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Semiconductor Electronics

Digital CMOS
Logic Memories

!

RF  High-volt. Sensors  Flexible Opto
Analog Power Actuators Printable MEMS

!

More Moore

More than Moore

Compute and store
Key enabler: CMOS scaling

Interact with people + environment
Enhanced functionality

2020: 15...20-nm gate MOSFETs, Si

2020: 5i, SiGe, GaAs, InP, GaN, SiC, ...

2034%: 12-nm gate MOSFETs
Si, Ge, ll1-Vs (?), possibly 2D materials

2034: 5i, SiGe, GaAs, InP, GaN, SicC, ...
probably 2D materials

l

- Quantum computing
- Others(?)

After2034%: « Still CMOS, x-nm gate MOSFETs, Si, Ge, Ili-Vs (?), perhaps 2D materials
* Beyond CMOS solutions for, e.g.,
- Neuromorphic computing, Al

« Still Si plus new materials, possibly 2D materials *Horizon of the 2020 IRDS

Schwierz et al., Nanoscale
7, 8261 (2015), updated.

Digital CMOS comprises = 70% of today‘s > $400 bn global semiconductor market.
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. Important FET Figures of Merit
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* On-current /_, and off-current / 4. * Cutoff frequency f;: Small-signal current gain

e Subthreshold swing SS. h,, has dropped to 0 dB.

« A useful measure for quality of electro-  * Maximum frequency of oscillation f,,,:
statics and the suppression of short- Unilateral power gain U has dropped to O dB.
channel effects is the scale length A. * Note: For most RF applications, high power

— gain and f, ., are more important than high
1 = 1 Epoay _ current gain and f-.
_ N body " ox
G gox
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- 2D Materials — An (Incomplete) Overview
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. Graphene — The First and Most Famous 2D Material

e Graphene, the first 2D material (for
short 2Ds) studied in detail. Note: Long
history, first paper in 1962.

e 2004 — the magic year: Graphene
became famous by the works of

- Novoselov & Geim (Manchester U).
Original paper: Science 306, 666 (2004).
39,874 times cited*.

- Berger & de Heer (Georgia Tech).
Original paper: J. Phys. Chem. B 108,
19912 (2004). 2,636 times cited*.

e Meanwhile around 1,500 different 2D
materials (for short: 2Ds) are under Artistic representation of graphene.
investigation?. Source: Jannik Meyer

e Note: So far, only a minority of these
. * Number of citations in Web of Science
1,500 2Ds have been synthesized and 25 of 25 September 2020,

used in experiments. t Haastrup et al., 2D Mater. 5, 042002 (2018).

%
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- 2Ds — An (Incomplete) Overview

- GaSe, InSe
- Silicane )
| - Germanane PTMCs - Fluorogermanene
X-anes Fluoro-X-enes
. G.r.aphene, GNRs, BLG 2D - MoS,, MoSe,, MoTe,
- Silicene, Germanene . TMDs - s, Wse, WTe,
- Phosphorene X-enes Materials S _ HfS,, PdS,, ZrS,
- Arsenene, Tellurene - HfTe,, PdTe,, ZrTe,
MX-enes Further 2Ds
; oro-X-enes $ 2272
- Hf,CO,, TiCO, _Chloroeranhene - 11I-Vs (e.g. BN, GaN)
- Ti,CF,, Ti,C(OH), grap - IV-Vs (e.g., C5N, Ge,As)

- Chlorogermanene
- - QCs (e.g., Pb,Ga,GeS,,)
Meaning of colors and style - MHPs (e.g., CHyNH,Pbl,)

. : : Figure: Schwierz, ECS Trans.
Red: Semiconducting Ggg’ 731 (2015). updated _etc., etc., etc.
WS Dark blue: Semi-metallic

Green: Insulating
TMD: Transition metal dichalcogenide. BOC: Bismuth oxychalcogenide. GNR: Graphene

Itallcl regardless Of color: nanoribbon. BLG: Bilayer graphene. PTMC: Post-transition metal chalcogenides. QC: Quaternary

FETs demonstrated Chalcogenides. MHP: Metal-halide perovskite.
7
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- 2Ds — An (Incomplete) Overview

 X-enes
- Monolayer of atoms of a single element
- Gapless: Graphene (carbon), silicene (silicon), germanene (germanium).
- Semiconducting: Phosphorene (phosphorus), arsenene (arsenic), tellurene (tellurium).

e X-anes
- Similar structure as X-enes.

- Lattice atomes (C, Si, Ge, etc.) additionally bonded to H atoms (out-of-plane).
- Semiconducting: Graphane, silicane, germanane.

