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1. Moore’s Law at 50: the end In sight?

THE WALL STREET JOURNALL
Moore’s Law Is Showing Its Age

The prediction about squeezing transistors onto silicon has been revised again.

MOORE’S
LAW

50

YEARS




Moore’s Law

Moore’s Law = exponential increase in transistor density
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What if Moore’s Law had stopped In
19907

GPS handheld device Cell phone circa 1990

circa 1990
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What if Moore’s Law had stopped In
19807

Laptop computer circa 1981
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What if Moore’s Law had stopped In
19707

TV set, circa 1970
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What if Moore’s Law had never
| happened?
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Moore’s Law

How far can Si support Moore’s Law?
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Transistor scaling = Voltage scaling
- Performance suffers

Transistor current density (planar MOSFETS):
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Moore’s Law:
It’s all about MOSFET scaling

1. New device structures:

gate
gate oxide
body

v
—

Planar bulk Extremely-Thin-Body FinFET Tri-gate MOSFET  Gate-All-Around
MOSFET MOSFET Nanowire MOSFET

Enhanced gate control = improved scalability

>
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Moore’s Law:
It’s all about MOSFET scaling

2. New materials:

pow 1 InSb
emns) | Electrons M -
10,000 + GaAs InGaAs I increasing
i = compressive
InP ™ Gashb biaxial stress
O
Ge & Ge InGaSb
. o GaSb InSb
1,000  Si
il
.Si InGaAs§
o InP Holes
100 +
Si Ge InP InAsTAISb InSb
GaAs GaSb
relaxed lattice constant
054 0.56 0.58 0.60 0.62 0.64 0.66
a (nm)

Si = Strained Si 2 SiGe =2 InGaAs
Si = Strained Si 2 SiGe 2 Ge =2 InGaSb

Future CMOS might involve two
different channel materials with two
different relaxed lattice constants!

del Alamo, Nature 2011 (updated) 1



Electron velocity: InGaAs vs. Si

Measurements of electron injection velocity in HEMTSs:

A

4 + InAs (1 _=13,000 cm?/V.s)
A del Alamo, Nature 2011

Ianao'SAs

@ T Monte Carlo (1,=11,000 cm?/V.s)
% L simulations
é |n0.53GaO.47AS
T ot (1,=9,500 cm?/V.s)
== V_=0.5V
+ Strained Si_ = R
h n
1 + ~
Si 0 <
V. =11-13V
10 30 100 300

Gate length (nm)

* V,i(InGaAs) increases with InAs fraction in channel
* Vj,(InGaAs) > 2v;,(Si) at less than half Vp,

* ~100% ballistic transport at L,~30 nm s



111-V electronics in your pocket!
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del Alamo’s group at MIT:

Current and future activities

N-type InGaAs MOSFETSs:

Planar bulk Extremely-Thin-Body
MOSFET MOSFET
P-type InGaSb MOSFETs: Wenjie Lu i

eeeeeee

Planar bulk
MOSFET

Jiangiang Lin Alon Vardi

Iy
1 0y
N,
4

Extremely-Thin-Body FinFET Tri-gate MOSFET | Gate-All-Around
MOSFET | Nanowire MOSFET

New students:
Xiaowei Cai
Dongsung Choi
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2. Self-alignhed Planar InGaAs MOSFETSs

dry-etched 3 nm HFO;
recess \ \E{
[ga:::ﬁ:talj SE|eCtive
U.1.D Ings3GaosrAs ‘1ii' Vertical Spacer M OCVD
[nAs Channel
NoszAlo asAs Setback o
Ingsahlo.sshs Back Barrier ©UISe Doping
................................. - wpenupwsamer
InP (Substrate)
Lin, IEDM 2012, 2013, 2014 Lee, EDL 2014, Huang, IEDM 2014
implanted Si +
selective epi
A S
reacted
NilnAs

