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Evolution of CMOS Devices

65 nm Intel 10-7-5-3 nm

Si FinFET and GAA FET :
From Lab to Foundries

>

10 nm LA (By ITRS and IRDS)
>

o ERZZRAESitA# -
-V, SiGe., Ge3f

Beyond CMOS :
TFET., NC Tansistor,
Spinelectronics

‘ 3D Transistor
High-k FinFET

, _ Metal Gate >
Strained Si >
>

2005 2007 2009 2012 2015 2018 Year
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Nanowire/Nanosheet FETs

(d) TIN/TIAI

dlelectnc &TaN —5&

IEDM 2009, pp.297 (IBM)

 TIiNITIAITIN v 2
IEDM 2016, pp.524 (IMEC)

Oxide

10 nm Silicon Nanovqire

IEDM 2007, pp.895 (1K , |k L)

VLSI 2017, pp.T230 (IBM)
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Post-Moore Era

2016: International Roadmap for Devices
and Systems (IRDS)

1 More Moore - SKEIFAEL Fh
Q Beyond CMOS 25 SEIERTFE
S - B PN EE B

d Application Benchmarking

d Environment, Safety, and Health |° @ﬁii*ir
A Factory Integration R

d Metrology

d Outside System Connectivity
d System and Architecture
dYield Enhancement
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Motivation: Trend of Injection Velocity
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Motivation: Need for High Mobility Channels

Si Ge | GaAs | InP | InAs | InSb
electron mob. 14600 | 3000 | 9200 | 5400 |40000 | 77000
(cm?/Vs)
electron effective | m;: 0.19 m;: 0.082
mass (/mg) | mp 0. 916 | my: 1.467 0.067 | 0.08 | 0.026 |0.0135
hole mob. 1 430 | 1900 | 400 | 200 | 500 | 850
(cm?/Vs)
hole effective |m,.:049 |m,, 028 |my; 045 [my, 045 |[my, 057 | my, 0.44
mass (/mO) My 016 | m 0044 | m:0.082 [ my:0.12 [ my: 0.35 | my: 0.016
band gap (eV)| 1.12 0.66 1.42 1.34 | 0.36 | 0.14
permittivity 11.8 16 12 12.6 | 14.8 17

« Ge = lightest hole m" (light electron m’) = pMOS (CMOS)
e [II-V = light electron m" = nMOS

* GaAs-InP = E_ higher than that in Si = low power
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Motivation: Need for High Mobility Channels

Si Ge GaAs InAs InSb GeSn
PR 1600 | 3900 9200 40000 77000 FGe |
ST 430 {1900 | 400 500 850 | Ge !
mmEr V) 112 066 1424 036 017  /\FGe
inversion charge A
T = velocity densny L
ID_WxVmev _;10
moblllty L
Ve ueﬁl—gate capacitance ||ea>
va < C ( - ‘/t‘h)TI | —>
Y - off_/
gate over-drive
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Motivation: Need for High Mobility Channels

1000.0 3
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0.1 0
1970 1980 1990 2000 2010 2020
(Adapted from various sources
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PPy, P (‘Devices i
tof— ' dyn' ' stat Devices with low V; & steep SS
Pstat=|OFF VDD ~— | Further increase in mobility to improve
P. =fC\/?2 performance at reduced V,
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Motivation: Need for High Mobility Channels

Si InAs GaSb GaAs
Ge | GaP _lnP InSb
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New Electrostatics with hetero-structure device possibilities
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SiGe FETs: Strained SiGe Channel p-FET

[Y.-C. Yeo, Q. Lu, T.-J. King, C. Hu et al., IEDM 2000, pp. 753]

-FET
p 2()()""l""l""l""‘l""
= 160F -
Si0, |- n-Si - Sio, %
2 120} Universal Mobility )
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TEM Imags‘gf SiGe Channel 5 sol SiCeChanmel |
=
=
@ 40}
=
am
0 ....................
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SiGe FETs: Strained SiGe Channel p-FET

Globalfoundries. SiGe Channel on Bulk Si.
[C. Reichel et al., “SiGe channels for V; control of high-k metal gate transistors for

