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INTRODUCTION: SCALING LAWS OF ELECTRON EMISSION

Processes Old Scaling law of emission
current density J (A/m?)

Thermionic Emission by

. 2 o
Richardson (1901), i I Yl e_\'p[— J
Nobel Prize (Physics) 1928 kT

Photoelectric or photoemission

by Einstein (1905), -]H; (r) e (h(!)— (b):

Nobel Prize (Physics) 1921

Field emission by Fowler and ’ BD*?
Nordheim (FN law) in 1928 J e (F)= ApF~exp| — F '

Child Langmuir(CL) law (1911) V3/2
for vacuum dlode,. ]CL oC 7
Nobel Prize (Chemistry) 1932

Mott-Gurney law (1940) for VZ
solid-state and organic ]MG X L_3
electronics

New Scaling law for 2D materials, or
ultrafast pulse or nano size gap

1. T? scaling becomes T3 for 2D materials and
smooth transition (PR Applied 2015, 2016)
2. Universal scaling of 2D materials contact
(PRL 2018 in press)

3. The number of photons required is
reduced at very fast time scale<10fs:n=3
ton=2at8fs (PRB2013)

4. laser-excited photo-emission for graphene

5. For 2D materials, FN law is different (in
review)
6. Fractional modelling of FN law (IEEE TED)

7. Quantum regime CL scaling (PRL 2003,

PRL2007 — in NTU), experimental verified:
V1/2

Jer & I
8. New MG scaling to relativistic (2D
materials) (PRB 2017)
Jue < (V/L)%, a=15to 2




A good book for
electron emission
for bulk materials

Wiley (2018)
Dr. Kevin Jensen
NRL

Kevin L. Jensen

Introduction
to the Physics of
Electron Emission




Research Topic : Design of 2D material-devices — new scaling laws and applications

2

B
e 0"

@ EuO . | EuO @
ot Hh
-~ S

Nonlocal transistor using graphene/superconductor
PRB (rapid communication) 93, 041422 (2016)

New scaling and universal law of thermionic emission

for 2D-materials cathode and Schottky diode
Phys. Rev Lett. (editor suggestion) — Aug 2018 issue
Phys Rev Appl 6, 034013 (2016); Phy Rev. Appl. 3, 014002 (2015)

Vertical

Semiconductor

Substrate
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Thermionic energy convertor
Sci Report 7, 46211 (2017)
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graphene Cold side
900K Gr-air-LaB6 45%
400K Gr-MoS2-Gr 3.15%
400K Gr-MoSe2-Gr 7.28%
400K Gr-WSe2-Gr 8.56%
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Electron Veloaty (c)

Graphene plasmon in THz (emitter) regime
Optics Express, 25, 20477 (2017)

IEEE Journal of Quantum Electronics, 23, 1 (2016)
PR Applied 3, 054001 (2015)

Reversible logic gate

Adiabatic control of SPP on 3 layers curved

PRB 96, 245410, 2017

|Substrate

(b) A
D

CNOT Gate NAND Gate

N A

R
[ A

Toffoli Gate

iR (1
e

graphene electrodes
Carbon 127, 187 (2018) — very robust design

Input graphene she

Umin

v
iddle graphene sheet 4—6>

Amin

dp(x)
Output graphene sheet




Research Topic (since 2016): Testing of Fractional modeling — MSU seminar

High current electron (SCL) emission from rough cathode
M. Zubair, L. K. Ang, Phys. Plasmas 23, 073118 (2016)

Light absorption in a fractal surface Fractional FN law of a rough surface
M. Zubair, Y. S. Ang, L. K. Ang, IEEE TED 65 2089 (2018)

M. Zubair, Y. S. Ang, K. Ooi, L. K. Ang, JAP (under review)

) A
u H
ke‘.OA(a,n) d e E(x =—iVX 0
:W bl Frnrh e () dxo( ) O ' E(Xk)=-dLXkV(Xk)
a=fractal dimension of dielectric L - e © .O 7 ® N
n=Dimension of embedding T FEEE ® ~— -
Euclidean Space i : St
Firah - : - i - Fyraht X Xk
Capacitance for a fractal composite Current Transport in spatial disordered semiconductor

