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Faith no Moare
Selected predictions for the end of Moore's law
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“E=fL" 2D#H: MoS:

e 1nm RAFE  E=ESICHL.A=HZNE

MoS, transistors with 1-nanometer
gate lengths

Sujay B. Desai,’'*? Surabhi R. Madhvapathy,”? Angada B. Sachid,*?
Juan Pablo Llinas,”” Qingxiao Wang,* Geun Ho Ahn,"'* Gregory Pitner,” Moon J. Kim,*
Jeffrey Bokor,"? Chenming Hu,' H.-S. Philip Wong,” Ali Javey"*?*

Scaling of silicon (Si) transistors is predicted to fail below 5-nanometer (nm) gate
lengths because of severe short channel effects. As an alternative to Si, certain layered
semiconductors are attractive for their atomically uniform thickness down to a
monolayer, lower dielectric constants, larger band gaps, and heavier carrier effective
mass. Here, we demonstrate molybdenum disulfide (MoS;:) transistors with a 1-nm
physical gate length using a single-walled carbon nanotube as the gate electrode. These
ultrashort devices exhibit excellent switching characteristics with near ideal

—

~10°. Simulations show an effective channel length of ~3.9 nm in the Off state and
~1 nm in the On state,

“E=" 2D#H: MoS:

i 1nm RHE =ESCHR.(ARRITEE

Vgg = Vig =0V (OFF) 10°% |- Low power !e-c:hnolpg;,r
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107 107 | Si:2.17, 1.08
F MoS; 1.3, 0.65
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log_I:; log_f::.: Ferrain et al. Nature 497, 310 (2011).
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SHEFESIEEER Ge pMOSFET: Intel, TSMC, MIT, NUS,
CMOSiaEst§l Penn State U, IMEC, Stanford etc

Intel Production 12~7nm L : S8
Sp s N 107 gr——r ————
45nm 32nm 22nm 14nm 10 nm BRE R IRIERE! . . azarpsum  |30F 3%
— p—y - T | i I o 5104 | 1 h 2.5'-;-' uz 300
I | | W 5 2 . | 4 41,5 B A IEDM, pp.522, 2013

| : Iy = L—ﬂC(Vpp) o £ vt T LT g .;;m T ooy<tod (TSMC20 nm node) :

| I g 1. E oosv) 81 a8 & * =T (DBulk Ge pFinFET

————— o F s84mvidec ©] A 3 & 150 % . .

Power Density of Chips Increase in drive current due to gL e E — b - -E - ° @siFt & 2%
_ 4 lj] . T A high velocity channels § o s los 2 % T @Plgy = 497 pA/um @ Vpp
& 10000 2 1 V,=-0.05V,-0.5V e g ] =-05V (20 )
£ | oS - = L S A - nm
= 6o DD Rocket Nozzle i / -n.av-o.4 00 -08 V-o.4 0.0 05 10 15 20
:g- oo = Reduction in o) «M) CET (A) .
f:} - Nuclear Reactor (\&ﬁ? k! supply voltage 3 ? e P |anar —==W_, _=70nm 102 fw/o Si capvl':'sz.O_OS
5 > —S-W_=a5nm —A—Ww,_ =20nm _, 107} 0.5
- 10 Activesseo | Hot Plate |,ea> 4= IEDM, p.414, 2014 EN0ET =300k € 10"} =3
g ower he  Processors A S factor | Penn State U i 3 1005
4F “YFin
5 . [P. Gelsinger et al., ISSCC 2001] ~ TSMC = 3 =10 ! e Plana
e P ey e 0 P V. =\ * Vg @E‘l ﬁGe pFinFET Zyy ft '8 100 Unstrained Ge [2] __ 10'2;—70nm v
i Vo - . Dsidt & & & < _ = m : 10-3:45nm ‘.‘ =
= ol Transverse =2 2 . 12 13 - 2QI"|I'I'I . ...: 1
oV 5@ (PMOS) (2) [t (a) Gate Voltage [V]
oD