32 nm CMOS technology and bevond”, Thin Solid Films 520, pp. 3170, Feb. 2012]
“GLOBALFOUNDRIES 32 nm high-k

32nm Technology |
e metal gate technology, with SiGe
L q channel for V;, control of p-FET, is in
- production. This epitaxial channel
N : . g material is being introduced into high
e et volume manufacturing in CMOS
technology.”
narrow width| wom nominal width
i 28nm Technology IBM, STM, Globalfoundries, Renesas,
—— o gl SRR ' Soitec, CEA-LETI
5 D . SiGe Channel on UTSOI.
[K. Cheng et al., IEDM 2012, 18.1]
¢ b ; - 22 nm. RO delay
. of 11.2 ps/stage
at Vpp=0.7V
narrow width J====5 nominal width -
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Drain Current [A/um)]

Ge pFET:
Device Architecture and Electrical Results

Intel.

Strained Ge

Quantum Well pFET
R. Pillarisetty et al.,
IEDM, 2010, p.150
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Strained Ge Quantum Well pMOSFET (FHE8)

Si,H, passivated H. Wang et al.,,
ICSICT 2016,
G (Excellent Student
sGe , Paper Award);
Si0, Nanoscale
Si handle Research Letters,
BF,* Doped Region V.12, pp.120, 2017.

[y
>
=
(—]

O Ge pMOSFET on SOI

¥t Relaxed Ge pMOSFET |

O GepFET on SOI with
external uniaxial strain

. + SipMOSFET
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S
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Drain Current |/ | (A/um)
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,| vttrathin Ge pMOSFET on s01 200 &
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World’s First GeSn pFET (IEDM 2011 late news)

== Shows general trend. - v

|
— Different authors report mobilities obtained IESbGIV? gv1V50
_..2 at different effective vertical field or inversion InGaSb
g charge density.  IEDM, p.138 Bulk
£ sGe QW * . Mobility
© GeSn ;
©
B IEDM, p.137 inSb IEDM, p.402 Material  for I;I/?,Ies
i = | Gewithsi 'EDM:P727  GeO/Ge(110) (cm?/Vs)
S " Biaxially Strained , passivation VLSI, p.56
<. | ° Uniaxially Strained IEDM, p.26.1.1 GaAs 400
= | sSi(110)° Si 450
= IEDM, p.63
9 Zr0,/Ge GeO,/Ge Ing 53Gag 47As 460
% IEDM, p.437 GeC IEDM, p.697 InAs 500
- . |EDM, p.902 i . e Qi
o scol  sSi(110)° | B Ge with Si InSb 850
:5 IEDM, |EDM, p.18.7.1 Sissﬁ'sté%“ Ge 1900
> p. 33.6.1 sSi® : b GeSn >1900
= IEDM. ¢ sSi(110)
T ,p. 11.6.1 EDM, p.3.2.1
QD | sSiGe® sGe® P
g | 'EDM, p.753 IEDM, p.18.2.1
2000 2002 2004 2006 2008 2010 2012
Year [G. Han et al., IEDM 2011 Late News, pp. 402].
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GeSn Materials:

Epitaxial Growth Using Solid Source MBE

Home-made
MBE Tool.

Base Pressure:
3 X 108 Pa

In situ RHEED
monitoring

Compatible with
4-inch substrate

G. Han, Xidian University
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World’s First GeSn pFET (IEDM 2011 late news)

Key Process Steps

Epitaxial Growth of 10 nm
Gey 9479053 by MBE (180 "C)

Low Temperature Si Passivation
using Si,Hg (370 "C)

TaN/HfO, Gate Stack Formation

Active Region Definition

Ni Deposition (10 nm)

Anneal for NiGeSn Metallic
S/D Formation (350 "C)

Selective Removal of
Ni Using H,SO,

G. Han, Xidian University Ge based Field-Effect Transistors
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World’s First GeSn pFET (IEDM 2011 late news)

Geg 475N 53 has ~55% higher hole

mobility than relaxed Ge.
[G. Han et al., [EDM 2011 Late News, pp. 402].