 TMDs (Transition Metal Dichalcogenides)
- Composition: MQ,, one transition metal atom M + two chalcogene atoms Q (S, Se, Te).
- Wide range of materials, several are semiconducting (MoQ,, WQ,).

Single-layer MoS, = 3 atomic layers, less

than 1 nm thick.
(- S (Radisavljevich et al., Nat. Nanotechnol. 2011)

® Mo

%
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-  Why 2D Materials for Transistors?
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. A: Bandgap of 2Ds

The 2Ds offer a wide range of bandgaps from gapless (semi-metals) via narrow-
wn and medium-bandgap to wide bandgap (insulator).

}
3 Gap
- m
L
Momentum X-anes
Gapless Semiconducting Semiconducting Fluoro/Chloro-X-enes
Cone-shaped Mexican-hat-shaped Parabolic
bands bands bands 2D TMDs
e.g., MoS,, MoSe,, WS,.
X-enes BLG X-enes
e.g., Graphene, Silicene (biased) e.g., Phosphorene, Arsenene, GNRs

Expectations: ¢ For many applications, an optimum “taylored” 2D material exists.
 All-2D devices can be realized.

%
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. B: Ultra-High Carrier Mobility in Gapless 2Ds

GRAPHENIUM INSIDE

| As concerns applications, graphene-based electronics should
be mentioned first. This is because most efforts have so far been Geim & Novoselov, Nature
Graphene’s potential for electronics is usually justified by citing Materials 6, 183 (2007).
high mobility of its charge carriers.

Graphene is a wonder material with many superlatives to its name.

Its charae carriers exhibit aiant intrinsic mobilitv. have zero effective Geim, Science 324,
mass, and can travel for micrometers without scattering at room 1530 (2009).
temperature.

Graphene offers a possibility to extend HEMTs™ operational
range nto terahertz frequencies.

Expectation: Ultra-high mobility enables ultra-fast 2D transistors.
— ———> 2D FETs for digital CMOS: Ultra-fast switching.

===)> 2D RF FETs: Ultra-high operating frequencies f,, ultra-high
frandf__ .

%
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. C: Ultimate Thinness of 2Ds

Scaled FETs suffer from degraded electrostatics and pronounced short-channel
- effects, e.g., large subthreshold swing SS.

Two Purdue-Intel papers on GNR MOSFETs

The ultrathin carbon monolayer, Liang et al., IEEE Trans. Electron
furthermore, would provide extremely cood gate electrostatic Devices 54, 677 (2007).
. . CNR: Carbon nanoribbon
control. In this sense, the CNR MOSFET would be the ultimate

2-D device, and is expected to greatly reduce short channel

effects
We show that both narrow (1.4 nm width) and wider Liang et al., J. Appl. Phys. 120,
(1.8 nm width) GNRs with 12.5 nm channel length 054307 (2007).

have the potential to outperform ultrascaled Si devices
in terms of drive current capabilities and electrostatic control.

Expectation: Outstanding electrostatics, ultra-short scale length, and
excellent suppression of short-channel effects — even in
ultimately scaled 2D MOSFETs.

%
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. D: Heavy Carrier Effective Mass in Semiconducting 2Ds

Ultimately scaled MOSFETs: The distance between source and drain is so short
w thatin the off-state carriers can tunnel from source to drain =—>degraded

switch-off.
It also reveals that a low

transport effective mass, which i1s good for large ON-currents
and high injection velocities becomes a handicap in ultra-short
devices due to S-to-D tunneling.

have consistently shown that at 5-nm and below gate length levels di-
rect source-drain tunneling will seriously impede the off-state MOSFET
performance and that particularly transistors with light-m.g channels
will suffer from a significant deterioration of switch-off due tom tun-
neling . This leads to the assumption that at ultimately short

gate length levels MOSFETs with light-m.« channels might fail and that
heavy-m.g channel materials such as TMDs might be preferable since a
heavy meg very effectively helps to suppress tunneling.

Luisier et al., Tech. Dig.
IEDM, 251 (2011).

Thiele, Kinberger, Granzner,
Fiori, and Schwierz, Solid-
State Electron. 143, 2 (2018).

= Expectation: Heavy m =——> Efficient suppression of source-drain tunneling,
excellent switch-off, even in ultimately scaled 2D FETs (e.g., 1-nm

gate MOSFETSs).
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. Indermediate Conclusion |

We have seen that the 2Ds

| ¢ Attract considerable attention.
» Offer several properties very benefial for ultra-short FETs:

- Wide range of bandgaps.

- Very high carrier mobilitiesT.

- Ultimate thinness.