AlASSh wide bandgap buffer layer

Sun, IEDM 2013, 2014 Chang, IEDM 2013



Self-aligned Planar InGaAs MOSFETs @ MIT

(;Ea:nnel
Buffer access

Lin, IEDM 2012, 2013, 2014

=15 nm

Recess-gate process:

e CMOS-compatible

* Refractory ohmic contacts (W/Mo)
Jerome Lin * Extensive use of RIE
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Fabrication process

Mo/W ohmic contact SF¢, CF, anisotropic RIE CF,:0, isotropic RIE
+ SiO, hardmask

Waldron, IEDM 2007

Cl,:N, anisotropic RIE Digital etch | Finished device
O, plasma H,SO,
A\

Lin, EDL 2014

e Ohmic contact first, gate last
e Precise control of vertical (~1 nm), lateral (~5 nm) dimensions
 MOS interface exposed late in process

18



L,—20 nm InGaAs MOSFE

1.0pL=20nm  VV=05
0.8
0.6}
0.4}
— 0.2}
e 0800102030205
V. (V)

Ly = 20 NM, Lygeees= 15 NM MOSFET

access

- most compact llI-V MOSFET made at the time

(MA/Lm)

Lin, IEDM 2013
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Highest performance In

e Channel: Iny,Ga, ;As/InAs/In, ,Ga, ;AS
e Gate oxide: HfO, (2.5 nm, EOT~ 0.5 nm)

GaAs MOSFET

L, =80 nm, ;=9 nm

14r v =-031004Vin01Vstep 3.5¢
1.2} L,=80nm 3.0l 9 e 3-1 MS/UM

’g 1.0} R,=190Qum fg 25l

% 0.8:- > 2.0}

£ 06} £ 15}

— 0.4} o 1.0} L, =80nm
2} 0.5} V=05V
080 01 02 03 02 05 7oz 00 oz

V. V) V.,V

* Record g, may = 3.1 mS/um at Vy= 0.5V

e R,,=190 Q.pm

Lin, IEDM 2014
20



Excess OFF-state current

Transistor fails to turn off:

Source

10°
€ 107
<
~ 10°
V, =03-0.7V _f W
nuf o, o See=somV g
10" 56040200 S .
V_ (V)

OFF-state current enhanced with V4
- Band-to-Band Tunneling (BTBT) or Gate-Induced Drain

Leakage (GIDL) Lin, IEDM 2013,



Excess OFF-state current

5 Lg=500 nm
10

vV, =03-0.7V
step=50 mV

]} W 10 55070200

-0.6 -8.4\-/0.2 0.0 . i
" t(V) qrﬁbJ f \*\_\ Simuiq;tions
" =/ BTBT+BJT
Lin, EDL 2014 \_ 10° L_—50WO/O BTBT+BJT
Lin, TED 2015 2
<
L,| = OFF-state current 1 — 10°
—> additional bipolar gain effect due to ;fteposng
I ko, T
Hloating body 10 520200 02
Vgs (V) 22



S _

(mV/dec)

min

Impact of channel thickness scaling

Lin, IEDM 2014
400. Lin, TED 2015
300.-
200.-
100.-

e t.] 2> S| butalso g, nax |
« Evenatt=3 nm, L ,~40 nm
- planar MOSFET at limit of scaling
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Benchmarking:
d., INn MOSFETSs vs. HEMTs

Om Of INGaAs MOSFETs vs. HEMTs (any Vpp, any L):

3500 - Latest: 3.7 mS/um!

3000 -

2500 - MIT MOSFETs

2000 - INnGaAs HEMT

g, (1S/um)

1500 -

1000 -+

InGaAs

MOSFET

500 - del Alamo, ESSDERC 2013

(updated)

1980 1990 2000 2010
Year

— Very rapid recent progress in MOSFET g,

— Best MOSFETs now surpass best HEMTs

— No sign of stalling > more progress ahead! o



3. InGaAs FINFETs and Trigate MOSFETs

~ 7 x'f o T g n
7 R FESCLERIG SN S _ Hardmask
HHHHHHH M+ InGaf
20 nrm 20 fm
_~"Metal Gate etal Gate
< TiNgTifAu Tit/TifAu /f’f
e
o | - /
f/ -~
o o oy 4
Won e dry -etched 150nm InAlAs
InAlAs Barrier - / f|nS
Kim, IEDM 2013
e
-V Ge