500 L v v ¥ 1 ¥ ‘*“ L ""-“"' : R S
_ |GeSnpFET T and
,?. 400 | NiGeSn BB NiGeS Si capping
E ;
< 66% Ge(100) i
§
<+ 300
Z
2 200 | Ge p-FET 559
.
z
T 100 NiGe NiGe
&
—
0
02 04 06 08 10

Effective Field (MV/cm)
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World’s First GeSn pFET (IEDM 2011 late news)

In-plane biaxial strain (%)

An increase in the Sn 29 _ 010 | 'OI.Z | -OI.4 | -0.6 | -OI.B | -1l.0 -1l.2
oy g Ref. 15
composition of GeSn De SO
on Ge buffer leads to 2 2.0 [-strained Ge (theoretical) -
2 O
" increase of channel g 1.8 EDL, 34, 831, X
compressive strain ke 2013 (Stanford U) ThIS otk
an; 1.6 | . .
= boosting hole = X
mobility S 14t Ref. 9 i
@
i o= 4
& 12l G. Han, IEDM _
=
()
S 1.0} )
T o . (1001).surf?ce
0 2 4 6 8

Channel Sn composition (%)

G. Han, Xidian University Ge based Field-Effect Transistors 21



Strained GeSn Quantum Well pMOSFETs

= High quality GeSn
channel and Si,H,
passivated interface.

= Most of the Si cap was
oxidized.

IEEE Symposium on VLSI

Technology, 2014, pp. 100.
IEEE Electron Device
Letters, v. 37, pp. 701, 2016. |--
IEEE Transactions on

3639 - 3645, 2014.
Semiconductor Science and
Technology, vol. 29, pp.
115027, Nov. 2014.
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Strained GeSn Quantum Well pMOSFETs

G. Han and Y. Hao et al., IEEE Symposium on VLS| Technology,
2014, pp. 100.

W ——r T 800 EDL,33,173
~ r ' 1 v 1 7
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! 5 S - Y0 1He at inv : ) G W
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= S o (111)QWpFETs| & 600 Lot cesnaw =
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Strained GeSn Quantum Well pMOSFETs

__ 600
W 500 (a)
2‘ 400 S(100)/J<110>
= T=300K
5 300 =
undoped Ge (1.1um) - gnm Gesn g‘ 200f  *
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12 1013
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. D03k ' 0 Y/ - 1083
Ge Cap Thickness, IEEE TED, 2017. 2 o4l il KN\ ---cap 2.80m 6%
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Beyond CMOSSCIE(KINEE

> Increased I ,; causes increased
static power consumption.

Fundamental Limit of Scaling

Gate Overdrive

P..=W-I,-V,
static off “DD of Scaled Device

rn s~——60 mV/decade
= =V, = o
> Nonscalability of suthreshold § pp = Vb
swing (S). o
kT(C_ +C o
S =In10 ox D =
q ox §Q
> 60 mV/decade (T =300K) c
o .
nMOSFET: T = - Gate Overdrive
. = of Original
Gate P —2 — (&) .
Gate ot \ - ﬂ Device
Dielectric 7 _’~~’ .‘-U
‘ a lott Vi

- -

Sz 1.1110-E =60 mV/decade |;_;por
a

Gate Voltage V; (linear scale)
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Beyond CMOS : Tunneling FET

> Alternative device with steeper S is
promising to overcome CMOS limitation.

» Tunneling Field-Effect Transistor (TFET) is
one of the most promising candidates.

Alternative
Device with

= Steeper S #——60 mV/decade
E ; L 3
TEET: c Off-state 8 .
. . » N
gated p-i-n diode o
o
Gate Gate =
Dielectric ;3
Source Drain c
1 1 + o ’
___?t_/’ \\-_n____ :ts Ioff
p (&)
k=
©
A
Quantum Band-to-band a ° . .
Tunneling (BTBT) of Vin Vi Voo Voo

Electrons from E, to E_ Gate Voltage V; (linear scale)
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Beyond CMOS : Tunneling FET

-7
—(a) (b) 107
: : X/ \ - EOT=5nm

N pocket implant Gate patteming ~ 0_3-_ W =1 ki
= ¢ =lum :

