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Technologies/concepts covered by the Roadmap

+* Difficult to select materials and equipment
Rely on the output of other WPs

** Emerging technologies beyond CMOS
This Workshop: Strengthen efforts in 2D materials

(TFETs, optoeletronics, topological structures,)
Requires manufacturing and tooling
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Outline

= 2D materials basics & applications

= Scalable growth of 2D materials
VPD, CVD, MOCVD

= MBE-grown 2D materials
-Structural
-Electronic band structure,
-W. d. Waals heterostructures
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2D Materials research history
2D Metal Dichalcogenides

Mak et al, Phys. Rev. Lett. 105 136805 (2010)
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2D dichalcogenide materials

Large variety of physical properties and crystal structures

semiconductors (Mo, W)S,, (Mo, W)Se;, (Hf, Zr)Se,, SnSe,
metals TaSe,, TiSe,

semimetals HfTe;, ZrTe,

superconductors NbSe,

Weyl semimetals WTe,, MoTe,

topological insulators Bi,Se;, Bi,Te; monolayer WTe,, MoTe,
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Crystal Structure

1T octaﬂhed ral Distorted 1T’
S;%¢,Te @ @ - = ____
Group IV E i
Ti . | !

r S, Se

o MoTe, @ RT
2H prismatic m}’\u -2H semiconductor stable

-1T’ metalic metastable

S, Se, Te | ,
Group VI—>[@ _Possibility for
Mo $ M&) Semiconductor to metal
W 5 S, Se transition
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1 ML MoS,: Broken Inversion Symmetry

D. Xiao et al., Phys. Rev. Lett. 108, 196802 (2012)

= Spin-Valley coupling
Spin polarized transport
“Valleytronics”

n

2.

K.F. Mak et al., Nat. Nanotech. 7, 494 (2012)

= Control valley spin polarization
by circularly polarized light

Load resistor

W. Wu et al., Nature 514, 470 (2014) )

" Piezoelectricity in MoS, -
for energy conversion

-

Stretched
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Benefits of Atomically Thin Layers

Flexible, transparent

Stretchable,

bendable
transparent

High mechanical strength

Electromechanical resonators

Q ~ 47000
N. Morell Nano Lett.|16, 5102 (2016) W892

.
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Sensitive chemical sensors

High surface to volume ratio
F.K. Perkins Nano Lett., 13 668 (2013)

10


http://materialsviews.com/wp-content/uploads/2013/04/mos2-sensor.jpg

MoS, Devices and Circuits

EPFL: Radisavlejvic, Kis, et al., MIT: H. Wang, T. Palacios, et al.,
ACS Nano 12,9934 (11) Nano Lett. 12, 4674 (12)
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= Large potential to impact nanoelectronics
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Microprocessor based on a 2D semiconductor

S. Wachter et al., Nature Communications 8, 14948 (2017)

Scalable 1-bit microprocessor with 115 transistors
made of CVD MoS, (2ML)

Inverter

Voltage gain ~ 60
SNM ~ 0.59 x (V,,/2)

Output voitage (V)

0 T P —
0 2 3 4 5
Input voltage (V)
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Re-Booting Computer

Energy-Efficient Abundant-Data Computing: The N3XT 1,000X
M.M.S Aly et al., IEEE Computer 48, 24 (2015)

[ (b) Efficient heat removal slutions

A oan & o4
+
dpm
-

(c} Monolithic 3D “high-rise chip” .~

A

.
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(3) Fine-grained
monelithic 30 integration
- Compute + memory elements
- Ultradense connectivity
using nancecale vias

(2) High-density
nenvolatile memeries

- 3D RRAM: masaive storage
- §TT- k access

Energy-efficient
-1DCNTa

- 20 laysred manomaterials

WSe,

(5) Computation
immersed in memory

2D match with
“" 3D sequential integration
concept
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Device Scaling

2D Materials :
FInFET excellent

4 Currentlyin production )
,, 7i .~ electrostatic

UTB-SOI control

Option for <11 nm nodes

Thin vertical
channel (fin)

Ultra thin Si (10 nm)
Si0, .