M. Zubair, Y. Samuel, S. Athalye, L. K. Ang (in prep) | M. Zubair, Y. S. Ang, L. K. Ang IEEE TED (in press, 2018) ,



O

k,T

J o (T) - Am_urj exp[—

New scaling of thermionic emission for

2D materials (graphene) and its
applications in Schottky contact

Postdoc: Dr. Yee Sin Ang
Former PhD student: Dr. Shijun Liang (Asst Prof in Nanjing University, Physics)

S. J. Liang, and L. K. Ang, Phys. Rev. Applied 3, 014002 (2015)

Y. S. Ang, and L. K. Ang, Phys. Rev. Applied 6, 034103 (2016)

Y. S. Ang, and S. J. Liang, MRS Bulletin (invited) 42, 505 (2017)

Y. S. Ang, H. Y. Yang, and L. K. Ang, Phys. Rev. Lett. (in press 8/2018)



ENGINEERING

e 2D materials, like Graphene

T
- Two-dimensional mono-layer 2D material

2010 Nobel Prize in Physics

University of Manchester

Andre Geim Konstantin Novoselov
(Photo credit: Nathaniel Safron)

| Energy

Characteristics: (a) (c)
Electron in graphene mimics massless Dirac fermion (different from traditional semiconductor or metal) - Ultrafast Fermi velocity 10°m/s.
Tunable Fermi level in the graphene via chemical and electrostatic doping.

Finite Density of States (DOS) = mlﬁlﬁ =]

. . . SINGAPORE UNIVERSITY OF
Linear energy dispersion: E ~ k

TECHNOLOGY AND DESIGN

NPG Asia Materials (2009)



raphene Thermionic Emission new scaling of T2 due to linear dispersion

S D-MIT

Vacuum chamber

With applied voltage

Vacuum gap

Energy diagram
- A scaling of T° as opposed to the T? scaling by the
traditional Richardson-Dushman (RD) law

’ WA = dngm*k3/h°

I A is a parameter depends on electron mass !!

-

W=l

BFSINIG APOREMINIVERSITY OF —_— — S.J. Liang, and L. K. Ang,

TECHNOL@GY AND DES|&GN

- =etapllthe IMcotanorayh with MIT h Phys. Rev. Applied 3, 014002 (2015)
| ;




Verification with experiment

B Experimental data (ref26)
= = RD law (#=4.514 &V)
= = RD law (=4 66 eV)
e Our mode! (©#=4.514 eV E_=0.083 eV)

s Our mode! (0=4.66 eV E_=0.083 V)

APECETT

Graphene Copper

CNT film Cg-ppg[

T 0.00 7 Without substrate

T T T T T LI T T LI T T T T T T LI T
1600 1620 1640 1660 1680 1700 1720 1740 1760 1780 1800
T (K)

Work function of a suspended graphene is predicted to be 4.514 eV
(same as DFT and photoemission measurement)

* Theory: S. J. Liang, and L. K. Ang, Phys. Rev. Applied 3, 014002 (2015)
*Experiment results: Kaili Jiang group: Nano Research, 553 (2014) (from Prof. Kailin Jiang)




Schottky diode equation for 2D materials based electronics and
smooth transition between T? and T3

Jslexp(qV/nkpT) — 1]

b
4

Metal Semiconductor

Po . Vacuum
id

y Z
(0nd

gs. Uemk?B
4m2h3

’ . . eV
Jh'aﬂ.e — (T2 +2’}f'.11'BT3)€ kpT (E nkgT 1)

Y. S. Ang, and L. K. Ang, Phys. Rev. Applied 6, 034013
(2016)




Lateral momentum conservation tor thermionic emission

from 2D materials-based contact

PHYSICAL REVIEW APPLIED 3, 014002 (2015)

Electron Thermionic Emission from Graphene and a Thermionic Energy Converter

Shi-Jun Liang and L. K. Angw

33 Assumptions
J(Ep,T) = Mexp _®—EF||+ continuous cross-plane dispersion
. ,) |
31’7 kT * In-plane electron momentum strictly conserved

(a) k (b) k

Liang-Ang Model

Tunneling of electrons from a two-dimensional channel into the bulk
S. V. Meshkov

