminescence polarization as a function of wavelength and gate voltage. The left (right) plot is obtained for o* (o ™) excitation. f, Degree

of photoluminescence polarization as a function of gate voltage at 648 nm (line cuts along the dashed lines in e). Red (blue) dotsdenote o * (o)

excitation. 33
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Figure 4 | DFT calculation of magnetoelectric effect and associated circular dichroism. a, Absorption circular dichroism x as a function of dectric field.
The positive (negative) value represents o (o ™) excitation. b, m at =K as a function of electric field, which shows that m is an odd function of electric
field. ¢, Colour map of m as a function of electric fields near £K points in the momentum space.
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}‘jﬁj\%/ﬁiq:% &&E\z ( CPG E) Generation and electric control of spin-valley-

coupled circular photogalvanic current in WSe,

Hongtao Yuan'?, Xingiang Wang??, Biao Lian', Haijun Zhang', Xianfa Fang>4, Bo Shen?*, Gang Xu',
Yong Xu', Shou-Cheng Zhang'?, Harold Y. Hwang?* and Yi Cui'?*

Figure 1| Field-effect transistor on a WSe, surface with a transparent ionic gel gate. a, Distribution

of electron fluxes in valleys induced by circularly polarized light at oblique incidence. The total
helicity-dependent electric current arises in the direction perpendicular to the light incidence plane.

b, Distribution of electron fluxes in valleys for normally incident circularly polarized light. Ellipsoids show
electron valleys in the Brillouin zone, represented by the hexagonal shape. Points K and -K are shown.

S, source; D, drain; V,. gate voltage. Left-handed (o7; red) or right-handed (o"; blue) circularly polarized
light induces different currents (] vectors) in the electron valleys. The total current in a is shown by the
red and blue arrows labelled },.
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Figure 2 | Schematic diagram and incident angle-dependent CPGE measurement of ambipolar WSe; EDLTs. a. Schematic structure of a typical WSe, EDLT
with ionic gel gating. By applying a gate wltage V; to the lateral Au gate electrode, ions in the gel are driven to the WSe; surface, forming a perpendicular
eledric field a the EDL interface. Even without an external bias, a relatively low carrier-density accumulation layer exists at the WSe: surface owing to the
Fermi level realignment between the gel/WSe: interface. b, A position-dependent photocurrent from sweeping the laser spot agoss the two electrodes
(yellow rectangles shown a the bottom) in the zero-biased WSe, EDLT device with a fixed polarization. ¢ CPGE photocurrent jopge as a function of the
incident angle, 8, which shows a peak around @ = 60° (indicated by the blue line). d-i, Light polarization dependence of photocurrent j, in a biased W5e;
EDLT, measured at y=0 with different inddent angles 8. The open green cirdes are the measured j, following the form j, = Csin2p + Lsindg + A The filled
blue drcles are the photocumrent that originates from the linear photogalvanic effect and obtained from the x/2-period osdllation term Lsindg by fitting.

The filled red dots are the CPGE photocurrent with a x-periodic current oscillation. Polarization of the incident light at each quarter-wave plate angle, ¢, is
given by the symbols shown in the inset of each figure.

J,=Csm2p+Lsmip+4

Lsin4g corresponding to the linear photogalvanic effect (LPGE).

Jepee =NyIsm@sin2¢.

Jeper = Csi 2@
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The valley Hall effect in MoS, transistors
K. F. Mak et al.

Science 344, 1489 (2014);
DOI: 10.1126/science.1250140
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Silicene on metals
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(a) STM characterization of multi-oriented silicene domains on Ag(111)
(b) Sequence of ball models
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Absence of Dirac cone: (3X3) silicene on (4 X 4)
Ag phase
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Absence of Dirac cone: other phases
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Absence of Dirac cone on ZrB, and MoS, substrates

Fig. 3: Silicene on ZrB,,

Phys. Rev. Lett., 108, 245501 (2012). Fig 4. Silicene on MOS2

Adv. Mater., 26, 2096-2101 (2014).
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Ideal novel substrates for silicene growth ——Group Ill MonoChalcogenide (G3MC)

(a)

Top view

(b)

configuration of silicene on
G3MC (GaSe)

2D G3MC
Lattice constant: 3.6~4.3 A
Silicene: 3.8~3.9 A

Table 1 Bandgap of silicene on several G3MCs. * indicates
T 7% NN indirect bandgap.

1.0 A

0.5 4
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GaSe 0.14

| N |
/\ GaTe 0.18
\ 4 InSe 0.14

Band structure of silicene on GaSe. The color indicates the
projection of Si atoms.
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Silicene Nanomesh
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Table Comparison of Performance Metrics Between Sub-10nm Silicene Nanomesh (SNM),

Advance Si, carbon nanotube (CNT) Transistors under V,;,,=0.5V and V,,=0.5V.
Channel L, (nm) 1, (uA/um) 1, /1 ¢ Subthrfgz\%;z’esg;ing 53
SNM dual-gated 7.8 607 1.6 X104 72
Si nanowire 10 300 1.0X10% 89 (V,;,.=1.0V)
Si Fin 10 138 1.0X 103 125 (V=12 V)
ETSOI 8 41 1.0X 10 83 (V. =1.2V)
CNT 9 630 1.0X10% 94
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Twist-controlled resonant tunnelling in
graphene/boron nitride/graphene

heterostructures

A. Mishchenko', J. S. Tu?, Y. Cac? R. V. Gorbachev?, J. R. Wallbank?, M. T. Greenaway*,
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Figure 1| Schematic representation of our device and its band structure. V, (V)
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Tailoring the Electronic Structure in Bilayer Molybdenum Disulfide
via Interlayer Twist

Arend M. van der Zande, "* Jens Kunstmann,”* Alexey Chernikc:v," Daniel A. Chenet,” YuMeng You,"
XiaoXiao Zhang," Pinshane Y. Huang,J' Timothy C. Berkelbach, ¥ Lei W;a.ng,'JF Fan Zhang,* )
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Figure 1| Black phosphorus structure and bandgaps of layered materials. a, The layered and anisotropic
crystal structure of elemental black phosphorus. b, Bandgap energies of several layered materials used
for nanoelectronics. The range of values for each material can be achieved through a variety of means. For
example, it is expected that variations in an applied perpendicular electric field, film thickness or strain
could modify the bandgap value. hBN, hexagonal boron nitride.
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Black phosphorus field-effect transistors
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Black Phosphorus-Monolayer MoS, van der Waals Heterojunction p-n Diode?

1. Deng, Y. et al. ACS Nano 8, 8292—-8299 (2014).
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function of laser power under different back gate voltage. (d) V.. as a function of laser power under different back gate
voltage. Increasing the back gate voltage increases /. but reduces V..
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