- In part heavy carrier effective mass, e.g., in semiconducting TMDs.

"Note: High i and heavy m_, are contradicting requirements. Tradeoff mobility —
effective mass.

All this looks very promising.

Does it mean that the expectations that the 2Ds could possibly
e enable ultra-high-performance transistors
e replace the conventional semiconductors

== are justified?

Let us take a closer look.

7
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« The Potential of 2D Transistors for Future Electronics
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A: Bandgap of the 2Ds

Digital CMOS

o © Switch-off with high I, /I« mandatory.
e Bandgap needed (> 400 meV).
_EG
mk, T
« The gapless 2Ds are useless, while the

semiconducting 2Ds show potential for
digital logic FETs.

l« oc exp

vGS-on = VDD

Gate
' ! Vs
R RN R R R | N

Inalf S 2% J_°

Source (oot Channel 250  Drain
Vesorr =0
7

] l I VDS
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k
)
FIpe
/b3 ;
D2
Voss Ves2™Vbirac
) ;GS

Semiconducting

Vs Ves

(Vias.of)

After: Schwierz, Proc. IEEE 101, 1567 (2013).
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. A: Bandgap of the 2Ds

RF electronics (e.g. LNA) v § i o o Z 7

: . o A
- * Switch-off is NOT mandatory. A) Vom0 8) Voro< Visonr
* A gap is not needed per se. -
e But: Zero and very narrow gap * [ootroe (5 cranet _orae "Is =
. . * 4 x
= Poor drain curr'ent saturailon "‘”kz } I » S 7.9
—> Poor power gain and f,__.*. L 5
(c} v[)542= VDS—DIIIC (D} VDS—D> v[B-D'ru:
* The gapless 2Ds are not useful for —/
high-performance RF FETs. of- — 0 -
VGS-1 )
T Gate
| Vs
. ‘ R PR TR R (RN ’ ol D
LU / NN 5
Source Lo e Channel 2%t 2] Drain é Ves
VGS-Z g Vos.0> Vbs-pirac
? Gate Vbs-pirac
I [ ] [ ] I VDS

Vosa=0 Drain-source voltage

]
T
!

*For more information, see: Schwierz, Proc. IEEE 101, 1567 (2013), Schwierz, Proc. IEEE VLSI-TSA, 16 (2011).
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B: Carrier Mobility of the 2Ds

5
4x10 . T T T
10S E
° ]
— 4 o
2 10 . ° 1
< ( J
= ®
> R L
£ 10’ &
S P i
€ v
8 2 /O t
= 10 F conv. simos #
O channels
m /
narrow Si nanowires
10’ o
A
100 1 1 [ 1 5 1
0.0 0.5 1.0 1.5 2.0

Bandgap (eV)

Schwierz et al., Nanoscale 7, 8261 (2015), updated.
Schwierz, Nature Nanotechnol. 5, 487 (2010), updated.
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X-enes (theory & exp.)

—k— Graphene —/¢— Graphene MOS The
GNRs BLG

—— Silicene

Mobility — Bandgap
Tradeoff

X-anes (exp.)
€ Germanane

X-anes (theory)
& Germanane

TMDs (theory) TMDs (exp.)

—.A.—MOS2 —n‘n—MoS2
v MoSe2 v MoSeZ
vV WS —¥—Ws,
A WSe, +W5e2

InSb, InAs, Ing c3Gag 4/AS,
InP, GaAs, Ing o,Aly 45AS,
Aly3Gag ;As, Gag 49Ing 1P
(from left to right)

Group-lll metal chalcogenides
% InSe (theory and exp.)
¥ InS (theory)

Conventional semiconductors
® Si(bulk) —®— Si MOS
®  Ge (bulk) ® lI-Vs (bulk)

Only the gapless 2Ds show VERY high mobilities. As a
general trend, u decreases for increasing gap.

Similar trend (not shown) holds for holes.
Regarding mobility, the 2Ds do NOT show a distinct
advantage over conventional 3D bulk materials.
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The Potential of 2D for RF MOSFETs?

e Graphene RF MOSFETs: Show GHz operation but perform poor compared to
competing RF FETs. Reason: Missing drain current saturation due to zero gap.

