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EPFL

B LANES GROUP ACTIVITIES

Science and Engineering with 2D
Semiconductors

“Classical” semiconductor devices

= Mobility, current density, high-frequency performance

= Memory devices, neural networks

New concepts

= Valley/spin optics and electronics

= Excitonic devices and circuits

Material growth

= MOCVD and CVD growth of TMDCs and heterostructures
= MBE growth of TMDCs and heterostructures




=PrL

B INTRODUCTION

IT Energy Problem "

N NS ¢\ 8

http://www.phys.ncku.edu.tw/~htsu/hum
or/fry_egg.html
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1
10
10
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Switching Energy(f))

10+
10

10-6 1 L1l 1 L1l 1 11 11111

1 10 100 1000

Leate (nm)
Cavin et al. J Nanopart Res (2006)

System level:
Intel Core i7 8700K processor (2017)
10°x worse! (2.5 GFLOPS/W)
Frontier supercomputer (ORNL, 2022)
4-107x worse (62.68 GFLOPS/W)
A10040 GB (NVIDIA, 2023)
3.7-107X worse (78 GFLOPS/W)

Landauer limit

John von Neumann
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B INTRODUCTION

Graphite and Graphene
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B INTRODUCTION

Graphite and Graphene
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Graphite and Graphene

2010 Physics Nobel Prize (Andre Geim, Konstantin Novoselov)

Andras

No band gap!
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2D Transition Metal Dichalcogenides (TMDCs)

H

Ac Th Pa U

Semiconductors:

Semimetals:

Metals, CDW,
superconductors:

Np

He

B C N © F Ne

Pu AmCm Bk Cf Es Fm Md No Lr

MoS, MoSe, WS, WSe,
MoTe, WTe,

TiS, TiSe,

NbSe, NbS, NbTe,
TaS, TaSe, Tale,

Common formula: MX,,

40 stable materials

~

Andras Kis



=PrL

Tip of the Iceberg

>500 potentially interesting 2D materials

Transition metal Metal phosphorous Transition metal dihalides

Transition metal oxides
trichalcogenides trichalcogenides
Ao X, NBX, TIX, and TaX, (X« S, Se, ce Te) “"h*‘ v*;:*;swg:;;’id:;w;"f: N:i.l Transition-metal dihalides* Teansition metal oxides : Ti oxides, Ti | 0,
such as MnPs,, L NIPS, ZnPS,, an : : 4 : :
_ Mo, Fe, PS, Y @ Transition metal ) Tiy,0, 1,0, 11,0, Ti,0,; Nb oxides,
gg:fm" — ) @ Halide MoCl, top view Nb,0,, Nb,0, ., HNb,0,:§ Mn oxides, MnO,,
e Tie top view © Transition metal Ti,0,, Na (Mn*,Mn*).0,
> ’ @ Chalcogen
N - . ~ 2 © Phosphores
a £ qe
“ " v A Y Ps Y . : MnfS top vew :g:;gs::‘on metal
F - W ‘..,v, » " P e B IEE T RE TR Na (Mn* Mn*) O
- “ 1Y N AR R R T N O Caton e Wil Pt
- o ) Ak “ erEEEBOEBERE S (birnessite} top view
. ¥ ., - b 4 TR R R R N
¢ P s | » PNBBUBGBUGOGEDS
o .. - S » SO L BE L rE L BED . .
.".:.'.. MR R R K NN R N MO(‘,ﬂdEVl@W
s - . “ PR R R R N
- - “ et sEIPEIERNES m
YO ST TR R R EEE R
- ‘; e DR B R B
". " e T rPE L EE TP E
R R R R
nkISMGV’e“ S8 UE B UEE U

MnPS, side viem

e« & 0 & 8 & s &
. N 7 .- . - » - - ™
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Nicolosi...Coleman; Science (2013)
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Quartz (SiO,)

Molybdenite on quartz, Moly Hill mine, La Motte, Québec, Canada
Source: Wikipedia
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Scotch Tape Exfoliation

monolayer MoS,

Benameur...Kis, Nanotechnology (2011)