- N Phosphorus implant = -
(100keV;, 2 X108 cm?) 2 10°l Vpg=0.05V ]
Annealing, N, ::. - " O Exp. TFET 1
P+ BF, implant (Source) i A0 ) ]
i N+ Aszimplant (Drain) = 107 O Exp. JIFET ;
* = € Exp. poc-JTFET]
. = 10 <

& Si poc- JTFET:

§ 10k SS, . =36mV/dec .
= Lol *90 SS,,,=81mV/dec ]
. i 1 :

05 00 05 10
Drain Voltage, V DS V)

Q. Huang et al., IEDM 2012, pp.187 (dtX)

Y. Zhao et al., IEEE EDL, v.38, no. pp.540, 2017
Q. Huang et al., IEDM 2015, pp.22.2.1

Q. Huang et al., IEDM 2011, pp.16.2.1 (JtX)

G. Han, Xidian University Ge based Field-Effect Transistors 28



First GeSn Tunneling FETs

G. Han et al., “Towards Direct Band-to-Band Tunneling in P-Channel Tunneling
Field Effect Transistor (TFET): Technology Enablement by Germanium-Tin

(GeSn) ” IEDM 2012, pp.379-382
10°

IEDM, pp.781
InGaAs, ¥/, =1V L], VLSI, pp.49
: .-""  SGOIwithrS/D
i V=075V
£ 10’ i
= IEDM, pp.163 L O~
= GeDG, V1V ,-° 1
< 2" +°IEDM, pp.785 [
= - InGaAs, V=1V
c 10°p -7 O o7V Lt IéeDsl\gﬁgET
Qo “ IEDM, pp.949 .’ Y o1V
5 InGaAs, /z1V o
o V=075V .- O
@ 10 _+” VLS|, pp.121
= SOl, V=1V
- *JEDM, pp.163 i
) , , Pp.
10°F O sol, =1V O pTFET

2008 2009 2010 2011 2012 2013

Year of Publication
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GeSn Tunneling FETs

Why Germanium-tin (GeSn) alloy?

Proper material for TFET application:
= Small band-gap (Ge, GeSn, InGaAs, InAs, graphene)
= Direct band-gap (InGaAs, InAs, GeSn alloy)

@@-@

E-k T
m r—r BTBT
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GeSn Tunneling FETs

Why Germanium-tin (GeSn) alloy?

Proper material for TFET application:
= Small band-gap (Ge, GeSn, InGaAs, InAs, graphene)
= Direct band-gap (InGaAs, InAs, GeSn alloy)
= Group IV material is preferred in CMOS compatible process

Comparison of llI-V, SiGe, GeSn for TFET application
-V  SiGe GeSn

Small E Vv X Vv
Direct BTBT V X ')
High interface quality x '/ '/
Easy Integration on Si X ') ')

G. Han, Xidian University Ge based Field-Effect Transistors 31



GeSn Tunneling FETs (IEDM 2012)

Si Passivated Device Gate Supply Voltage
Interface Structure Length L¢ Vop (V)
Ref [7] GOI TFET 100nm | 27 08V
Ves-Versr = -1V
Ni(GeSn) G Ni(GeSn) | Rers Si TFET 160 nm 1.0V
= Ref [9] Si TFET 20 pm S1.0V
: ?
N+ S + Strained Ge Vps=-1.5V,
nGesSn FP'D Ref [10] TFET oM Vemsr=-1V
SiGe/SOI TFET .
n Ge Substrate Ref [11] with Raised S/D 200 nm -1.0%

This Work GeSn TFET 3 pm -1.0V

Ni(GeS G. Han et al., the world’s first GeSn
(e TFET, IEDM 2012, pp.379-382

Ni(GeSn)
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GeSn Tunneling FETs (IEDM 2012)

Highlighted by Intel! R. Kotlyar et al., Applied Physics Letters, 102,

102 | +ge ;l:-’E(.;rP TFET e §€4,9255M o75 TFET 10°
e 2. a In__Ga_._As heTFE
R A S R
101 T‘ — : 092Gs 00A75 e (=== 0.925 " 0.075 P 101
:\ 0.53 " °0.47 _
i ‘; - .. :
-~ 10°I 2 \‘g Ge 2.5 GPa MOS‘. ' J
£ [ e R |
= - ,.x\‘a “‘\ (a)
: " Q‘ "q 107
= ALY
T\
} 10_2 ‘\‘\ \3\ 1072
v X
p devices ‘Qf“ .
Y s 1
1()'3 ‘%““ .
tu
loff target
10 )

10
-0.2 —0.1V 0 0.1 0.2 0 0.3

| e e
i The group IV devices with the engineered direct band
| ... " .