* Semiconducting 2Ds, e.g., MoS, and phosphorene MOSFETs: Show  ? '(;‘PA“E“’LTEMT
dAsS Mm
GHz performance, but f; and f_., much below O
100 GHz. Reason: Only moderate mobilities. __ 2000 * Graphene MOSFET
N — —————ry
5 s
1,000 VXIOOO » 4 -
Wu et al., Nature 472, g s 1000, 7002 3
o 74-78 (2011). L 800, 688
= " Poor saturation! — 420, 360 410, 3
Output characteristics of a E Q o%g, 30095
40-nm gate RF graphene < 6o | Z 2 % 200, 255
MOSFET (gapless channel). = o '
. . - > 105, 93
Poor saturation leading to £ © 100} -
relatively low power gain E T i g +% 70,110 ]
and fmax. E Vg=—8VtODV g
O 20 | 4 - %40, 150
e
Lg=40nm >< X . <
. | ‘z" First number f, .., second number f;
0.0 0.5 1.0 10 " 2 2 2 22221 " 2 2 2 22221
Drain voltage (V) 10 100 1000

October 1, 2020

Cutoff frequencyfT (GHz)

Updated version of the plots from (i) Schwierz, Nature 472, 41 (2011),
(ii) Lemme, Li, Palacios, and Schwierz, MRS Bull. 39, 711 (2014).
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. B: Carrier Mobility of the 2Ds

Note:

. The last statement on slide 17 refers to 3D BULK materials.
e Things look different for ultra-thin-bodies (as needed for scaled MOSFETSs).
= S0nm...10.5nm
l 0’ / (?. l Ee" [NlV/cm l , L L] 1 ol L L
S = 60 8 -
tg, = 4.3...3.6nm ’0.750-. / -
s, t,=2nm (7 AL) - 1
NZ g . "-chmuxxm (\12 40 - * . -
R e e e 5.1 8 ‘
£ T onm G AL ~TE ]
:2 s / M % 20.' § — W — Silicon
<t5i=0.9nm (4m, § 10-_* / -
! Cm —X—MoS; 1
1 per o 006 12 18 24 30 36
N, [em’] Thickness (nm)
Schmidt et al.,Solid-State Electron. 53, 1246 (2009). Sarkar et al., Nature 526, 91 (2015). Suppl. Inf.
|

e Compared to Si ultra-thin-body channels, TMDs like MoS, show HIGHLY
competitive mobilities. Important for digital CMOS!

%
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C: Ultimate Thinness of the 2Ds

The 2Ds are ultimately thin (< 1 nm) == thinner than Si bodies.

Ultra-short scale length A and excellent electrostatics of 2D MOSFETs (i.e.,
small SS and small DIBL).
Scale length: Si MOSFET vs 2D MOSFET (here MoS, MOSFETSs)
FET type SiSG SiDG SiTG SiGAA MoS, SG  MoS, DG
A (nm) 3.5 25 2.0 1.75 0.71 0.5
SG: Single-Gate MOSFET (N = 1) 1 Epogy
DG: Double-Gate MOSFET/FIinFET (N = 2) A= X @ (5
TG: Tri-Gate MOSFET (N = 3) Ng &
GAA: Gate-All-Around MOSFET (N = 4). N: Number of equivalent gates
Assumptions: - All transistors: EOT =1 nm
- Si MOSFETs: ty, 4, =4 M, £,,4, = 11.9
- MoS, MOSFETs: ty 4, = 0.65 nm (monolayer MoS,), €,,4, = 3

Clear advantage for 2D MOSFETs!

October 1, 2020 Page 20 www.tu-ilmenau.de




. C: Ultimate Thinness of the 2Ds

110 ; ——
[ —%— GNRMOSFETsim  —O— SiSOIMOSFETsim {  Geng, ..., and Schwierz, Ann. Phys. 529, 1700033 (2017).
I ® SiBulk MOSFET exp O  SiSOIMOSFET exp ]
100 [ © ]
| ; _
[ 0 ] . .
S . o2 o 1 Subthreshold swing of GNR and Si MOSFETs.
% ; N 1 Simulation: N = 16 ac GNR, EOT = 1 nm.
- *_ © - . : .
“ 70p ~ 1 Experimental Si MOSFETs: Data compiled
L *M_.,H‘O"‘"-—-—-._.___________ . .
sol *—x—x—_—x—g] fromthe literature.
50 L - — ]
10 100

Gate length (nm)

Clear advantage for GNR (i.e., 2D) MOSFETs regarding electrostatics and
short-channel effects.

L (nm) SS (mV/dec) Ref. Subthreshold swing experimental short-
7.5 440 1 channel MoS, MOSFETs. Performance not
W g9 140 2 outstanding yet, but reasonable.
10 220 3
30 120 4 [1] Nourbakhsh et al., VLSI 2016. [2] Xu et al., Nano Lett.