10

Andras



ePFL  Qur First Contribution: Monolayer MoS, Transistor

104 T T
105 |- Ves =0V
10‘8 ~ ﬁ‘di'q-}.!-zAr o T
10’ .
s Tt [F
Transistors go flat out =l
§10‘"’ - ;'.
T
107 H ¥ < 74mvidec
10" lon/ Vot ~ 108 =
i TN B
Top Gate Voltage V,, (V)
Gate length: 500 nm
Channel width: 4 um
On/Off: 108
ON current: 2.5 yA/pm
OFF current: 25 fA/um

Radisavljevic...Kis, Nature Nanotechnology (2011)

Patent US9608101B2

B INTRODUCTION
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2D Device Breakthroughs

MoS, Transistor

g ’

Radisavljevic...Kis; Nature Nanotech. (2011)

MoS, Inverter

1

Gain > 4

2 -1 0 1

Radisavljevic...Kis; ACS Nano (2011)

2

Input Voltage V,, (V)

MoS, Memory Cell

Graphene

electrode
Few-layer
graphene

Monolayer
MoS;
Bertolazzi...Kis; ACS Nano (2013)

Ultrasensitive Photodetector

Ly tmam ——e

Noonotayer MoS;

Lopez-Sanchez...Kis; Nature Nanotech. (2013)

ary
N
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=PFL - Phototransistors/photodetectors

B INTRODUCTION

Laser beam —»

Monolayer MoS;

\ Contact
source s Y /

©.-

Si substrate

g
Joint density of states JDOS(E) = I
1
=mf d3k6(EV’k — EC,k — E)

Photocurrent Iy = ljjgne — laark

Ipn

Responsivity R =

inc

Calculations

—MosS,
WS,
0.10: ;
5 WSe,
g 0.05;
=
———
0.000 1 2 3
Energy, eV
Britnell...Novoselov; Science (2013)
Measurements
1.41
1.2
E
& 1.0
ad
>
‘s 0.8+
7]
5
2 0.6
o
S
2 0.4
o
0.2
0.0 : , , : , ,
00 05 10 15 20 25 30
Energy (eV)

Lopez Sanchez...Kis; Nat. Nanotech. (2013)

y
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Drain Current lgg (LA)

MoS, Photodetectors: Responsivity

40

30

20

10

V=8V j
Laser ON N
[ ]
L )
Dark state
-60 -40 -20 0 20 40
Gate Voltage Vg (V)

880 A/W
/

Photoresponsivity (A/W)
=
o
=]

N
T

100@ =

4t

10

Vgs=8V,Vy=-T0V

Iph °

Responsivity R =

inc

1 0—10

10

-9

10°

10”7 10°

Incident Power (W)

Lopez-Sanchez, Nature Nanotechnology (2013)
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EPFL - MoS, Photodetectors: Noise

B INTRODUCTION

Vgs=8V
Laser ON :
L]
. 30
3
3
€
L 201
5
O
c
IS
2 10t J
EW
0 A A A A
-60 -40 -20 0 20 40
Gate Voltage Vq (V)
23 "
10 Vg =8V
102 Vy=-70V
N
E 10 25
<
=, 26
»n 10
>
Z 107
5
S10%
g -29
810 "
Q .30
.§ 10
10-31
10% N N

2 3 456

2 3 456

Frequency (Hz)

2 3456
1000

= Sidiodes
Photoresponsivity:
NEP:

= MoS,

Photoresponsivity:
NEP:

Equivalent min. photon flux
for the MoS, photodetector:

Full moon:

Starlight, no airglow, no moon:

Lopez-Sanchez, Nature Nanotechnology (2013)

0.5 A/W
1% 1014 W/Hz/2

880 A/W

1.8 x 101 W/HZz/?

1 x 10717 lux

0.1-0.3 lux
0.0001 lux

=
o
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Photocurrent Dynamics

Drain current |y, (pA)

60

50

40

Vy=-70V

Vi =8V

Laser OFF Laser ON Laser OFF

100 200 300 400
Time (s)

Lopez-Sanchez, Nature Nanotechnology (2013)

Drain cureent {y, (pA)

70

60

50

Energy

Vi =8V, V,=-70V

ov
Gate pulse " ”_
-70V
Laser pulze
a0 [ l |
-
250 300
® s 00 0 0
T Ec
® electrons
O holes
P
wio: 1% o fig M
15— H 4