I gap are promising candidates to realize the complementary
1 ‘et . ~ . .

i TFET scaled logic for low power applications.
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GeSn Tunneling FETs on Silicon (F5H)

Drain Current |1

sl (A/pm)
[y
=)

o
<
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S B
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V =" 1.0V  GeSn TFET
on Si(111) |
L. =15pm+

407
M ON/IOFF_IO -
sl v.=-005V 9%

¢
[~V

A B % ® \

VDS—-I.OV )

Gate Volage V. (V)

G. Han, Xidian University
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Negative Capacitance (NC) in Ferroelectric
(FE) Gate Dielectric S. Salahuddin et al., Use of negative

capacitance to provide voltage

Subthreshold Swing amplification for low power nanoscale
devices, Nano Letters, v.8, pp. 405, 2008.
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Negative Capacitance by Ferroelectrics
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= Ferroelectric states determined by field-induced ion displacement
= Negative capacitance state is between stable ferroelectric states
= Needs special material & operation design to stabilize
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Theoretical Studies on Negative Capacitance
Transisotrs

: Wnos |C!—'L-'|
Ve Amplification = Av = — = —mmEcTaee o
G Vg '\J_CFE| — Cmos
i GE e A me—
_d---~.  (Special Internal Cee ~ Cpos = Max. Av
' ™, Capacitor that turns e il
o . ! C,.C —1Crp | Crros !
- AL Ff/' negative to provide :CG — __FEMOS _ [ € re | Cotos I
(Vin) Vipos® "'& Voltage gain) e — = gF_Ej—_Cf‘_loﬁ _ 1€F£ l___Cim_S.!
;[_: ox - 1 Cue 1
.FET S§ = MOSFET §S % =— = 2C # —L ) —
CMOS ) - = Cs lIJS NCFET SS = MOSFET SS * = 60mV /dec (1 + Cm-) yem
("( e (“( e
_ CBOX = 60mV /dec * (l + ,1'" — ,l'")
| Cox T |Crel
—— / \ -ve cap effect
S < 60mV/dec S <0 (Unstable)

Ccep/|CFE| \Cdep/lcoxl =2 |CFE| \Cox Cdep/ICFEI <Cdep/|coxl +1

Chun Wing Yeung; et. al. “Device design considerations for ultra-thin body non-
hysteretic negative capacitance FETs,” Symp. Energy Efficient Electronic Systems
(E3S), 2013 Third Berkeley Year: 2013, Pages: 1 -2
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Some Device Structures

HfZrO Ferroelectric homnal

) Internal
Ferroelectric a A
copolymer floating

gate

a)

b)

A. Rusu et al. [EDM 2010 pp. 16.3.1-
16.3.4. (Adrian lonescu EPFL)

“floating” gate

AL

B HO /TaN

Lietal. [EDM 2015 pp. 22.6.1-

Source

(a)

22.6.4. (C.Hu & S. Salahudin Berkeley)

Without Internal
“floating” gate

Ferroelectric (FE)

Hio, | 1FE:throy= 1C
E> Semiconductor (FET)

S. Dasgupta et. al. EEE Journal on
Exploratory Solid-State Computational
Devices and Circuits

Year: 2015, Volume: 1

Pages: 43 — 48 (S. Datta Penn State)

* Essentially a Ferroelectric Capacitor in series with metal-gate capacitor

* Internal gate introduced to (a) probe internal Fe-Cap (b) Equipotential interface to
mitigate depolarization from transistor channel/SD regions, to achieve uniform field
despite FE domain formation? Floating voltage node sensitive to leakage.