Epi-grown fin
inside trench

Waldron, VLSI Tech 2014
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INGaAs FINFETs @ MIT

Alon Vardi

InGaAs

Key enabling technologies:
« BCI,/SiCl,/Ar RIE
« digital etch

Zhao, EDL 2014, Vardi, DRC 2014 26



Interface-state study on sidewalls of
InGaAs FINFET

Long-channel MOSFET characteristics (W;=12~37 nm):

} :
20 W=12 nm VGS:O_S V 10 Measurement
1L.=5 um 1004~ Simulation
151 o2k _1 W=37 nm
L pp— 1[]* : =13
S 10° 1A j
— 10 D ]
< £ 10 -
05 c  10° ~
| 10° 05 Ec 1.0
E-E [eV]
0 T y T y T y T y T '1[}1 } T . I T I T T T —
0.0 0.1 0.2 0.3 0.4 0.5 10 -05 0.0 0.5 1.0
Vs V] Vi, [V]
At sidewall: Dy i, ~ 3x10'? eV-t.cm

Vardi, DRC 2014 27



Sub-10 nm fin width InGaAs FINFETs

InGaAs dop_ed channel: W,=7 nm, L,.=3 pm MOSFET
« 50 nm thick

 Np~10* cm3
Oxide: Al,O,/HfO, (EOT~3 nm)

Fin width: 5 ~ 35 nm
Fin height: 130 nm
100 fins

_VDSZEGmV |
_VDS:5UUmV

055 0 028 0% o03i%
Vardi, IEDM 2015 Vas V]
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4. Lateral vs. Vertical Nanowire MOSFETs

5 nm node

| | |
- = 400} v .

,»f. ,?5 13 %
I > 300} .
gﬂ 9 L2 "%!-'
/ % 200} FF |
FinFET Lateral VF d
n GAAFET 100 | |

Metal gate Silicon S/D epi
Gate oxide Isolation [ W electode

Yakimets, TED 2015

Bao, ESSDERC 2014 30% area reduction in 6T-SRAM

19% area reduction in 32 bit multiplier

 Nanowire MOSFET: ultimate scalable transistor
* Vertical NW: uncouples footprint scaling from L, and L, scaling

- power, performance and area gains wrt. Lateral NW -



INGaAs Vertical Nanowires on Si
by direct growth

Au seed

1l-V [I-V

Vapor-Solid-Liquid Selective-Area Epitaxy
(VLS) Technique

Riel, MRS Bull 2014




INnGaAs VNW-MOSFETSs
by bottom-up techniques

Many device demonstrations:

,InGaAs NW

Drain metal __ s ssuutas

InAs NW (il

Gate oxide

High-k/
metal gate

Gate metal
P

BCB 1 OO_nm

Source metal

Tanaka, APEX 2010 Tomioka, Nature 2012 Persson, DRC 2012
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InGaAs VNW-MOSFETs fabricated via
top-down approach @ MIT

Mo/Ti/Au

. - -y
Xin Zhao

Starting heterostructure:

| INnGaAs, 80 nm

n*: 6x10%° Si doping

Top-down approach: flexible and manufacturable

Zhao, IEDM 2013 32



Key enabling technology I:
RIE by BCI;/SiCl,/Ar chemistry

28 nm

100°C 150°C 200°C

e Sub-30 nm resolution
 Aspectratio > 8

 Smooth sidewall and surface
« Substrate temperature critical during RIE

Zhao, EDL 2014 4,



Key enabling technology I1: digital etch

Self-limiting O, plasma oxidation + H,SO, oxide removal

before after 5 cycles

—~ _ ° Expérimeﬁt
L ——Model

0 200 400 600
Oxidation time (S)

e Planar etching rate: ~1 nm/cycle

o Shrinks NW diameter by 2 nm per cycle

 Unchanged shape Lin, EDL 2014
 Reduced roughness Zhao, EDL2014 g4



Optimized RIE + Digital Etch

Zhao, EDL 2014

e Sub-20 nm resolution
o Aspect ratio = 16, vertical sidewall
« Smooth sidewall and surface