2017. [3] Li et al., VLSI 2016. [4] Chen et al., IEDM 2015.
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. D: Heavy Carrier Effective Mass in Semiconducting 2Ds

Desai et al., Science 354, 99 (2016) 10*
o Exfoliated few-layer MoS, channel.
e Gate: 1-nm diamter carbon nanotube. 10
e [ =1 nm —this is the shortest gate reported ever!
£ 10°
<
- 107
1072

-3 | -2 | -1 . 0 1

Vas V)

* |n spite of the short gate: Excellent switch-off.

* 1 nmis NOT the physics-dictated scaling limit.

 Effects of the heavy m_4: Excellent suppression
of source-drain tunneling (but low on-current).

2Wyp \/2 My Ey

h

T ccexp| —

%
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. D: Heavy Carrier Effective Mass in Semiconducting 2Ds

1.0 —————————— . .
| ] Es Moo Moy
i : - S Ge (ev) (mg)  (my)
05| T MoS, 1.8 0.48 0.56
0.7 _ _ 2D materials |V|OS€2 1.5 0.53 0.62
% * MobasedTMDs - MoTe, 1.1 0.55  0.67
S 06 %  W-based TMDs
q>_) A Germanane WSZ 2.0 0.31 0.41
'*é 0.5 v Phosphorene WSe, 1.6 0.33 0.42
= ¥ Graphane
5 04 2041 ac GNRS WTe, 1.1 031 0.38
= Si 1.1 026 0.39
$ 03
o GaAs 1.4 0.07 0.34
0.2 2D materials offer
o1l * A wide range of carrier effective masses
- including heavy m .
0.0 ey .
— * Additional advantage: Almost symmetric

electron and hole m_ (beneficial for CMOS

Bandgap (eV) design)

Schwierz et al., Nanoscale 7, 8261 (2015).
W
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. D: Heavy Carrier Effective Mass in Semiconducting 2Ds

LG
—>

Top gate

Source = ® Drain

Bottom gate
2D TMD channel

0.65 nm thick Simulated transfer characteristics of 5-nm
T double-gate MOSFETSs for different m
10 : Thiele and Schwierz, unpublished.
g 10° For more details, see: Thiele, Kinberger, Granzner, Fiori,
oy 102 and Schwierz, Solid-State Electron. 143, 2 (2018).
C
()]
st -4
5 10 —o0.1
o 10°§ 0.2
o
162 ; ———0.463
10'12 i L ] Lo ] &

-1.0 -0.8 -0.6 -04 -0.2 00 0.2 04
Gate-source voltage (V)
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. Intermediate Conclusion Il

We have discussed four features of 2D materials.

| A:Bandgap
» The gapless 2Ds are neither useful for digital CMOS (no switch-off) nor for
high-performance RF FETs (poor drain current saturation == poorf, ).
» Semiconducting provide excellent switch-off.

B: High carrier mobilities
» Occur only in gapless 2Ds.
» Several semiconducting 2Ds show moderate but competitive (and even
better) mobilities compared to UTB Si channels.

C: Ultimate thinness
» Ultra-short scale length, excellent electrostatics, and well suppressed short-
channel effects in scaled 2D MOSFETs with semiconducting channels.

D: Heavy carrier effective mass
» Excellent suppression of source-drain tunneling in sub-5nm-gate 2D MOSFETSs.
W » Semiconducting 2Ds with heavy m, e.g., MoS,, could become the channel
materials of choice for ultimately scaled MOSFETs in digital CMOS.

7
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Current Status of CMOS Scaling

SPARC M7 Centriq 2400 GC2 IPU Wafer Scale Engine IPU
Oracle/TSMC Qualcomm/Samsung Graphcore/TSMC Cerebras/TSMC
1 10 bjllion 18 billion \ 23.6 hillion 1.2 trillion

N

10
= 10
= 9
— 1
<= 10 Intel 62-core Xeon Phi 10
o 8
5 IRDS 2020 10
- 2 7
9 10 e 10
(4+] * 6
U] x X ITRS 2013 10
3-nm gate Si MOSFET .
-3
10 * 10
1-nm gate MoS, MOSFET
2 4
—@— Production % Labdevices —O— Roadmaps 10

1 A 1 " 1 " 1 N 1 A 1 2 1

1970 1980 1990 2000 2018\| 2020 2030

Year 2012 Introduction of FinFET

Schwierz et al., Nanoscale 7, 8261 (2015), updated.

Transistor count

* For decades: Planar MOSFETs
and continuous gate length
scaling.

e 2012: Introduction of FinFETs.
Fundamental change of
MOSFET architecture and
scaling philosophy.

* Gate length scaling has no
longer first priority. Instead, it
is expected to level off at 10 ...
12 nm.