W‘ : . : = Ev
bp

Furchi et al. Nano Lett. (2014)
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Gonzalez Marin...Kis; npj 2D materials and applications (2019)
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=L |ntegrated Photodetectors

1.0f :
Light absorption '.”. (] ] .’ el |y
D8k
o i i 04
Lateral ~~
0.8r ‘n: 06k :é, 0.3
3 = 2 0.2 fOFF
= 5el ) &
g 3 oar 0.1
g A 0 20 40 60
= 0.2 Time (ms)
0.2 Vertical
0.0F { 0.0 f 1 I 1 1 !
. " : I ] 200 400 600 800 1000
0 20 40 60
L (pm) Chopper frequency (Hz) Laser in

waveguide
Mo5.

B INTRODUCTION
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MoS, Photodetector Benchmarking

Technology Material Band Gap (eV) Responsivity (A/W) | NEP (W/+/Hz)
Silicon PIN Photodiode Si 1.12 0.5-0.7 10"*-14-10"-15
InGaAs PIN Photodiode Ing 55Gag 47AS 0.75 0.8-1.0 10"-14-10"-15
Germanium Photodiode Ge 0.67 0.5-0.7 10%-13-10"-14
Silicon APD Si 1.12 50-130 10"-15-10"-16
MoS, MoS, 1.8 880 10”15

PMT (Photomultiplier Tube) | Various N/A 10*5-10"7 A/W 10*-17-10"-18
Quantum Dot PbS or PbSe 0.370or 0.27 0.3-0.5 10*-12-107-13
Graphene Graphene 0 0.1-0.5 10*-12-10"-13
zﬁzr(i:';m“ry Cadmium | e CoTe 0.1-1.5 2-20 107-11- 10712

Compiled using perplexity.ai

[y
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Andras Kis
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Today: 1024 Transistors on a Chip

».

' ;' Photo credit: Allain Herzog, EPFL

Marega...Kis, Nature Electronics (2023)

nature electronics

Vector-matrix multiplication
with monolayer memories

N
o

Andras Kis



EPFL. - MOCVD Growth —~———

N
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Andras Kis

. . Pﬂ)»n —Q= Furnace Pressure

Metalorganic chemical control
valve
vapour deposition — B
[ ' Exhaust
Cun, Kis, Radenovic et al. (2019) Argon =W(CO)5
Large single crystals Pump
EPFL, Kim...Kis, Nano Lett (2017)
Sapphire Substrate

~ 21-1-1
u~=50cm<V=—'s Mo(CO);

sapphire
w 1L MoS,

B INTRODUCTION
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IRDS - International Roadmap for Devices and
Systems

>2020: 2.5D/3D fine-pitch assembly + stacking

Lateral GAA 3D VLSI
2022->2034 2030->2034

Figure ES48 Change in the MOSFET device architecture from the 2D planar through 2.5D FinFets to 3D
monolithic VLSI with GAA

https://irds.ieee.org/editions/2021/executive-summary

N
N

Andras Kis


https://irds.ieee.org/editions/2021/executive-summary

L |RDS - International Roadmap for Devices and
Systems

OF PRODUCTION sy e o Y 20286 | 203t | 2034
G51M30 G48M24 | G4SM20 G42M16 GAOMIGT2 = G3BMIGITA
Logic Industry "Node Range” Labeling (nm) 5" hee | X 15" “10eq” | "0.7eq"
IDM-Foundry node labeling 1745 1513 1324 12115 N.5ef1.0e | 11.0ed0.7e
Logic device swructure options FInFET m LGAA LGAA LGAAD | LGAA-3D
[Platform device for logic finFET finFET LGAA LGAA LGAA-3D LGAA-3D
\Frequency scaling - node-1o-node - 0.02 | 0.16 0.09 -0.08 | -0.01
\CPU frequency at constant power density (GHz) 313 2.83 3.53 250 1.48 0.86
Power at Iso frequency - node-1o-node . «0.16 0.27 «0.05 -0.06 -0.08
Power density - relative 1.00 1.12 | 1.04 1.59 2.51 \ 4.27
Patterning technology inflection for Mx inferconnect 193, EUVOP | 193, EUVDP | 193i, EUVDP ""':u'e""“ '”":u'g"'“‘ | '”":Jg"“
Beyond-CMOS as complimentary fo platform CMOS . B ‘ .
Channe! material fechnology inflection SiGe25% SiGe50% 8iGe50%
Confonwal LateraliAtomicE
Process technology inflection Doping, Channel, RMG tch Non-Cu Mx 30visi 3ovLsi
Contact { !
3D-stacking, 3D-stacking,
3ID-stacking: = 3D-stacking: Fine-pitch 3DVLSI: 3D-stacking,
Stacking generation infiection 0 W2w, D2w W2W, D2W  |stacking, P-over: Mem-on-Logic 3DVLSI;
Mem-on-Logic = Mem-on-Logic N, Mem-on- with Logic-on-Logic
Logic Interconnect
Figure ES9 Devices will continue to aggressively scale in the next 5 years