Institute of Solid State Physics, Academy of Sciences of the USSR, Moscow
(Submitted 23 June 1986)
Zh. Eksp. Teor. Fiz. 91, 2252-2262 (December 1986)

¥« exp{ —a-| [2m(V(z)@) ]* dz }
|W]* = ex"{ _m_'j [2’"(V(z)@]w d‘}' Graphene/Insulator/Graphene thermionic model
J. F. Rodriguez-Nieva, Nano Lett. 16, 6036 (2016)

Scattering-induced momentum-non-conserving J. F. Rodriguez-Nieva, Nano Lett. 15, 1451 (2015)
2D-to-3D electron tunneling

E(k)  V(Z)

Momentum non-conserving thermionic model
D. Vashaee & A. Shakouri, Phys. Rev. Lett. 92, 106103 (2004).

D. Vashaee & A. Shakouri, J. Appl. Phys. 95, 1233 (2004).

M. F. O’'Dwyer, R. A. Lewis, C. Zhang, & T. E. Humphrey, Phys. Rev. B 72,
205330 (2005).




Universal Arrhenius law for thermionic emission

Universal Arrhenius law — A Universality arising from thermionic transport

Reversed saturation current
log| == in the most general form

What is the right £ in 2D materials?

Problem 1: Contact-geometry-dependence: Lateral vs. Vertical Schottky
heterostructure

Problem 2: Momentum-non-conservation model for vertical Schottky
heterostructure

E Vertical

Lateral

A A A A A A .

X  Graphene
Oxide g 27 27 27

Semiconductor

Substrate

Semiconductor

Current practices in literatures of all types of materials

—1323
B_ 1211

nature
materials

REVIEW ARTICLE

PUBLISHED ONLINE: 20 NOVEMBER 2015| DOI: 10.1038/NMAT4452

Electrical contacts to two-dimensional
semiconductors

Adrien Allain', Jiahao Kang?, Kaustav Banerjee?* and Andras Kis™

Back gate

Vertical contact Lateral contact



Lateral Schottky contact with universal T3/2 scaling

* Thermionic current density:

Semiconductor

Substrate

gs,v€
F, gl R
J(kr,T) = (2m)2 Z /d kyve(ky ) f (k). kp)T (kz, @ Bo) k: in-plane electron momentum
]‘\ i )
‘QD system Energy dispersion, (k) ) ‘Reversed saturation current density ‘
-2DEG ~————yr — 1/2 3/2
v V14 2vR2 kg [2/2m* —1 ij_Jsvcm (2"‘PBO+1)(ABT) - (_‘?BO)
2y h? 27 kT
R-2DEG kf_i_“—/ 2 |2 - T ksT 3/2 55,
as a ot e \ l\_ I —
A 277 +sarfky| st h? (A+ +4-) ( 27 ) P ( L:BT>
: — 1/2 3/2
Gapless Dirac howelk - gs,vePy kT B ®po
v wr k| Jar =~ Hor == exp ( —1-7F
_ R —— 1/2 3/2
Gapped Dirac _ 9swedy kT P o
v \/h21'§,[k”|2 + A2 i = W op - S
HL/2 EnT\ 3/2 B0
ABA-FLG ) o 9=.0¢Prg B o (2B
P N IaeA = Trage \or ) P Tkaer
' aN,n + \/R2vi |k |? + of TS
p== 1 \/ S ) xZ O(B 5o — 204V | 2B0 =200 _
dpo — Q( )
ABC-FLG (e iy )™ Rl -l € A O "
-1 ABC = VNI or ) P\ TkaT

Y.S. Ang, H. Y. Yang, and L. K. Ang, arXiv:1803.01771 (PRL, under review)



ADVANCED
MATERIALS

www.advmat.de

Parallel Stitching of 2D Materials

Xi Ling, Yuxuan Lin, Qiong Ma, Zigiang Wang, Yi Song, Lili Yu, Shengxi Huang,

wal
M“'(Eué

www.MaterialsViews.com

Wenjing Fang, Xu Zhang, Allen L. Hsu, Yaging Bie, Yi-Hsien Lee, Yimei Zhu, Lijun Wu,

Ju Li, Pablo Jarillo-Herrero, Mildred Dresselhaus, Tomds Palacios,* and Jing Kong*

b

(a) Selective “sowing” 15t 2D material : 2" 2D material
s (TMD)

s . ¥
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(S, Se, Te...)