* No internal gate: Sensitive to FE-gate-Oxide trap density
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Some Device Structures
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Some Device Structures ( &1k
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Retraction: “Sub-kT/q subthreshold slope p-metal-oxide-semiconductor
field-effect transistors with single-grained Pb(Zr,Ti)O5 featuring a highly
reliable negative capacitance” [Appl. Phys. Lett. 108, 103504 (2016)]

Jae Hyo Park™? and Seung Ki Joo"?

qurmu nt of Material Science and Engineering, Seoul National University, Seoul 151-742, South Korea

2Eui-San Research Center, Research Institute of Advanced Materials (RIAMJ Seoul National University,
Seoul 151-742, South Korea

SS ( mV/dec

(Received 20 January 2017: accepted 24 January 2017; published online 17 February 2017)

[http://dx.doi.org/10.1063/1.4975639]

The authors wish to retract the referenced article due to duplication of figures and significant overlap with other publi-
cations by the authors' ™ and because of concerns about the accuracy of the description of the devices and materials from
which the reported results were obtained.* The authors recognize that these represent serious errors and sincerely apologize
for any inconvenience they may have caused.

'J. H. Park and S. K. Joo, IEEE Electron Device Lett. 36, 1033 (2015).

%), H. Park, H. Y. Kim, G. S. Jang, D. Ahn, and S. K. Joo, J. Phys. D: Appl. Phys. 49, 075106 (2016).

J. H. Park, H. Y. Kim, G. S. Jang, K. H. Seok, H. J. Chae, S. K. Lee, Z. Kiaee, and S. K. Joo, Sci. Rep. 6, 23189 (2016).
1. H. Park and S. K. Joo, Appl. Phys. Lett. 108, 103504 (2016).
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Negative Capacitance Ge PMOSFET

Jiuren Zhou et al., “Ferroelectric HfZrO, Ge and GeSn PMOSFETs with Sub-60 mV/decade
Subthreshold Swing, Negligible Hysteresis, and Improved /,.,” IEEE International
Electron Devices Meeting, San Francisco, CA, USA, Dec. 2016, pp.310-313, 2016.
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Negative Capacitance Ge PMOSFETSs:
Irs-Vs at 350 °C RTA
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J. Zhou et al., IEDM 2016, p.310
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Negative Capacitance Ge PMOSFETSs:
Irs-Vs at 450 °C RTA
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Negative Differential Resistance (NDR) in
J DS~ VDS
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Negative Capacitance Ge PMOSFETs:
Negative Capacitance
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Negative Capacitance Ge PMOSFETSs:

Negative Capacitance

G. Pahwa et al., |IEEE Trans. Electron Devices,
vol. 64, no. 3, pp. 1366 - 1374, 2017.

A.|l. Khan et al., IEEE Electron Device Lett.,
2017, published online. DOI:
10.1109/LED.2017.2733382

The peaks indicate the onset of NC-state as in [8]
and their appearance at different V. due to
leakage are consistent with the IV-characteristics
shown in fig. 3(b).
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Negative Capacitance Ge PMOSFETSs:
Negative Capacitance
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GeSn Quantum Well NC pFET with Sub-20
mV/decade
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J. Zhou, G. Han, Y. Peng, Y. Liu, J. Zhang, Q.-Q. Sun, David W. Zhang, and Y. Hao,
“Ferroelectric negative capacitance GeSn pFETs with sub-20 mV/decade sub-
threshold swing,” IEEE Electron Device Lett., vol. 38, no. 8, pp. 1157 - 1160,
Aug. 2017. DOI: 10.1109/LED.2017.2714178

G. Han, Xidian University Ge based Field-Effect Transistors



Improved /,,, Compared to MOSFET
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Summary

Voo Stfain Ene: Cool!
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= Technologies that enable V,, reduction were discussed.

= Toreach sub 0.7V V,, regime with Si channel, aggressive strain engineering is
needed. For p-FETs, SiGe channel may be used.

= Toreach sub 0.5V V,, regime, high mobility MOSFETs will be used.

= Toreach 0.1~0.3 V V;,, Negative Capacitance or Tunneling Transistors might
be used.
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