https://irds.ieee.org/editions/2021/executive-summary

B INTRODUCTION
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TSMC heads below Tnm
wuth 2D transustors at IEDM

WS | October 16,
higher-k
+
/ HfO,

{

_hiquev-k
(' HIO,

By Nick Flahe'?.g

3.9nm 2.4nm |

https://www.eenewseurope.com/en/tsmc-heads-below-1nm-with-
2d-transistors-at-iedm/

T
g First Demonstration of GAA Monolayer-MoS: Nanosheet nFET
" iﬁ!:'_?’

with 410 pA/pm Ip at 1V Vp at 40nm gate length

(b}
E Moy «1lwav
ki S e 5100 - 05V
laanon Lyger 3
a0
/D metal contant -
-
20 S arnfer 5 m[
=
20 NS patisrning 5 20
HEMG dep £ =0
el
Gate sefirition whrcier [LBEE
1015404 18 30 or os 0 s
Vs (V) Vos (V)
Fig 19, Process thow aed schemanic of wocclaver Mok Flg 2L o) B Vo and () B Vi device dhamactendics

ol la bl me
: sack full wrigpal anmnd the
eleass charnzl Comapond hu ru\ clementad mappirng (i)

[TSMC, IEDM (2022), doi:10.1109/IEDM45625.2022.10019563]

sngle 1D NS dyvge withor st of rusnlayer MoS, NSFET with Lg-¥vim

2D Materials in the Industry

24
(2}
2
(2}
S
(@  pmos 2 £ 1000 [PMOS ¥ ()] 2
pd Pd 10 = Pd (16 devices} <

S 500 - E] = Q

5nm Hfo, 10° 3 -----cs =

TN - © 0
pH+Si E =
2
®  nmos = £ e oot ki
Novel Novel = 107 54 Novel contact 1 9
tact tact - (65 devices) -
con! con . g Q .
10nm HfO, 10 520 ' sl
‘ g o .?Jr e‘é (f)
L %
p++Si 10°® . L s .
2 -1 00 2 4 200 400 600 1000
VG (V) VG (V)

Lg (nm)

[INTEL, IEEE TED (2021), doi:10.1109/TED.2021.3118659]

Process integration and future outlook of ZD
transistors

it o e

[INTEL, Nature Comm. (2023),
DOI: 10.1038/s41467-023-41779-5]
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B LOGIC IN MEMORY

IT Energy Problem "

10
1
10
10
103

Switching Energy(f))

10+
10

10-6 1 L1l 1 L1l 1 11 11111

1 10 100 1000

\ R \ \ * ‘ L gate (nm)

http://www.phys.ncku.edu.tw/~htsu/hum
or/fry_egg.html

Cavin et al. J Nanopart Res (2006)

System level:
Intel Core i7 8700K processor (2017)
10°x worse! (2.5 GFLOPS/W)
Frontier supercomputer (ORNL, 2022)
4-107x worse (62.68 GFLOPS/W)
A10040 GB (NVIDIA, 2023)
3.7-107X worse (78 GFLOPS/W)

Landauer limit

John von Neumann

N
o

Andras Kis
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Logic in Memory

Conventional memory

Data D S
hgital m

010001010101011000101010

Cantral unit
Von Neumann

array
: {storing D)
11101001010001010100100100
—_—
Result f{D)
. Computation in
Procsssing unit - Computational memory
Logic in memory (storing D)

1001
Command ("perform fon D7)

Charge-based memory Resistance-based memory
STT-MRAM

Sebastian...Eleftheriou, Nat. Nanotech. (2020)