* Given this situation — Is there a
need for introducingh 2Ds in
CMOS?

e ITRS 2013 scenario: 5nm gate MOSFETs in 2028, i.e., sub-5nm gates beyond 2028 expected.

* |IRDS 2020 scenario: 12-nm gate MOSFETs in 2034.
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. Robert Chau‘s Vision for Future MOSFET Scaling

Gate
o Y (SIS _
| 8 g g Cell 8 Gate — )
NMOS PMOS Fﬁf{:ﬁ ::aiﬁ:“; O SF(,:iztiTi'l:g = Two MOSFETs with
Gate [cEICH Scaling ‘_ — o E the footprint of a
l-é ﬂ » » ] . » a » = single MOSFET!
% Nanowire or Nanoribbon a —
H | =
Planar FinFET Hgi‘::“ i — p—
Scaling L 2D-Material
R. Chau, Tech. Dig. IEDM, 1-6 (2019). O Stacking " Transistors
Note: Robert Chau is the Director of _
Components Research and a Senior _— =+— Drain
Fellow at Intel Corp. FinFET Source
3D Stacking

Gate

Ye et al., IEEE Spectrum
56, Aug. iss., 30 (2019).

Possibly vertically stacked n- and p-channel MOSFETSs, each with vertically stacked
2D channels (e.g., TMDs like MoS,, WS,, WSe,) at the final stage of CMOS scaling.

%
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The Benefits of Stacking

400 - >

— single St_ac‘t . o e

E 2co S [ulactve T ’,.»-"' Loubet et al., Symp. VLSI Technol. Dig., T230 (2017).
S __ .-l-"' >

= - -7

E (<) ‘.‘::__...".':— — . .

S 320 ’,-, -7 umm wmm| Estimated area consumption
@ Lt L4 _{h]_ FinFET vs. stacked nanosheet
S 280 |- é_:_j_’__ == —1 channel MOSFETs assuming 7-nm
Q - - .

= 240 oo Finrer _m node ground rules.

< Qigéi" (a)

et SN

(=] -

= 200 |

per unit chip area, i.e. increase of on-current per unit chip area.

e Stacked 2D channels: Higher mobility plus better electrostatics compared to Si

]

40 a5 50 55 60 65 70

Total Active region width (nm)

e Stacked nanosheet channels enable sizable increase of effective channel width
== hanosheet channels

e Stacking nMOS and pMQOS one on top of the other: Extra area saving.
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. Intermediate Conclusion Il

* Stacked 2D MOSFETs in general: Larger effective gate width and thus larger
current drive per unit footprint compared to other MOSFET designs [1].

* 2D materials are ultimately thin ===> much better electrostatics and
shorter scale length = unprecedented suppression of short-channel
effects and excellent scalability [2].

* While the carrier mobilities in TMDs are lower compared to bulk Si and Ge,
they are higher than in Si or Ge nanowires/nanoribbons [3-4].

 Mentioned before: Gate length scaling is expected to level off at around 12
nm. Thus, the strongest trump of the 2D TMDs, their heavy carrier effective
masses causing a strong supression of source-drain tunneling at sub-5nm
gate length levels [5-6], will not come into effect in the mid-term future.

* Nevertheless, there are several strong motivations for introducing
semiconducting 2Ds such as the TMDs (MoS,, WS,, WSe,, etc.) into
mainstream CMOS.

[1] Loubet et al., Dig. Symp. VLSI Technol., T230 (2017).

[2] Schwierz et al., Nanoscale 7, 8261 (2015).

[3] Granzner, ..., and Schwierz, IEEE Trans. Electron Devices 61, 3601 (2014).
[4] Sarkar et al., Nature 526, 91, Suppl. Inf. (2015).

[5] Thiele, ..., and Schwierz, Solid-State Electron. 143, 2 (2018).

[6] Dong and Guo, IEEE Trans. Electron Devices 64, 622 (2017).
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- Other Interesting 2D Device Options
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Interesting 2D Device Options

2D materials are explored for a variety of different device options

Transistors <

Ultra-low-leakage 2D memories
Optoelectronic devices (light emitters and receivers)
Memristors ¢

Sensors < |
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. 2D Memristors

Currently accepted general definition of the memristor (note: different from Chua’s
traditional definition):

* A two-terminal device showing a pinched hysteresis loop /-V characteristics.

* |ts resistance depends on the magnitude and polarity of the voltage applied to
it and on the length of time that voltage has been applied.

* After removing the voltage, its resistance
is preserved. 50

T

e Conventional memristors are vertical
metal-oxide-based MIM structures.

e Recently 2D memristors (lateral and
vertical) have been demonstrated.