C-MOS Transistor input (V-) GeSn pMOSFET

the first GeSn pMOSFET
(IEDM 2011, pp.402)
GeSn pFETIT B Z L GelE 566%
500

JE» PMOS

he— —oOut

*E NMOS

|GeSn p-FET

FHMARITE
BIFRER T ZE

(On) (Off)

3

e = GeSniaE(EE

w
=
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SR
y \ Sit ik £ /=514 B€ GeSn pFETs

200
Si | Ge | GeSm  GaAs TnAs EEEEFEKHGeSCesnERIBE; (IEEE EDL, 2016, pp. 701)
R IH HE RS MGeSn (B5EF)

GeE/NEmIEBERE TSI MU EYFSHE

RFEBE 1600 3900  25000%* 9200 40000 100
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(em/Vs) ® GeSn pMOSFETZS7NITH Z L Ge 5 150% 02 04 06 08 10
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=iEBEGeSn pMOSFET

Genquan Han and Yue Hao ef al., VLSI Symposium on
Technology (VLSIT) 2014, pp.100

- Record high r——y—v—v—r
1000} (111) pFETs o (001) pFET
845 em*V's' A (011) pFET
o)
+

800

(111) pFET 600
Ge Control

800

400
600

i Ge Control:

10 -3 1
400,_ Ns‘uhssxl{} ¢m :IDDE 200

_|_
2 R R VIR N T i . = 0
o 2 4 6 8 10 12

EDL, 33,173

[ doped

Ge QW

at O, - This work: ¢ 0.5 MV/c
Moy Qrm unduped (dt 0.5 fLITl)

13 .
M e GeSn QW

™
IEDM — m 7y <(111)
2010,150  =—(011)

doped
undope 0~ (001) Etl

Ge QW
w-IEDM,  [EDM, 2005, 137
‘ 2011 ) 402 und()ped
doped Ge QW
1 > GeSn (at 0.5 MV/cm)
EDL, 34, 339 doped GeSn
(111) orientation
(001) orientation ]

TED,
60, 1640

GeSn

05 10 15 20 25

GeSn Quantum Well p MOSFETs:
B NE B RIABISIRRHFASE £

=iEEE nMOSFETHICMOS

TaN
I AlLLO; + GeSnO,
' . . .
Sn condensation

G“u.s_?ssﬂu.gy

Drain

(Ni ~ 10 nm)

the first GeSn
(VLSIT 2012, pp.97)

InGaAs+GeSn CMOS
(VLSIT 2012, pp.99,
2014, pp. 3639)

'

Single Metal for Symmetric Fy

Low EOT
(sub-1.3 nm)

Sub-400 "C
Si,H,
Passivation for
High Interface

GegerSn0.03

GeSn P-MOSFET
= InGaAs N-MOSFE
V- Pyl = 0~2.0V

Drain Current
[y
S

Quali
o GeSn P-MOSFET
——r High Tndiam & o InGaAs N-MOSFET
Strained GeSn for Content for High e . > ) -
igh Hole Mobili i b - i
High Hol obility, Electron Mobility Gate Voltage (V) Drain Voltage (V)

nMOSFET: EPFRE{TIFMN

( Semiconductor Today )

el Do Libidealivn,
Singhe Metal for Symentric oy 8
) In, -G t]
i N MOSHET
Law EOT
(suh-1_3 nm) l [
. Fre-gale chean
S“s'.::ﬁ‘t "’m:mm 5F, native oxide removal
e
passhration far . ::"‘ SiyH,; passivation
high mteriacs Tl ALD HIY, deposition
quality TaN deposition
Gate pattern
c«:‘? High imclinm i
firalnad GaSin far amntent for bigh BE, implant S1implunt
highs By mebibiny vlectron mahility Dopant activation  Dopant activation
A PdGe i

Figure 3. Lef, ey ke S P-MOSFET
and I, Ga, As NMOSFET. Right, process flow with SiH, ped to achiewe high
interfacs quality, carries gate

InGaAs+GeSn CMOS M EEE & !