N
o~
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B LOGIC IN MEMORY

Logic in Memory

Sebastian...Eleftheriou, Nat. Nanotech. (2020)

Feature size (nm)
CellArea
Write/Erase Time
Retention
Endurance
Nonvolatility
Multi-level capability
Write Energy (J/bit)

Standby Power (W/Gb)

6F2
<10ns
64ms
>1E16
N
N
4E-15

1E-1

4F?
1/0.1ms
>10y
1E4
Y
Y
>2E-16

1E-3

0OODE

DRAM

4F?
100ns
>10y
1E9
Y
Y
1E-12

1E-3

Credit: G. M. Marega

Flash

ARAM

4F?2
<10ms
>10y
>1E12
Y
N
2.5E-12

1E-3

PCM

4F?2
<1ns
>10y
1E12
Y
Y
1E-13

1E-3

STT-MRAM

~256*
5ms
>10y

>1E16

110

N
~
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=PFL  Vector Matrix Multiplication

B LOGIC IN MEMORY

Analogue

lelmini and Wong, Nat. Electron. (2018)

LW
Marega...Kis, Nature Electronics, 2023.

28

Andras
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Flash Memory with MoS,

Graphene
electrode

Few-layer
graphene

Monolayer

MoS2 Monolayer

MoS,

Graphene

electrode
Bertolazzi...Kis; ACS Nano (2013)

Few-layer
graphene

N
~0

Andras Kis
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° water intercallation, peel-off

e stamp application

e sacrificial polymer
PMMA \

G Growth
monolayer MoS,

MOCVD

spiselpuy et

Sapphire

hot acetone (70 °C)

 AYOWAWNI

ﬂ PMMA removal

6 contact fabrication
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Fash Memory withMoS,

=PrL

pmd SIy| selpuy

HfO, Tunne! oxide
HfO, Blocking oxide

AR R R L L I
f43% 200009 n
A....o.-...‘o »

Floating gate

v

Memory window = 10.6

>
E
o
[T2]
"
8
>
| N R N S RN R R R—
e %% 2 2 T & 9 3
2 2 2 2 o o o o o
- - - - -

AF.En v) $9 | uauny

15

Ve (V)

Marega...Kis; Nature (2020)
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=PFL - Memory Effect
Program s A los A
Vy>0 g :
/T E ) ON
¥ ;
® E, !
- -V,
/ VTH.iniIi.-:I V‘ﬂ-l.High
Pd HIO, Pt HfO, MoS, AV,
—_—
Erase

-‘-"""'--..___________ \ Ins l I

V5 <0 ;

ol .

i h

__F :
g T . OFF
2 N f : -\ -
§ lIIIIIIII'|'H.L{}-'.'N|' vTH.Inﬂ.IEII VPHQGMM

- AV, Intermediate states

-—

w
N
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B LOGIC IN MEMORY

Gps (S/pm)

2D Logic in Memory

10° f
V... . =-125V
& ‘ -
107 F -

7 | - Voo =10V
107 o—
10'8 _\“-— g . : =

) # s
10°F v =50mv
w0l Vo.rero =0V Voroe= 125V
11 . g ¥ -
10 ' 'y *

- e ;:. o - d

42 “. l"‘;:..‘ 'b .:’”.0.-‘?.-:: ?" .’!-o..
10 E e * . o :.' s .'\ : o. . .
10"3 1." 1 1 : e . l. '. 4 e 1

0 600 1200 1800 2400 3000 3600
Time (s)

2-state retention >10 years
Endurance: 60,000 program/erase cycles

Gps (HS)

120

100

Marega...Kis; Nature (2020)

10ms Voo =50mV
Vi aenn =0V
18
o
2
&
o
o
a
P e e lk"'%
200 400 600 800

Number of Pulses - N

w
w

Andras Kis
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B LOGIC IN MEMORY

Programmable
Inverter

Q IN | X@ X@ | ouT
1] o1 ]o]o o[ 1
2|0 ]1]|0]1 1 0
310 (1 |11

Logic input and memory states  Memory states and logic
output

v l : Il"'r.fu'

T10PF

Q=1:memory state 0

'acaa

e Eiiiii
e 0 ©

Insulating
(always OFF)

