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1. The CMOS Revolution:
Smaller is Better!

uous cycle of scaling = exponential improvements in:
— Transistor density (“Moore’s law”)

— Performance

— Power efficiency

1.E+10

¢

¢ g

¢ _ ~Q

g L o8 ¢
o g .
s o i PN 4
¢ $ 1E407 - -
4 ¢ o : "
& 1.E+06 ”
3’00 Intel microprocessors - Intel microprocessors

- : 1.e+05 ‘ :

1970 1980 1990 2000 2010 1970 1980 1990 2000 2010

Year of introduction Year of introduction



The S1 CMOS Revolution: Smaller is Better!
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CMOS scaling in the 21st century

Si CMOS has entered era of “power-constrained scaling”:
— Microprocessor power density saturated at ~100 W/cm?
— Microprocessor clock speed saturated at ~ 4 GHz

CPU Power Density (W/icm?)
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Consequences of
Power Constrained Scaling

Power = active power + stand-by power

v

P,~fCV,,2N :{> N > V., |

clock frequency f \

transistor capacitance #1 goal!

operating voltage

transistor count

—> Transistor scaling requires reduction in supply voltage



CMOS power supply scaling

Recently, Vg scaling very ... because Si performance

weakly... degrades as Vppl
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- Need scaling approach that allows V reduction while
enhancing performance



How to enable further Vj, reduction?

« Goals of scaling:
— reduce transistor footprint
— extract maximum I, log 7, 4
for given |oee
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How to enable further V,, reduction?

« Goals of scaling:
— reduce transistor footprint
— extract maximum |gy
for given |oee
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* The path forward:

— Increasing electron velocity = |5y 1 > Voo |
— tighter carrier confinement = S | PP



2. Materials options for post-Si CMOS

|deally want:
* High electron and hole velocity
« Si:v,~1.5x107 cm/s, v,~1.2x107 cm/s
« High sheet-carrier concentration at low voltage
« Si:~6x10"2cm? @1V
« High enough bandgap energy
- SiiE;=1.1eV
» High-quality, reliable MOS gate stack
« Si: D;~10" eV-1.cm2
« Same material for n-channel and p-channel device
» Easily integrable on Si substrate

« Manufacturable technology (top down, ex-situ dielectrics)

10



Bandgap energy
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AIP adapted from Bennett
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InAs, InSb problematic but strong quantum confinement can be
used to enhance effective bandgap
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Use mobility as proxy for velocity

300 K quantum-well or inversion layer mobility at any sheet carrier

concentration:
l’le’ Hh : Inf\s In.Sb
(cm2Vs) | Electrons
10,000;:- GaAs
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Inp ® GaSb
||
co ~2X Si
1,000+ Si .
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Si
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GaAs Holes
100 + | | . o .
Si Ge InP InAsTAISb InSb
GaAs GaSb
relaxed lattice constant

0.54
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a (nm)

GaAs, InP, GaSb: promising
for nNFET

Ge: borderline nFET
Ge, GaSb, InSb: borderline pFET
GaAs: ruled out for pFET

del Alamo, Nature 2011
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The role of compressive biaxial strain

Ho My T InAs Infb
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InAs: hurts nFET (need
tensile strain)

Ge, GaSb, InSb: big
pPpFET improvement
(u>1,000 cm?.V.s)
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What about ternary III-Vs?

n, | 1 InSb
7h 1 InAs m
(cm?/Vs) | Electrons -
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InGaAs: promising for nFET
InGaSb: promising for pFET
InGaAs: borderline for pFET
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D, close to band edges

GaAs, GaSb: ruled out for nFET
GaSb, InGaAs: ruled out for pFET
Little known about InAs or InSb

Dit A
(cm?/V.s)
InGaAs GaSb
1013 h—
GaSb GaAs
102 L GaAs
InGaAs
InP
Ge Ge
10" : : : : >
E .
v Energy in bandgap

Buried-channel structures still possible for narrow-bandgap materials
but need to provide appropriate band discontinuity




Options for post-Si CMOS
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Different lattice constants
for n-channel and
p-channel devices
(except for Ge)
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3. What have we learned from III-V HEMTs?

The High Electron Mobility Transistor is now >30 years old!

A New Field-Effect Transistor with Selectively Doped
GaAs/n-Al.Ga,_.As Heterojunctions
Takashi MiMURA, Satoshi Hivamizu, Toshio Fum
and Kazuo NANBU

Fujitsu Laboratories Lid.,
1015, Kamikodanaka, Nakahara-ku, Kawasaki 211
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» For >20 years, record f; obtained on InGaAs-channel HEMTs
* InGaAs-channel HEMTs offer record of balanced f; and f

Near-THz III-V FETs

frin llI-V FETs vs time:

-+-GaAs MESFET
-#-GaAs PHEMT

——|nP HEMT
(and MHEMT)

1980 1990 2000
Year

_—

i

2010

Current record:
f-=688 GHz
fax=800 GHz
Kim I[IEDM 2011
(Teledyne/MIT)

Currentf_ .,
fax=1.25 THz

Kim IEDM 2010
(Teledyne/MIT)

record:

max
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III-V HEMTs: excellent model system to
explore logic suitability of III-Vs

State-of-the-art: InAs HEMTs

Gate stem
=180 nm

- QW channel (t,=10 nm):
* InAs core (t, oo =5 Nm)

Barrier

* InGaAs cladding
— Uppar=13,200 cm?/V-sec
- InAlAs barrier (t..=4 nm)