/Reset

e Measurement 7
-50 |- Simulation 1
1 (VAR G SO BNRY (TN VAR VORI VY NG AASG! VUNDY M= WONNN1 VT SN N
-4 =2 0 2 4
Current-voltage characteristics of a conventional
— g Voltage (V)

memristor.
Ziegler et al., IEEE Trans. Biomed. Circ. Syst. 9, 197 (2015).
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Applications for Memristors

(1) ReRAMSs

e Commercial ReRAMs available.

e Much faster than HDD (hard disc drive) and flash memory. Denser and less expensive
than DRAM and SRAM. NONVOLATILE!

e Challenge: ReRAM endurance is much higher compared to HDD and flash, but MUCH
lower than that of SRAM and DRAM.

(2) In-memory computing CPU Memory

e The memristor can switch AND store: The same devices

can be used simultaneously to store and to process information. E ﬂ
e The spatial separation between processing (CPU)

and storage (memory) of von-Neumann systemes, i.e., the L 111

von Neumann bottleneck, can be overcome. = =
e Less energy consumption.

I
@
o
&=
<

I

(3) Bio-inspired neuromorphic computing - =

e Memristors are able to mimic the operation of neurons and rirl
synapses, the two fundamental elements of biologic brains.

e Important for the emerging field of Al (artificial intelligence).  After Haensch, DRC (2017) and
Jeong, Adv. Electron. Mat. 2,
1600090 (2016).

%
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. Al and Neuromorphic Computing

Currently, Al (artificial intelligence) is the new buzzword, and Al is

= actually a major trend.
» Jeff Welser (Vice President and Director, IBM Research — Almaden ):
“The future of hardware is Al”
(see at https://www.ibm.com/blogs/research/2017/12/future-hardware-ai/).
* George Zarkadakis, Huffpost
“Forget algorithms. The future of Al is hardware!”
(see at https://www.huffpost.com/entry/forget-algorithms-the-future-of-ai-is-hardware_b_5a5b4b23e4b0a233482e0c43).
Note: For many Al applications, the traditional hardware (von Neumann
computers based on digital CMOS and Boolean logic) is of limited suitability
only. An alternative is bio-inspired neuromorphic information processing.
* Trends Magazine
o “The Future of Al Is Neuromorphic”

(see at https://audiotech.com/trends-magazine/future-ai-neuromorphic/).
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. Approaches to Emulate Biological Brains

A: Conventional computers (CMOS + Boolean logic + von Neumann) plus
appropriate software (algorithms).

= Statement from previous slide: Forget algorithms. The future of Al is hardware!
B: CMOS-based neuromorphic (i.e., non-von-Neumann, non-Boolean logic)
computers.
- IBM TrueNorth processor, see, e.g., Sawada et al., Proc. SC16, 130 (2016).
- Intel Loihi system, see, e.g., Davies et al., IEEE Micro 38, iss. 1, 82 (2018).
C: Memristor-based neuromorphic computers.
Attempts have been made to emulate the functionality of the human brain.
Human brain consists of ~ 100 billion (10*!) neurons and =~ 100 trillion (10'4) synapses.
System IBM BlueGene | IBM True North Memristive § Human Brain
Approach A B C Nature
Power f 12 GW Several 100 kW | 100 kW >> P >>20 W 20 W
o § Not yet realized. Ihformation takerlfrolzn” .
TEstimation when svstem is unscaled (i) Wongetal., “10%*,” IBM Res. Div., Almaden Res. Center, San Jose, CA, USA,
y P Tech. Rep. RJ10502 (2012).
to the complexity and operation (i) Modha, http://www.research.ibm.com/articles/brain-chip.shtml.
Speed of the human brain. (iii) Akopyan et al., IEEE Trans. Comput.-Aided Design Integr. Circuits Syst. 34,
1537 (2015).
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Memristors for Neuromorphic Computing

e Memristors are very promising for neuromorphic computing.

e One requirement: Low-voltage operation for low power consumption.

 Typical conventional MIM memristors show set/reset voltages > 1V.

11

0 % RRAM
u PCRAM
9 I aMRAM

g | ©cFLASH

Write voltage (V)

3
2 f 7@
li im 13,
I .l. Y
16.
U Ll
1 10
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Vertical 2D Memristors With Sub-1V Operation

Single-Crystal Device

Ge et al., Nano Lett.
18, 434 (2018).
CVD MoS,.