35



Tomioka, Nature 2012
Persson, DRC 2012 Process flow

Sputtered W

Starting substrate

ALD-Al, O,
InGaAs «[
Adhesion <« HSQ 15t SOG
layer v

H
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NW-MOSFET 1-V characteristics
D=30 nm

Vgs=0.6 V10 0.8Vin 0.1V step

200 Ron=759 Qum (at V=1 V) 2004 gm pk(Vds_OS\/) - ;@;_—300
| e —q5g | 7280 HShm s '\ A 1250
%. ﬁf%@ 200%
L100 ) ;{; 150,
= i |
o /S Vem0svTOO
| 50
0 &=== e et et e=i=i=imimimims OM —
00 01 02 03 04 05 0.6 -04 -02 00 0.2 04 0.6
Vds VQS
1047 Vds=0.5V .....................
Single nanowire MOSFET: | .,.-:;;::Z --------------------------
 L,=80nm 510 ..
e 4. 5 nm Al,O; (EOT = 2.2 nm) 5
f DIBL=195 mV/V
At V-..=0.5 V: 1071 $=145 mV/dec, V,=0.05 V
DS f $=200 mV/dec, V,=0.5V
. gm,pk:ZSOpS/pm S A
-06 -04 -02 00 02 04 06

e R, =759 Q.um

Zhao, IEDM 2013

Jgs
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S 300
Q ]
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0 200
150-
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Impact of nanowire diameter
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=)
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S
=

200+

Vg=0.5V
Vg=0.05V
30 35 40 45 50
Diameter (nm)
V, =05V
30 35 40 45 50
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450-
:E\4ooj
S 350-
£ 300,
@ 250
0 200
150-
30 35 40 45 50
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1200-
_ Error bars
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(1? 600i
400- VgS:]-V
00
30 35 40 45 50
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Dl - S|,DIBL |, g, Ron? 38



Impact of digital etch

Single nanowire MOSFET: D= 30 nm (final diameter)

o no digital etch

3004 « digital etch
—~250-
E |
3-200-
U) 4
=150-
100-
50-
_, T T T T T T T T T T T T -.i T T T T T T T T T T T
06 04 -02 00 02 04 06 06 -04 -02 00 02 04 06
Vgs(V)

gs v gs

.- no digital etch ~ V,=0.5V
1+ digital etch .o 2

Zhao, EDL 2014

Digital etch - S |, g,,1 —> Better sidewall interface
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Benchmarking

J

TilAu

888 Dorsson,
EDL 2012

m Tanaka, APEX10 -
e Tomioka, IEDM 11
- kA, Bottom .-
1200 A Tomioka, Nature 12 L[ ,
| v
L 4

InAs

Persson, DRC 12 up
Persson, EDL 10 L7 100 nm

| « This work (Top down) ,,/'

InAs <111> Source

Persson, DRC 2012

'
'
1
4

,InGaAs
Gate oxide \ This work
Gate metal - 0//'/ B
4 | ag V=05V
100 nm >0 b e . |
OB T 200 40Q 600
Tomioka, Nature 2012 S(mV/deC) Tanaka, APEX 2010

e Trade-off: D| - S| but also g,,,|
« Top-down approach as good as bottom-up approach



InGaAs VNW MOSFET Concerns
(a short list...)