SemiconductorToday

Compounds& AdvancedSilicon,

vol. 7, Issue 5, June/July. 2012

ment "Results sugges the [I-V TFET with optinaaed implanted P doging, even after thermal annsaling,
electrostatics is a realistic candidate to outerform giving large source-drain parasitic resistance. Further
CMOS at low supply voltages ™ iImprove logic energy problems indude significant Interface wrap densiies
efficiency.” and compressive strain in the channel. These facors
limit device performance compared with theoretical

Mobility enha simulations suggesting better electrical behavior over
National r NMOSFETs, The Ge cap is found to offer some
damaonsts mprovamant and the researchars cammant: "Further
for FinFET: eng et al, 11.1]. The matenal was OSFETs can be cbwmined by

converted from an Brorpheus to crymalline matesl in  employng imelantfree S/D technology. [and] mam
a thermnal anneal step at 2200C, resuking in a 10% engneanng to ntroduce channel tensile strain.”
wolume contrachion, thus sattng up comprassive stress National University of Singapere, Chinazs A=sdemy of
n the silicon channe. The stress increased the mobility  Scences’ State Key on Integrated

of the channe! 5o that the maximum drain cument was  electronics, and Singapore’s Institute of Materials
ncreased by 69% in a device with 2 30nm lner stressor Ressarch and Enginesning alens report “the workd's first

SOOI TTIOAY Comproundsi s nced Siicon = Vol 7 + e 8 - Jure. Suby 3847

BEIEIE EEIEEES 4
Negative Capacitance FET

. sEvmbcmndcs or todeny oom

Lz=3um, Room Temperature

1.0E-04 o
Vps0SV) |
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GaN MOS-HEMT: S = 40 mV/decade
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rgg[gn Gate
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Figure 4. (let) and
SegFET structure.

germaniun-tn (GeSn) channe! nMOSFETR" [Genguan
Han et al, 11.3]. The 170nm p-GeSn channe! was
growen on 5= using mokecular beam epitaxy (MBE).
Tha Sn comnpasition was 2.4%, The gete-last process

The Singapore/China researchers also presented a
mmon gata stack for high-parformanca GaSn PMOS
o InGads NMOS, giving & potential CMOS salution
e Gurng = al, 11,47, Thee wnguivasbherst uside tinksmess,
the HfD, gate dielectric was less than 1.3nm
igure 3), The gare metal was mnrium nitride,
= passivation was provided by silicon defivered through
siane (SiH,) applied at relatively low temperatures
Jes3 than 400°C. The world's first GeSn

‘he researchers report: =
g thie gova stacs, | =hart-channel device

e world's fr== GeSn  with gate length down

view (right) across the gate of UCE/Applied Materials/Softec

process steps, The channel materials with 3% Snoand

the world’s
first GeSn
nMOSFET

For pure Ge PMOS tansistors, Universty of Tokyo
reported record high hole mobiity of $36crm'/V-3 with
0,8nm equivalent cide thickness [R, Zhang etal, 19.1)
The gate stack consisted of HAD,/8),0,/Ge0,/Ge,
Univarsizy of Tokys has developed a plasma poss-
oxidation {PPO) method using an electron oyclotron

annet device o was

—th gate lengrh (L) Drive current of more
down 10 230nm was

reslized, Drive current of

than L00RA/ mum
was achieved, with
peak intrinsic
transconductance of
A 4BSLLS {1 3t Vs
of —1.4V..
Lower source fdrain
€ P22 resistance combined
i with shorter gates
will lead to improved
turing because of the  Saturation drain
reduced number of current parformance

C
ey CEF
By, d(logy 0 C,, 9(logy)

wsonancs oiygen slasma, Previously the researchas
have used the method to creste aluminium ovide, but
with 3 view o thinner equivalent cxide thickness (EOT),
they have now applied it to hafmium diowide, with
aluminium oxide used as a diffusion control layer, gav-
ing betzer MOS interface control