Graphene-MoS,
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Experimental data fitted with 3/2-Arrhenius plot
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Atomically Thin Ohmic Edge Contacts Between

Two-DimensionaI Materials

Marcos H. D. (;mmaraes *% Hui (:ao, * Yimo Han," K1bum Kang, Saien Xie,' Cheol-Joo Kim,"

Experimental data fitted with 3/2-Arrhenius plot

David A. Muller,”!! Daniel C. Ralph, " and Jiwoong Park®"

"Kavli Institute at Comell for Nanoscale Science, ‘Laboratory of Atomic and Solid State Physics, *Department of Chemistry and
Chemical Biology, and "School of Applied and Engineering Physics, Cornell University, Ithaca, New York 14853, United States
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W Graphene
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and RIE etching
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full papers LANANGER:

www.advancedsciencenews.com

N  Electronic Devices

Direct Growth of High Mobility and Low-Noise Lateral
MoS_-Graphene Heterostructure Electronics

Amirhossein Behranginia, Poya Yasaei, Arnab K. Majee, Vinod K. Sangwan,
Fei Long, Cameron J. Foss, Tara Foroozan, Shadi Fuladi,

Mohammad Reza Hantehzadeh, Reza Shahbazian-Yassar, Mark C. Hersam,
Zlatan Aksamija,* and Amin Salehi-Khojin*

Experimental data fitted with 3/2-Arrhenius plot

a Gr/MoS2 b MoS2/Metal
20 F . 24 \
!! ' § E : m  gatel 24 '\'\'\. = gaid
2ks s s & e . § (= i k‘.N“::-\\"\"\. * gate
~ [l | el S |1 e
T SER AR R+ [ I B I S Sl D
5, 26 : Ly - : * « gateig So \ « gate30
= - - e, A - » gate =
e o guesyl | 3 .pg| ° . uiast
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30l - @ qate80| =0l . . o gate80
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9

1000/T 1000/T
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Graphene
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Source

m—— Graphene
— MOS2
Si/Si0, substrate




Vertical contact: universal T scaling (non-conserved momentum)

* Thermionic current density: ij)(kp T) = gs,v€ /’dzk”

(2m)? .

2D material

Ey
. Graphene

1
t5 /dhu gL (kL)) f(k, ’\‘-F)T(J'k||-’*1)]

Semiconductor J = 0,1 to denote k;-(non)conservation

Universal scaling law for vertical
Schottky heterostructure

JE9= 1 |14 (2 - 1)"'BT exp (28
" kpT

& p-limited log(J / T) = = 1, a new universality in
A-B/T vertlcal Schottky heterostructure

_ ’\gs,ve ('E'J_

L,




Vertical Schottky transport (T universal scaling)

Non-universal Universal

2D system Conserving lateral momentum (5 = 0) Non-conserving lateral momentum (5 = 1)

v-2DEG JY=0 = % [T? + 2vkpT?] &r JY=h = Agzr;zf {27 (kpT)? (1 3 f;;) + L-BTJ ér
(see Ref. [11])

R2DEG T, = L5 (kaT)? TGtn = S e kT
X [1 + \/I‘i_r‘];T;erf(1 / T 'l &r

Gapless Dirac J %% = % (ksT)* ¢r J& = % (kpT)? (1 + g’BBT",) ¢r
(see Ref. [9]) (see Ref. [8])

Gapped Dirse JX™ = Loy (knT)’ &r JU= = Zif;’iz—;; (knT)* (1 + B,_;i) &y

ABAFLG T = Ny (keT) JRITY = \% (ksT)? (1 + f’B—B]‘l) er

(see Ref. [11])

) 2-2/N
TR " (N,j=0) _ I'(2/N) gs,vet’; 2 /N +1 (Nj=1) _ 1 Agswet] “vl o on 2 ®po\ fmo
ABCFLG  Joxic N gy (BT e T = gy kT T ) e e

k
1 Agswevi [ Ppo\?/N7? 2 P o
(see Ref. [11]) ~ N 27h%iL, ( t, ) (ks T)" |1+ keT

2—2/N

Y. S. Ang, H. Y. Yang, and L. K. Ang, arXiv:1803.01771 (PRL, in press 8/2018)
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Jen (F ) = A F° exp( - ]