Si substrate

Extremely thin channels / one- or few- atomic layers

N\

VoS,

SINANO-NEREID workshop Leuven, September 11th, 2017, WP6, A. Dimoulas
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First CVD MoS, FinFET

o
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Back gated = reconfigurable between low power/high performance
M.-C Chen et al., [EDM 2015
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MoS, FET with 1 nm Gate Length

S. B. Desai Science 354, 6308 (2016) |deal switching characteristics
107
10°
E
10
<
""I:I1D_1':I
1{}-12 ] 1 ]
Simulations : -3 _Ev {L] 0 1
Could impact low power technology =
2 orders of magnitude better than Si
in OFF state leakage Realized on flakes
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Scalable synthesis of 2D materials

= Vapor Phase Deposition-sulphurization
= Chemical Vapor Deposition

= Metalorganic Vapor Phase deposition
= Atomic Layer Deposition

= Sputtering

= Thermal Decomposition

Molecular Beam Epitaxy

ﬁgl\lfﬁﬂj SINANO-NEREID workshop Leuven, September 11th 2017, WP6, A. Dimoulas
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Chemical Vapor Deposition

= VPD from solid sources —sulphurization

gas I l ’< ﬁ |

Pre-deposited precursor
on growth substrate (SiO,)

= CVD from all-solid sources VY.-H. Lee et al, Adv. Mater. 24, 2320 (2012)
Review Y Shi et al., Chem. Soc. Rev. 44, 2744 (2015)

MoCl; (S, Se)Ox
—>
Carrier : SSe (MOW)O
Monolayer
Precursors growth substrate
Sio,

ﬁ 18
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VPD using gas precursors

Mo + H,S UHV-compatible
S.S. Grgnborg, et al., Langmuir, 31, 9700 (2015)

Typically submonolayer coverage ———— Cycle-based epitaxial growth

MoS, coverage

SINANO-NEREID workshop Leuven, September 11t, 2017, WP6, A. Dimoulas
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Wafer scale synthetic 2D Semis- MOCVD

K. Kang et al., Nature 520, 657 (2015)

All-gas precursors .
gasp Full coverage, good thickness control,

High spatial homogeneity

The material

MoS, (and WS,) is polycrystalline

LUV LB on 4-inch Si/SiO,

3 T

FETs : 99% yield | Need for epitaxial growth of
Record field effect mobility (at that time) | single crystalline 2D layers

for synthetic material ~ 30 cm?/Vs @RT

o

3 &ERH@ SINANO-NEREID workshop Leuven, September 11th 2017, WP6, A. Dimoulas
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Large area epitaxial MoS, on c-sapphire

D. Dumcenco et al., ACS Nano 9, 4611 (2015)

C-sapphire preparation
1000 C /1 hin air
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Summary of Results

Review: J. Li and M. Oestling, Electronics 4, 1033 (2015)
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On/off current ratio

04 @+ PC O @V ASAPe OO

mechanical cleavage [14]
mechanical cleavage, multilayer [48]
annealed sapphire [25]
patterned substrates [21]
seeding promoter [27]
seeding promoter, W52 [27]
ALD, W52, TG [28]

plasma, 1L [29]

plasma, 2L [29]

plasma, 3L [29]

MoO2 precursor [30]

all-gas precursors [23]
all-gas precursor, W52 [23]
thermal decomposition [33]
sputtering [34]

Mo-5-5e alloy [39]
MoS2/WS2 stacks [44]
selective growth [46]
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Van der Waals Epitaxy by MBE

Early pioneering work (80’s and 90’s) m _

A. Koma and co-workers, Japan ® < Dangling
First to introduce the concept of

v. d. Waals epitaxy by MBE m Van der Waals

(8)
M gap
= No heteroepitaxial defects

(e.g. misfit dislocations) %
<~ Quasi- v.d.W

= No strain-own lattice constant
" |n-plane alignment
(rotationally commensurate)

(©) gap

A. Koma, J. Crys. Growth 201/202 236 (99)

R. Schlaf, W. Jaegerman and co-workers, J. Appl. Phys. 85, 2732 (1999)

A 5 23
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Recent example of v. d. Waals epitaxy

K. Onomitsu et al., Applied Physics Express 9, 115501 (2016)
MoSe, on Se-terminated GaAs (111) B

oSe

...I\Dbﬁbi'.b
- 5 =

Quasi
vd Waals

gap

}r' /}#I:‘J‘}-’

‘a‘r’s';'-’-’l’o‘:"d‘a‘-‘/c‘ r PRI ERRS
e P rFrr rrr .y - - -
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Controlled MBE growth of superlattices

\'a),

e NE’RH@

S. Vishwanath, et al., J. Mater. Res. 31, 900 (2016)

SnSe, (110)

SnSe:(110).

‘ . NI W‘M'él

SINANO-NEREID workshop Leuven, September 11th, 2017, WP6, A. Dimoulas
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Crystalline substrate options

Epitaxial graphene on SiC

Sapphire(0001) C-plane

'* AIN(0001)/Si(111)
k ) InAs(111)/Si(111)
| —

AIN or InAs

= Expensive

= Small size (6 inch)

" |ncompatible with advanced
semiconductor processing in pilot lines Si

ﬁ . 26
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MoSe, on AIN-MBE growth details

E. Xenogiannopoulou et al., Nanoscale 7, 7896(15)

MOCVD AIN(0001)/Si(111) provided by IMEC

Preparation: HF-based solution + UHV annealing @ 700 C, 10 min
[11-20] azimuth [1—100] zimuth .