F ——SET

0.2 00 02 04
Voltage (V)

Zhao et al., Adv. Mat. 29,
1703232 (2017).

n

< 100p Exfloliated oxidized BN.
Graphene =
ok é 10p " 2.5
jun
© 1p —1t=2.3nm 20t
- —t=1.8 nm — .
100f L i —t=130m| = ol :
j Ly —1t=09nmm| B o
wmm Note: The set/reset voltages 0 o5 00 05 10 15 20 § 1.0}
already come close to the 50 ... Voitage (V) I
100 mV potentials common for o0 | ' '
. . . 0.5 1.0 1.5 2.0 2.5
biological brains. Thickness (nm)
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Lateral 2D Memristors

Cooe 'Experim;m ' ' 150 Sangwan et al., Nature 554, 500

200} & Simuiation (2018). CVD MosS,.

ol (WA

100F

g Result TU llmenau
,S; Geng et al., E-MRS Spring
C
o Meeting (2019). Exfoliated 3-
>
o layer MoS,.
5 r A
@]
é 1% cycl 10V to 10V
-13 cycle - (o]
10 r2"" cycle -10V to 10V
Length 3.7 um 10_14 3IcycleI . -1OIVto 10IV

-0 8 6 -4 -2 0 2 4 6 8 10

Voltage (V
— ge (V)

Note: Larger set/reset voltages than vertical MoS, memristors, but enhanced
functionality due optional back-, side-, top-gates and additional optional electrodes.
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. 2D Gas Sensors

* 2D materials provide the ultimate surface-to-volume ratio and therefore should
" react extremely sensitive to the environment (e.g., to the presence of gases).

* Indeed,

- Extremely sensitive 2D gas sensors (e.g., graphene, MoS,, WS,, etc.)
operating at room temperature have been demonstrated.

- Resistive MoS, gas sensors with sub-1 ppm sensitivity for NO and NH,
detection have been demonstrated.

- Resistive graphene sensors with sub-100 ppt sensitivity for NO and NO,
detection (and even lower estimated detection limit) have been reported.

Source Drain
terminal - terminal

When exposed to a gas, the resistance of the 2D
channel, R, changes by AR.

The sensitivity is AR/R (or Al /1).

Adsorption of gas molecules ==> charge transfer.

Oxide (SiO,)

Doped Si wafer (back-gate)

Example MoS,: Adsorbed NH; acts as donor,
Back-gate terminal adsorbed NO,, N,, NO, and CO, act as acceptors.

Schematic structure of a MoS, gas sensor.
After Tong et al., Sens. Actuators A 255, 28 (2017).
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. 2D Gas Sensors

Fp
A oy —— W B
0.3 ppm NO i i
T 08ppmNO I, lx | 1" Response of a MoS, gas
3" \1-5 ppm Hﬂ lu -, I|L .ED- . Sensor.
—_ \ . = Li et al., Acc. Chem. Res. 47, 1067
< = 2014).
- by
- 3
E—ED-
[ |
-80 - ™
2000 00 05 10 15 20

NO concentration (ppm)

Response of a graphene gas sensor.

Estimated detection limit for NO: 160 ppg.
Chen et al., Appl. Phys. Lett. 101, 053119 (2012).
Note: ppg = part per quadrillion!
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« Summary
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Summary — General Remarks

Si has an incredible head start over all other electronic materials in terms of
maturity and accumulated investments.

This makes it extremely difficult for alternative materials, including the 2Ds, to
compete. This holds particularly for mainstream electronics.

In the past, making inroads into niche applications with new materials has been
a more successful strategy.

BUT: Even in a niche market, a new material needs a killer application, i.e., an
application where the established materials fail oder perform poor.

One example: lll-V semiconductors
- I1I-Vs: High mobility + heterostructures ==> high-performance RF transistors.
- [11-Vs: Direct semiconductors + heterostructures =—> light emitters.
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Summary — Specific Remarks

Digital 2D CMOS

* The heavy-m 2Ds (e.g., MoS,) are among the few materials suitable for sub-5
nm MOSFET channels.

e Although sub-5nm gate MOSFETs are not on the agenda for the next 15 years, the
industry shows great interest in MOSFETs with vertically stacked 2D channels.

High-Performance 2D RF Electronics

e Graphene not relevant due to its zero gap.

* The mobility of semiconducting 2Ds is too low, i.e., no impact of the 2Ds.

Other Interesting Options for 2D Electronics

* A lot of work is underway on
- 2D memristors for neuromorphic computing (beyond-niche applications).
- 2D sensors, e.g., gas sensors (niche application).

Challenges

* Processing, processing, processing! Large-area growth of homogeneous high-
quality 2D layers, good Ohmic contacts, good gate dielectrics, etc., etc., etc.
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