Field emission: &

new scaling of FN law [1] and
fractional FN law [2]

Postdoc: Dr. Yee Sin Ang
Former postdoc: Dr. Muhammad Zubair (now Asst Professor in Pakistan)

[1] Y. S. Ang, M. Zubar, K. Ooi and L. K. Ang, (under review, 2018)
[2] M. Zubar, Y. S. Ang, and L. K. Ang, IEEE TED 65, 2089 (2018)



Similarity between thermionic and field emission

(1)3/2
— Bpny—2—

( = ApnF?
JFN FNFT exp I

Problem 1: Direction of field emission for 2D materials EFE (C)

(d)

(Edge field emission) and SFE (surface field emission) — =

energy dispersion in lateral direction is linear. B

Problem 2: For SFE, we have discrete bound state as the _

material thickness is very thin (only 1 monolayer of atoms) E -
0 £ i,

Problem 3: For SFE, we have both non-conserving and l T—'z T_‘Z

conserving lateral momentum (NCLM): F1 and (CLM): F2 LI—
field emission process

Problem 4: Fermi energy of 2D materials is small Y. S. Ang, M. Zubar, K. Ooi and L. K. Ang, (under

Problem 5 — space charge effects and temperature review, 2018)



Different scaling law for 2D FN law (surface emission)

Model Lateral energy dispersion (g ) | Empirical form Full expression

FN Law Parabolic Jen = CF? exp (—2) Classical FN law Eq. (1b)

CLM parabolic Reduced dimension JQ{SEG =Cexp (—2) Type A Eq. (14a)
linear Discrete energy J  —Capn(-E Eq. (14b)

NCLM Parabolic Jéggé —CK [1 — exp (—%)] exp (—%) Eq. (17a)
Linear sDcl:\it:‘i;Ogr.ntie J[{,rigg =€ [% — 14 exp (—%)] exp (—%) Eq. (17b)

parallel momentum

(Low-field regime) | Parabolic is no conserved, and Japne = CF exp (—2) Type B Eq. (18a)
Linear  that transmission Jéigg = CF exp (—%) Eq. (18b)

depends on parallel
(High-field regime) | Parabolic €"€'8Y jg{ggé = Cexp (—%) Type A Eq. (20a)
Linear j[{,ﬁgg = Cexp (—%) Eq. (20b)

* Under CLM, when the material is very thin (not necessary 2D materials), due to
discrete bound states, it shows a new scaling of Type A
 Under NCLM, high and low field will two different scaling of Type A and Type B



Saturated Surface field emission (S-SFE) at high F

p— Jap ecexp | —BpN———

& 13 o e o B B s ]
o | At sufficient large F, the exp.
1 term =1, where the J is constant
T and it becomes source limited —
ot o thisis independent of CLM or
1 e NLM; parabolic or linear, types
Ny ~ of materials — as long as we
e have reduced in dimensions
:E -3 (discrete energy)

NCLM

2DEG

-4 E

Not due to space charge effect

- g

10-6 Lehon



Fractional FN law for rough
cathode



Fractional Calculus: Applications in physics

» Fractional calculus — to study the behavior of physical systems that are determined by
»integrations of non-integer (fractional) orders,

» differentiation of non-integer (fractional) orders.

What if the
order will be
- n=1/27?
d f
d n dx Integer n=1 It will lead to a
f paradox from which
_ one day useful
dx " consequences  will
d"? f be drawn :
dx V2 Fractional differentiation Leibniz L'Hopital
(1646- (1661-
‘ 1716) 1704)

» Initial works by Leibniz, Liouville, Grunwald, Letnikov and Riemann

» Fractional vector calculus is relatively new in past 10 years (example: Tarasov from Russia)

» Equations with fractional-order calculus are used to describe objects with:
»power-law nonlocality, disordered, roughness, fractal objects

25



Research Area 3 (since 2016): Testing of Fractional modeling — MSU seminar

High current electron (SCL) emission from rough cathode
M. Zubair, L. K. Ang, Phys. Plasmas 23, 073118 (2016)