Japan's AIST and Meiji University have created Ge
nanmwers PMOSERTS with racneds far high imuer sinm
v of 855cm”/V-s and for saturation drain

/ bias of 731uNum [Keiji Teda o al, 18.3].
ubjected to compressive strains of up
- Metal source/drain regions were used, Boch
el and sowce/diain regions wene undoped,
avoiding process vanability arsng from mpunty
fluctuatons. The gate langth for the record device

was 65nm. The Ge channel was formed by a two-steo
condenzation of SiGe-on-insulamn -

oy

kT
2In10—= 60 mV / decade |;_x

q

&,
if Cp. = "C (0C, > 1, we get negative capaci tan ce)

c oy,
S=[1-—(aC,-1)]|———
G ’ O(logy,l)

-_-5£_1 _...........................’...

= i) Tap=2.50m

L)

Lol 20 8 T ITRIRR, RN, . Np———
b

s

S3p11 -

5

o

]

Y2E11 -

5 I Room Temperature

1E-11 — -

VeV (V)

ss=61mV/dec, T, ,=0nm

{i)

1207 1. co:lde
.

-0.25 0 025 05 075 Coan

55=40mV/dec, Ty =2.5nm

H.W.Then et al., IEDM, 2013, pp.691 (Intel)
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Negative Capacitance FET

[
Key Process Steps

Ge and GeSn Surface Passivation using Si,H, at 350 °C
(Differemt Passivation Durations for Ge and GeSn)
TaN/HZO/TaN/HIO, Stack Deposition

[HZO (H1O,:Zr0O,=1:1) Deposition with ALD|

Gate Etch and B* Implant into S/D (20 keV, 10" cm™?)
Ni Deposition in S/D by lift-ofT

RTA for HZO Annealing and S/I) Dopant Activation

FE HZO Ge PFET
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Negative Capacitance FET

FE HZO GeSn PFET

e

‘.I—Ill'/.r(i

NiGeS

&SN
p+S p+D |
n-Ge
g 40 et
o —C— FE GeSn pFET
z 10° | & =B 0.05V E [ GeSn control wo HZO
g RTA: 350°C 2 30 hooooo VesVni |
2 |FEGesapFET : ﬁ T20% v from0to-1.0V
s 4 $ 4 i P liiedid
~ 107 =1 -2 "4 RTA: 450 °C
£ <« 205 e, i
z s| E N
g: 10 I'E o .: 5 10bocooooocoons .
F = 10" 10" 107 10" 2 keaooooaaacac W o
a8 ., Ty (Alim) QI ottt
10° i A i s () il e o e e
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Jiuren Zhou , Genquan Han* , IEDM 2016 (Xdian University)
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x4 SFRF B

More than Moorefi5a%&E . RF , Power, HEREARBESS. . B, EPF5CMO0S



39/ ¥ # . menwFTLRES

BRtMRACH

Si CMOs

%) %Devices P —

GaN HEMT Si nMOSFET Si pMOSFET

AlGaN

| i R E SOl A&

REARIL ) BRI RN

TN Y ol L
e R — S A

flek a7
b2 B9

Hi. HE

BEmFSEMHEFTE

20
— NN .
5 15 Diamond \ ¢ :
g ) 4 :
< [%Gazos(est.)\ a
2 10 ey
4HSIC Sy ‘
. .
0

BEHEF SRR

Timax & T{E >500°C

a.u.)

wik 2| Bt

BETE
600V-10000V
Maximum Operating

Maximum Field
- Frequency

v Strength )

7

\ R
B ...
:UJ ‘.\
g ‘. -
Maximum ./ \1
\ Current fau) 7 On-resistangé‘ﬁ g
T EHIREE e ;
KBROLTEEA) e B
[ E SRR Rt
iR/ ThERast B e