Two-step growth

Mo : e-gun

Se : effusion cell
Se/Mo : 15/1

Rate : 1 ML /30 sec

UHV PDA, 10 min
To improve crystallinity

" Good in-plane alignment no 30° or 90° rotation domains
= Epitaxial despite +6% lattice mismatch

27
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MoSe, on AIN -HRTEM

7,7896(15)  Continuous, uniform, ‘
~ smooth surface
' and interfaces
~ No dislocations
or defects

[11-20]
FORIEX

(a) E. Xenogiannopoulou et al., Nanoscale

L & 2 2 P B A R

e e L
s~ \/' %

; — B \ond, ooy
Waals

s
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MoSe, Reciprocal Space Mapping

Synchrotron XRD
Collaboration with Dr. Gilles
Renaud at ESRF, Grenoble

= No variation with T, |

e e > » Tensile strain ~ 0.3 %

Domain size : 17-35 nm

» Preferential orientation but large in-plane mosaic spread

2 of MoSe, (7° FWHM) compared to AIN.

29
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SnSe, / WSe, vdW on Bi,Se, /AIN

Bi,Se, is grown with good quality on AIN P Tsipas et al., ACS Nano 8, 6614 (2014)
Improves the quality of SnSe, and WSe, epilayers

Growth is limited to < 300 C, since Bi,Se; is unstable above this T
RHEED [11-20] azimuth

1 b’

5QL Bi,Se, | 5QL Bi,Se
-7.5 %c - ‘3 QR 21%
1459% RALLESINIS 4ML WSe, +14.5 %

4ML SnSe,

Azimuthal alignment desplte large lattice mismatch = vdW epitaxy

/A
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WSe,/SnSe, v.d. Waals Heterostructures

uUpPS Low-energy cutoff

Intensity (a.u.)

WF=5.1 eV

50 55 6.0
KE (eV)

XPS SnSeZIWSe2

Kraut’s method
for band offsets

(ESn3d, -E[WA4f, ])=454 eV

Intensity (a.u.)

500 495 490 485 36 34 32 30 28

XPS Thick WSe,

Intensity (a.u.)

” (E[W4f ]-VBM)=31.99 eV

W 4f

32.29 eV

40

XPS Thick SnSe2

Intensity (a.u.)

(E[Sn3d_ ]-VBM)=485.18 eV

5/2

Sn 3d

5/2

486.18 eV

sn 3d,,

Ef

VBM
1eV

500 495 490 485 5

5 4321 0 -1
BE (eV)

BE (eV
SEN E’RH@ (SIN)XNO-NEREID workshop Leuven, September 11th 2017, WP6, A. Dimoulas
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Ideal band line-up for 2D TFETs

K.E. Aretouli et al., ACS Appl. Mater Interfaces 8, 23222 (2016)

WSe, SnSe, WSe, SnSe,
“““““ ;('{‘ -——-—-=xVvVaccum
Syc= 0.11€V B +
¥=3.8-4.1 eV
WF=5.1eV | =543.523 eV Vez0
WF=5.35 eV
CBO=1.6-1.1eV
E,~1.6-1.3 eV
EF ___________________ "ij-u.m.m..u..u...,..,«:,:z.g:s., EF H igh
VB i CB O—=pO0 |
VBO=0.8eV VB ON
W7t ‘
Nearly broken gap
Sn3ds) high performance 2D TFETs
1 32
ﬁﬁﬂfﬂﬂj SINANO-NEREID workshop Leuven, September 11th 2017, WP6, A. Dimoulas

A



2D Vertical TFET Device layout

1-4 ML epi-WSe,
1-4 ML epi-SnSe,

200 nm Epi-AIN (0001)

Si (111)

Gate dlelectrlc -

Oxide (SiO,)

AIN/Si Substrate

Recently implemented using WSe,/SnSe, flakes and back-gating,

but SS > 100 mV/dec T. Roy et al., Appl. Phys. Lett. 108, 083111 (2016)
EID SINANO-NEREID workshop Leuven, September 11th, 2017, WP6, A. Dimoulas



Hybrid 3D -2D vertical TFETs

D. Sarkar, G. Banerjee and co-workers, Nature 526, 91 (2015)

Important new development

3D (Ge) / 2D (MoS,) TFET
on exfoliated flakes

Bandgap1
Source Gupd. |
Fermi 116
level 8888 |(:5ate'
ermi
2 2 level E
g g when 12 =1
8 2 ON
o w
a
& g Q 9 <4 E
8 242403 3 : w“ga)“ g
Dogl (D 290 2 "
i 923282 3 2 $5%% 52 8 e Pt —— 0
W0™—3% 40 -056 00 05
OFF state ON state Gate voltage (V)
seN NE’RHD) SINANO-NEREID workshop Leuven, September 11th, 2017, WP6, A. Dimoulas
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Epitaxy of WSe, on InAs/Si(111)