Light absorption in a fractal surface Fractional FN law of a rough surface
M. Zubair, Y. S. Ang, L. K. Ang, IEEE TED 65, 2089 (2018)

M. Zubair, Y. S. Ang, K. Ooi, L. K. Ang (JAP under review)

) A
u H
ke‘.OA(a,n) d e E(x =—iVX 0
:W bl Frnrh e () dxo( ) O ' E(Xk)=-dLXkV(Xk)
a=fractal dimension of dielectric L - e © .O 7 ® N
n=Dimension of embedding T FEEE ® ~— -
Euclidean Space i : St
Firah - : - i - Fyraht X Xk
Capacitance for a fractal composite Current Transport in spatial disordered semiconductor

M. Zubair, Y. Samuel, S. Athalye, L. K. Ang (in prep) | M. Zubair, Y. S. Ang, L. K. Ang, IEEE TED (in press, 2018) -



New Fractional FN law for rough surface

Approach is to solve the Schrodinger Equation and
WKBJ in fractional mathematical form

F2a ( bEN G ,-ﬂr+l;’?)

JENa = OFNa———=©XP .
2o T p2a-1 l Jox

o =1, it becomes regular FN law

o oafomit001 | 0O——— .
ol [ . Fitted 0 =0.4
To obtain o _
3 = 05)
5" 6 In(i/V?) = In(C) + (2a —2) In(V) — B/V®, 2
4-EF dlﬂ(z/vg) _ ‘)CE—Q—FCEB/VQ % 4t
21 ) i dIn(V) © ~_y-intercept = -1.2
°0 05 1 15 2 25 3 a5 _ dln(i/V?) ‘ e
x(nm) l?.m%%minm =200 — 2. 15 - : - )

1Y% %1073
M. Zubar, Y. S. Ang, and L. K. Ang, IEEE TED (June 2018)



Photoemission at ultrafast time scale,
plasmonic effect & 2D materials

L. Wu, and L. K. Ang, Physical Review B 78, 224112 (2008).

M. Pant, and L. K. Ang, Phys. Rev. B 86, 045423 (2012).

L. K. Ang, and M. Pant, Physics of Plasmas 20, 056705 (2013).

M. Pant, and L. K. Ang, Phys. Rev. B 88, 195434 (2013).

S. J. Liang, and L. K. Ang, Carbon, 61, 291 (2013)

S.J. Liang, and L. K. Ang, IEEE TED 61, 1764 (2014)

L. K. Ang, and Y. B. Zhu, - plasmonic effect, SPIE conference (2018)



CENTRE (DC)

SUTD-MIT
u DESIGN Ultrafast laser induced electron emission

Undertake the impossible, Design the unexpected

Metall Vacuum Metal Vacuum 0 New physics under ultrafast laser
VL) o Many new physics: ATI, coherent
Keldysh parameter y X F beam, phase, pondermotive field,
etc...
v >> | (multiphoton) o Non-equilibrium heating
v << 1 (optical tunneling) o Time dependent tunneling

o Plasmonic effect
o New materials like graphene

Femtosecond laser: 800nm, 6 — 55 fs, up to I:|_ [ —I—_
600 mW, up to 4 x 101! W/cm? (below damage) p— ILI I |-| ﬁ il

v ~ 1 is of interests recently




Nonequilibrium state (under laser irradiation)
e free electrons absorb energy from the laser

the energy is distributed among
the free electrons by electron-
ctron collisions

e the lattice remains cold

equilibrium state
(before laser irradiation)

Non-equilibrium heating’

—

Energy exchange between
electrons and lattice by the
electron-phonon collisions

Thermalization of the electron
new equilibrium state gas

(a few10s ps scale) (on fs scale — similar to laser)

W. Lin and L. K. Ang, PRB 78, 224112 (2008)



SUTD-MIT
INTERNATIONAL
DESIGN
g CENTRE (IDC)
Undertake the impossible, Design the unexpected

Combination of multiple energy TDSE +
non-equilibrium heating

0 From the non-equilibrium electron distribution, we solve time-dependent

Schrodinger equation for each E,(t) using the following potential

3
E.r_.

Uit = B —
(1) e 16T en(x + xp)