* Relatively poor subthreshold behavior

600—_ . 400-
500- - *
mall V
400 S a DS N 300_ *
=Y S A .
S 300- ¢ 4 Ezoo -
= ] v —l | A n
;200— * a8
] o 0O 1004
100 § A * ‘I | ) .
o, oL ——
0 5 10 15 20 25 30 0 5 10 15 20 25 30
L /A L /A
g eff g~ eff

Auth, EDL 1997
\] 2c:1% In (]_ 4+ th“) +e f2 Electrostatic characteristic
}13 _ =1 ui 51

o length for GAA NW
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InGaAs VNW MOSFET Concerns
(a short list...)

« EXxcess | due to BTBT + Floating BJT
- Quantization enhances bandgap
—> Vertical bandgap engineering

Energy (eV)
1:2 1 0.8 0.6 0.4 (354
MTTEETY RN I A A R T S Y L ™ L " 1 " '/.ﬂ
INAs NWs Bulk
-;:- 13.6 nm
5
10.6 nm

:E‘
-g 9.7 nm
=
o 9.0 nm

7.3 nm

= A Wang, ACSNano 2008

1000 1500 2000 2500 3000 3500
Wavelength (nm)
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InGaAs VNW MOSFET Concerns
(a short list...)

e InGaAs low DOS Ilimits current
—> Increase in injection velocity with carrier density more

oo
T

than compensates for this 2 .
Si Nanowire
__15- e Vigg-V,=0.1,0.2,038, 0.4, 0.5V
D=5 nm (?) NW MOSFET E
x1ﬁT_ S S :E 1- /"'— j
8
. 0.5 i? P /
W 7
InGaAs ] D%f. . s
2 .
Ao EOT Ogm

-

_ 1.5 - VGS_Vt=G'1' 0.2, 0.3, 0.4, 0.5V
I i E A
Si = T
e aE’ il
L 1 1 1 1 1 1 1 2 1l 1 " 1 L - -’__.-"J-FH__% )
5 6 7 7 8 ~

Yu, TED 2008 VLW



InGaAs VNW MOSFET Concerns
(a short list...)

« V. sensitivity to nanowire diameter
—> very tight manufacturing tolerance

W=8 nm Trigate MOSFETSs

B Tri-Gate™ ] Gray: nanowire
2 0f =& Ing 53Gay 47AS . array
é 15: -~ Silicon g %
> ol S 8
= - c
.15} w2
= a Individual
30 nanowires
1] E N S
3 2 4 @0 1 2 B Gate Voltage (V)
W, Variation [nm]
Agrawal, TED 2013 Teherani, PhD MIT, 2015
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InGaAs VNW MOSFET Concerns

(a short list...)

« Asymmetric device behavior: D down # D up
—> more restrictive circuit wiring

Vgs =-0.6t00.6ViIn0.2V step

| D =40 nm, Lg:80nm

—— Drain at bottom
{—— Drain on top
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INnGaAs VNW MOSFET Concerns
(a short list...)

e Sensitivity to few defects

Vgs=0.6 V10 0.8Vin0.1V step
200{ Ron=759 Qum (at V=1 V) 5
4 n -O’O’O

ly @AM
H
S

20 01 0 03 04 05

Vds

D=7 nm, L,=14 nm (5 nm design rules)> S =540 nm-
D,=2x10' cm~.eV! > N~1 eV

46



INnGaAs VNW MOSFET Concerns
(a short list...)

Top contact resistance
Difficult to introduce mechanical stress
Self-heating
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Conclusions

Great recent progress on planar, fin and nanowire 1lI-V MOSFETs

Vertical Nanowire IlI-V MOSFET: superior scalability and
power/performance characteristics

Vertical Nanowire n- and p-type IlI-V MOSFET: plausible path for
co-integration on Si

Many demonstrations of InGaAs VNW MOSFETSs by bottom-up and
top-down approaches

Many issues to work out:

—  sub-10 nm diameter nanowire fabrication, self-aligned contacts, device
asymmetry, Introduction of mechanical stress, V; control, device
variability, BTBT and parasitic HBT gain, trapping, self-heating,
reliability, co-integration with p-type VNW on Si, ...
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A lot of work ahead but...
exciting future for 111-V electronics

RF mnput

Low-noise
HEMTs
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