50 MQ
mpF

Q=2 :memory state 0 OR 1

e ieiie
[ — E—
e © ©

Semiconducting

50 MQ
mpF

Q=3 : memory state 1

PPN

LR HE+HE

e © ©
Conductive
(always ON)

w
S~

Andras Kis
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B LOGIC IN MEMORY

Universal Logic Gate

12 mm x 12 mm die
80 memory devices

3 Input 1V
50 MQ
2 Input 1 = o=
Vivio—}} Vint o—| : Vini o—1!
1 1 1
B S I
Vicodi| Vieodi| Ve
S S
Viso—di|l Vimso—i| Vo
g e s 2 T e
=
Y = xilﬂﬂxz‘az) +x3lQG)x‘(cul Y - x1(0|)x2(m;x:tom ...x‘(m))(5(05))(6(08>+x7(01)xB(O8)x9(09)

Marega...Kis; Nature (2020)
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B IN-MEMORY COMPUTING

Neural Networks with MoS2

Weights

Input layer

g
.

wl,l

Output layer

5

b

Y2

Floating gate (FG)

lour= G Viis t GV, + - + GV,

1 |n! 27 in2 N inN
T

Tunnel oxide

Blocking oxide
Gate (G)

Si substrate

50 ym

Marega...Kis; ACS Nano (2022)

Monolayer MoS,

Neuro

Output I |1
Neuron 1 Y ke

Multiply-accumulate operations

w
o~

Andras Kis



=L Digit Classification

Weight Matrix
7-segment displa Perceptron layer
g play P y < Theoretical Experimental
3 1
L8 2. "
] a 6 6
f b 8 abcdefag abcdefg
Display Pixel (a-g)
/ ;l
/ g ' Feature Maps:
7N (1) -‘ (4) -‘ (6) -l
Qi & > G
= Ly

B IN-MEMORY COMPUTING

Simulations: 38x energy advantage over CMOS - Giuseppe lannaccone (U. of Pisa)

Marega...Kis; ACS Nano (2022)

12

0.0

Theory

Experimental Accuracy
& Average Accuracy

=i

2

T
3 4

Number of Bits Nbits

w
~

Andras Kis



=PFL | arge-scale Integratlon ek st

Output Colum
|

FGFET matrix |, '

32x32 FGFET array
1024 devices

B IN-MEMORY COMPUTING

Marega...Kis; Nat. EL. (2023)

ns

"I 52 G’N VD51
= G'u Gza Qm- J Vos:
l-"‘-\_ l Gw- Gm-" Gy [ Ve SIN)

Floating
Gate

Floating-gate Field-effect Transistor

w
©

Andras Kis
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B IN-MEMORY COMPUTING

Large-scale Integration

32x32 FGFET array
1024 devices
83% yield

851 devices
10-5

10-5

los (A)

107

V, = 100mV

10-®

-10.0 -7.5 -5.0 =25 0.0 25 50 7.5 10.0

Vs (V)

Marega...Kis; Nature Electronics (2023)

w
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B IN-MEMORY COMPUTING

Large-scale Integration

32x32 FGFET array
1024 devices
83% yield

851 devices
10-5 | ! !

Vs = 100mV

108

-10.0 -7.5 -5.0 —25 00 25 50 7.5 100

Ve (V)

Marega...Kis; Nature Electronics (2023)

ON CURRENT
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Device Failure Modes

OFF current
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In-Memory Signal Processing

Signal Flltering by Convolution
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Summary

= MoS, photodetectors

- Lopez-Sanchez...Kis, Nature Nanotechnology (2013)
doi: 10.1038/nnano.2013.100

- Gonzalez Marin...Kis, npj 2D Mat. (2019)
doi: 10.1038/s41699-019-0096-4

= Logic-in-memory based on an atomically thin
semiconductor

- Marega...Kis, Nature 587, 72 (2020)
doi:10.1038/s41586-020-2861-0

= Artificial neural networks based on MoS,

- Marega...Kis, ACS Nano 16, 3684 (2022)
doi:10.1021/acsnano.1c07065

» Large-scale integration and in-memory data
processing

- Marega...Kis, Nature Electronics (2023)
doi:10.1038/s41928-023-01064-1

Vector-matrix multiplication
with monolayer memories
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