—Ei Facx + Fpx exp (—21112
x cos[w(t — ty) + ¢>]|

Transition between
multiphoton absorption
and optical tunnelling

v, =118 X /®,,

tungsten) y_=2

Y~2-3

M. Pant, and L. K. Ang, Phys. Rev. B 86, 045423 (2012).
M. Pant, and L. K. Ang, Phys. Rev. B 88, 195434 (2013).

(t — tp)?
3
I.I'_F

)

® =4.5-5eV(gold and
5-2.6

Experiment condition is

Peak-to-baseline ratio

25

20 |

15

10 -

T I T I T
© Experiment (Ref. [3])
Combined Model at F_=0.3Vinm {this paper)

* —-—-Pure optical tunneling (Ref. [13])
‘- - - Pure Haatil"l-'g Model af Ffﬂ.ﬂ‘l.".i'ﬂm tREf- ETE]J

\ ‘— - - Simplified model (Ref, [3])

L o e e o W m e

0.6

0.7 08 09 10 11 1.2 13 14 15

Foo(Vinm)
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u INTERNATIONAL Photoelectric effect at few laser pulse

Undertake the impossible, Design the unexpected

.ol Classical | g3photon .
' F,.=0.2Vinm
+ F, = 1Vinm
' = 39eV (b)
25F |
: t(fs)= 20
: 10,10
2.0 : “C
51012
£ P
y . 2 photon 5 0T £ vnm
600 636 800
A (nm)

= To realize such a transition at 800 nm, we can
use a material of about 3.9 eV (Hafnium)

= For 4.5 eV (gold), the transition is at 668 nm for
n=3(20fs)ton =2 (8 fs pulse)

A reduction of multiphoton emission from n
=3 to n =2 at A = 800 nm when the laser
pulse is decreased from 20 to 8 fs

The energy difference between n =3 and n =
2is0.4eV

At 8 fs, AE = h/t, 0.52 eV at8fs (>0.4eV),
but only 0.21 eV at 20 fs

M. Pant, and L. K. Ang, Phys. Rev. B 86, 045423 (2012)

S|dinn=l
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Undertake the impossible, Design the unexpected

TDSE multi-energy + heating

a)
Lib]
107 ) 5
Multiphoton a
| -
10* a
wr
& 10° S
5 3
< 10° i :
(o) . Cd —
107 Optical b) [, ! ]
. @& L
tunneling a [ oo m_ ]
10°® o] %0, e e ]
w B c'.. L an W "
n " 1 " 3 [ | " N % — =i
3 4 567809 20 30 40 50 " g
10" 10"

F0 (V/inm)

Pulse Energy [nJ]

A consistent multiple energy time-dependent quantum model with nhon-equilibrium heating to show a smooth
transition from multiphoton into the optical tunneling regime [RIGHT is Bosman, et al PRL 105, 147601 (2010)]

space charge is important (6 to 60 e at 10-100 nm?) at high laser power (un-solved) IEI I Ill I _—IIT _il
L. K. Ang, and M. Pant PHP 20, 056703 (2013) — APS-DPP invited talk — i




Plasmonic effect of Ultrafast laser of 8fs on metal tip using FDTD simulation

1 N
1" |
Laser field
0.5} 1
E, exp(— 21n(2)t2 /7 )co s(a)t + ¢)
- 0
0.5} U 1
“bo 30 20 50 60 70 80 /s
t(fs) ///
/
10 - - ‘ ‘ ‘ £ Peakis shifted from 800nm to lower A
n | p n Plasmonic field L .
3t 0.8
£ E
S 0 [%O.Gf
L lTEOA*
-5h 3
N u u 0.2
185 30 40 50 60 70 20 Y A o
t(fs) 200 500 600 700 800 900 1000 1100 1200 1300 1400

A(nm)



Time dependent plasmonic enhanced field

" aw(x,t)

ot

10°

electron yieldo (arb. unit.)