I|l| .;1

| "
zaN-tassd '| Al T [

(1

I‘._\\' = J;i;

r -

[ GaAs-besed

Other compourc sermicondutlors [ InP-based |

| | | | | |
200 2 i) L) 10 1200 140U

Wavzangth (nm]
Operating ‘requency {GHz)

meneFILRRs - & 4 40

r

PN T S E S e

ZiEE SR ESEHENR
i J J T T — 10
Vds =40V, Pulse mode
PAE Ja
# AiaS -u
—_— . | B
gﬂ lag
| e X
=] i |,
Q'!B-
Pou Gain g
[TE & b adic O_f e A 7 m%
FEELENT S A e T, 0
7 i3 19 40 ) o
Freq(GHz)
@ 100
55| Vds =40V, Freq=4 Gz la
3.7GHz"4.2GHz gl T Ut 1
8 5] T
CW | Pulse 2 «] 1
®
35 15
pout | o |2 B e-poin) 1 5
4w | 100w | g G |03
7] ~o-PAE%) %
PAE | >50% | >60% |  u] I
> > b 110
Gain m N \
14dB | 15dB N W —




41/ % & . mepsFaLERS memeFILERs - & 4 (42

CiRER IR A RS WRIER XiRERINER MK 2S

@ Vds=40V, Pulse mode
......... T PAE
Vds =40V, Pulse mode 0 B Jao
0 PAE Sl | B
] ® § e ._'. 3 ém- 44 <
5 e Jea % E i B
g 3 — —~
2 L] “ Pout ) _mg
gsz- .-:-@—-—-—-—-—. lo® %1 5
[ o A
Pout . g’ T
8 Gain m’?‘ a0 81 82 &3 a4 45
NP A\ N - FreqGi)
| g & )
b 5] Vis=40V, Freq=3GH:
“ T T L W | T o Em_ PW=100ps, Duty=10% 160
51 52 83 H4 K5 B6 57 58 59 T 454
Freq(GHz) 8.0GHz"8.5GHz g 12
E 354 4140 o
6 100 w Pulse s —a=Pus(lBe) | %
Vs =40V, Freq=3.5 GHz 25 wedbe=Gain(dB) 5
1 pw-= = ik Pout >40W >100W - =
5.2GHz"5.8GHz L 1n g —o-pAEH)
£ PAE >40% >50% o e o e Y U 10
S5 1 £ 1] ek
CW | Pulse ] la Gain >7d8 >8ds 9 il
=1

g
> NES 450
Pout [ >65W | | G o 40% SitEL
2 =o=PAECH) {30 GaN HEMTIIEMMIC
PAE | >50% | >60% | Eax »

4 | Source
S > 15 = “‘ 10

Gain 10

1248 | 148 % 3 L % E
Pin(dBm)
XiEEEGaN MMICIIERMASE
T 1 &
g | PR BB oz L
. IA] $°° / Y
8.0—10.0 GHz B
BOK AR >10 W o s g M
E >14 dB | mm(ru)sna;v;;;.
PAE > 50% M0 1pm, A RTEIZ R PR S F R E m22vVigE 270V, [FE
fmax=160GHz (f,=70GHz) . 3ZIFMMICAET7GHz, Vs =18V
L e fgﬁl{fﬁ& 20.1dBm (102ZmW)




3/ % & . semsFALERS meneFiuRRs - J¢ £ |44

+ GeSn Photonic Devices " a3 —
Ge(Sn) CMOS Du‘r*ﬁﬂjﬁ E E‘ #JE;H:J:ILEJ x.

) ; —— Y s
ﬂ\ @ Ge LAk ik K<1.6um FESmo A BCEIE SIS

GeSn Photonic Device

@) GeSn+ VA& £2~5um

N -
o U o GeSnZARABNE, LFH ExRERBEFIITRE T BH

Ge(Sn}
Si0, % K k4RIt T w i
Si handle wafer “The principal applications are:
- chemical-biological-physical
GeOIl#] ik, _E a9 ¥ A G608 ik & 21 sensing, medical diagnostics,

industrial process control,
environmental monitoring, secure
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