Cross section STEM

NCSRD-CEA-CNRS/LTM collaboration (unpublished)
(C. Alvarez, H. Okuno, T. Baron, A. Dimoulas)

% AT .
Quasi-v. d. Waals gap 88888888 ¢°

| 9000989898989
e 9999998899

1 ML WSe,

InAs
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Co-integration of 3D-2D vertical TFET
with advanced dual channel CMOS platform

Dual channel
High-u CMOS onTTTTTS S

G AN

[l Source ) ate ) Drain 1
! dielectric \
] ]
1
! Oxide (Si0,) ,'
\ I'

\\ ,I

. In(Ga)As /
\\ ,/,
~ ’
*~._ Tunneling current el

~ -
~, -
~ -
.
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HfTe, on AIN — HAADF STEM

NCSRD-CEA collaboration
C Alvarez, H. Okuno, A.Dimoulas

simulation
(1-100) zone

Consistent

with 1T-HfTe,
ﬁ . 37
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HfTe, Film Defects and Faults

= Grain boundary causing
misalignment of the layers

= No clear correlation of
defects with the substrate

= Layer overlapping

= Shows competing grains
during growth

ﬁ EI@ 38
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HfTe, Reciprocal Space Mapping

S. A. Giamini et al., 2D Mater. 4, 015001 (2017)

Synchrotron HRXRD k
at ESRF

Infensiiy (a.h.)‘

Hf',l'ez(l'OlIO)".i
Lo |

AIN(1010) AIN(2020)

91 SINANO-NEREID workshop Leuven, September 11t, 2017, WP6, A. Dimoulas
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MBE HfTe, in-situ ARPES “Dirac-like” cone

S. A. Giamini et al., 2D Mater. 4, 015001 (2017)
6 ML

Z. K. Liu et al., Science, 343, 864 (14)

Na;Bi topological
3D Dirac semimetal

Binding Energy Eg (eV)

Binding Energy (eV)

M/L +«— ['/A — M/L

HfTe, an epitaxial topological Dirac semimetal?

Y

40
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Distorted 1T" MoTe,

S. Song et al., Nano Lett. 16, 188 (2016)
Strain-induced reversible semiconductor to metal transition (SMT)

_Semiconductor . Metal

a i : PRI A A T PEPPRR.

2H : @0 . = Non volatile

applying tensile strain ‘ Q - Q hase Chan e memOI’IeS
: pp);negialization {g@ *?C-)K-O 3 p g
>  {{pNdpHd | .
- (—I . owd oo o8 | ® (Steep slope ?) switching
6.1 A : releasing tensile strain : o :

-t > ] insiilation : jeiadaa)

: . 2 & 8 a8
3G X x4 prei w Can SMT be induced
] Te : : O o O T -
G MsmssssmssssmsssEssmsssssssssssssssse luassssssssssssssssssssssssssssssssssess a by fleld effect ?

b n ® 9 @
«— . o .-
&5 N
| |
100+ HoH tensile strain lowers the barrier height Can you make
— mT ‘ ¢ i ial ?
< 5o 1T" MoTe, epitaxial *
€  0-
g semiconductor
3 -50- metal transition
o <0.1eV
100- s
40 -05 00 05 10 2H phase transition T
voltage (V)
ﬁl\] j 41
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MBE growth of MoTe, on InAs(111)/Si(111)

" |nterrupted growth at 290 C + Annealing at 400 C, 1h
= 2x2 reconstruction: signature of a distorted T’ phase

0deg [11-20] azimuth 30 deg [1-100] azimuth

42
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1-2 ML epitaxial MoTe, —in situ STM

1? Main: Z TraceUp Mon Jul 03 14.11.38 2017 [8-1] STM_S; - |0 il
ZTracellp Mon Jul 03 14.11.38 2017 [B-1] STM_Spectroscopy STM
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Summary

2D materials can impact nanoelectronics (scaling, TFET)

MBE 2D TMDs on AIN (0001) substrates:
Uniform growth /no heteroepitaxy defects/Large mosaicity

MBE SnSe,/WSe, vdW heterostructures
Ideal nearly broken gap band alignments for 2D TFETs

MBE TMDs on InAs (111): Much improved epitaxy

MBE HfTe2 and ZrTe2 : Dirac like cones at the zone center.
Candidates for epitaxial Dirac semimetals

MBE Distorted 1T° MoTe, can be grown on InAs; stable at RT
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