—
D|

—
D|

—
o|

_h_zvzy/(x, )+ V (x,tw(x,t)

2m

V(x,t)=

- 167e,x

2
e

o qx(FDC + Elaser )

Ch

-
o)

-
wn

—Plasmonic effect

--—no plasmonic effect

Plasmonic effect makes the slope
lower, thus smaller n (less
multiphoton absorption)

Optical tunneli
: regime

-
o

| 10
B (V/m)

10

S|CIh[E]

SINGAPORE UNIVERSITY OF
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DEVELOPMENT

31 -.....L.aser assisted electron emission from
graphene edge

In addition to DC voltage, we
assume there is a small time-varying
potential V=V, + V, cos(w?) in
region I due to ultrafast laser
excitation or AC modulation

(a)

Time-varyin
potential

Determine the electron emission

(b) = - process from region I to region II,
f . T -- s which are emitted from the edge
: l 7/ \ 2 models: single side band and all
D AT A T side bands (6-bands is sufficient)
KL \
Dynamical | «—Pmememet, 01 Normal tunnelling at

Klein tunnelling in graphene edge SRS

IIIIIIIIIIIIIIIIIIIII

S. J. Liang and L. K. Ang, Carbon 61, 294-298, (2013) and IEEE TED 61, 1764 (2014) (Invited paper in IVEC) """ """




High line current emission at reasonable F

ey,
100 :

— F=10 V/nm

—F=1V/hm
——F=0.1 Vinm

10 V/nm F=0,01 Vinm

F=0.001 V/nm

+  F=1V/nm (First principle data)

*»  F=1V/nm (M-G appreaximation)

80 4

V,=2.39 meV |

e
/\— - P
T I i I 3 I
60

I :
0 20 40

20 0.01 V/nm

a0
o (Degree)

Dependence of local E-field at the edge, which has been enhanced by 100x from the applied field
e Atsmall F=0.01 V/nm, it 1s able to have J = 15 nA/nm

» High current J up to 80 nA/nm, threshold is local F = 0.001 V/nm (1 V/um), J =0
e Strong increases from F = 0.01 to 0.1 V/nm, and saturates towards 10 V/nm



summary

* We have shown that the traditional emission laws are no longer valid for 2D novel
materials and/or ultrafast time scale

* Time dependent photo-emission model on 2D materials remains unsolved

* Using these models, we have explored various new applications by making use of
the unique properties of 2D materials:

Graphene-cathode thermionic energy harvesting at 900 K (PR Appl 3, 014002, 2015): 45%
Graphene-semiconductor pn junction — contact is the most important for 2D electronics
gglid-state graphene-TMDC thermionic energy harvesting at 400K (Scientific report 7:43664, 2017):
Robust graphene plasmonic electron waveguide, (Carbon 127, 187, 2018)

Ultrafast graphene electron switching (Semiconductor Science and Technology 33, 035014 (2018)
Reversible computing using black phosphorous (PRB 96, 245410, 2017) — highlighted by PRB
Characterization of mobility of 2D materials using SCLC model (PRB 95, 165409, 2017)

 Other potential applications in plasma related areas:

Graphene emitters to be used plasma propulsion

Sheet-beam electron gun for THz sources using graphene cathode

Graphene electrode in plasma processing — easier to discharge ??

Fractional modelling — a good technique to model rough cathode, interface. electrical contact



Thermionic energy convertor using vdW heterostructure as generator and cooling

Hot side

vdW heterostructure —

Jojelauan

graphene -

Cold side

Solid-state Thermionic Device

Power generation at 400K (hot) to 300K (cold)
can be > 10% which is better than the best theoretical
TE-based of 9.6% by assuming ZT=4 material is possible

to Carnot efficiency)

max

Cooling at 300 K (hot) to 260 K (cold)
About 40% to 80% of Carnot efficiency

Tr[K] = 4666 x (d/Kx)~1/3

N, XOT/T(Ratio of n

¢' (Volts)




Low temperature (400K) thermal energy harvesting
using vdW thermionic devices

Thickness d

[nm]

Experiment

SBH [V]

Calculated T

(K]

Optimal-SBH
[V]

Maximum

efficiency [%)]

50

0 to 0.1

0

3.15

0to 0.37

Tr[K] = 4666 x (d/Kx)~1/3

Shi-Jun Liang, Bo Liu, Wei Hu, Kun Zhou and L. K. Ang, Thermionic

Energy Conversion Based on Graphene van der Waals

Heterostructures, Sci Report 7:4621 (2017)
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