INS

- Ti/Pt/Au Schottky gate
Kim, EDL 2010 - L4=30 nm

Buffer




L,=30 nm InAs HEMT

Kim, EDL 2010
2.0+
1.5
g
D 1.0 4
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0.5
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0.0 : T " T "
0.0 0.2 0.4 0.6 0.8 -0.6 -04 -0.2 0.0 0.2
VDS [\/] VGS [\/]

» Large current drive: [5>0.5 mA/um at V5=0.5V
* High transconductance: g, = 1.9 mS/um at Vp5=0.5 V
* V;=-0.15V, Rg=190 ohm.uym
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L,=30 nm InAs HEMT

40 3 _
Kim, EDL 2010
30- ! -2
o)
S, 204 - 1
0 A
c
'(c_g L
0. o, fr=644 GHz
- f =681 GHz
Vps=0.5V, Vg=0.2 V / max
0 . ey — -1
10° 10" 10" 10"

Frequency [HZ]

First transistor of any kind with both f: and f__, > 640 GHz

Current record is ft, f.,, > 688 GHz from Teledyne/MIT
collaboration (Kim, [IEDM 2011)
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30 nm InAs HEMT - Logic characteristics

I, 1, [A/um]

« S =74 mV/dec, DIBL =80 mV/V

Kim, EDL 2010
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30 nm InAs HEMT - Logic characteristics

oo Jonz0.52 mAmM v, o5y

107

Kim, EDL 2010

— —
S 9
[$,] £

I, 1, [A/um]
3

-

« S =74 mV/dec, DIBL = 80 mV/V
* Atlyee=100 nA/uym and V5=0.5 V, 15y=0.52 mA/pm
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InAs HEMTs: Benchmarking with Si

FOM that integrates short-channel effects and transport:
lon @ loee=100 nA/um, Vpp=0.5V

0.60 - Kim EDL 2010
v InAs HEMT (MIT)

log I 4 .
0.50 - ./f‘**-¢-_,H\\\\‘
Kim
IEDM 2008
~— 0.40 -
£ Q i
< ITRS 5
< 0.30 .
é 65 >0
Z 0.20 - 130 Sj CMOS
- (Intel, scaled to
100 nA/pm A- - - . 0.10 - | =100 nA/pm Vpp=0.5V)
0 VGS 0.00 VDD=O‘5 V
10 100
L, (hm)

InAs HEMTSs: higher |5, for same |5z than Si. Why?
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Why high I,,?

1. Very high electron injection velocity at the virtual source

Vinj
= \
E\/ J\
Kim, [IEDM 2009

Liu, Springer 2010
Khakifirooz, TED 2008
del Alamo, Nature 2011

Monte Carlo
1 simulations

InAs (1,=13,000 cm?/V.s)
A

o In,,Ga, ,As
(1 ,=11,000 cm?/V.s)
In,,Ga, ,,As AR

(1,.=9,500 cm?/V.s)

V,=0.5V
+ Strained Si Ny /
h = ;
Si W
Ve=1.1-1.3V
10 30 100 300

Gate length (nm)

* V,(InGaAs) increases with InAs fraction in channel

. (InGaAs) > 2v.

|nJ

(Si) at less than half V

* ~100% ballistic transport at L ,~30 nm
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Why high I,?

2. Quantum capacitance less of a bottleneck than previously
believed
InAs channel: t,, = 10 nm

Ccent
40
/ / = Experiment (C,)
C\IE 30" Cins(tins =4 nm)
3.
- Cqq (M =0.026m,)
= m, = 0.026m
e § 20! Q1M e
\ CQ % Ccent1
— ] . =.Cs(0.07)
gwo /) R ~Cs(0.05)
Cs(m, =0.026m,)
Jin, IEDM 2009 ) | |
-8.4 -0.2 0 0.2 0.4
Ve VI

Biaxial strain + non-parabolicity + strong quantization:
m 1 >Cst2>n, 1> loy1
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Why high I,,?
3. Sharp subthreshold swing due to quantum-well channel

90- / state-of-the-art Si

In07Ga03As HEMTs: t =13 nm

A’
INAS HE|\/|TS
't —10nm

'~o—0—o
InAs HEMTs: t =5nm

(o]
o
1

~
o
!

Subtreshold swing [mV/dec]

t.s =4 nm, Lgge =80 nm
T ————— Kim, IPRM 2010
40 80 120 160 200
Lg [nm]

(o]
o

« Dramatic improvement in short-channel effects with thin channel
* Thin channel does not degrade v, at L,~40 nm (Kim, IPRM 2011)
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Limit to III-V HEMT Scaling:
Gate Leakage Current

10°3 InAs HEMT
4] Lg=30nm '
"ty, = 10 nm TG \

Cesesvssssveavssanssrssacescss e vevoitiinianenttateannnne

del Alamo. IPRM 2011

1:ins l 2 IGT

-> Further scaling requires high-K gate dielectric
29



4. I11-V CMOS:
device design and challenges

Modern IlI-V HEMT vs. modern Si MOSFET:

-V HEMT Intel’'s 45 nm CMOS

Metal

i 3 A
High-k

- siicon

 What do we preserve?

« What do we change?

30



III-V CMOS:
HEMT features worth preserving

* Quantum-well channel: key to scalability

» Undoped channel:

* InAs-rich channel: for high mobility and velocity
 Buried-channel design:

» Raised source and drain regions: essential for scalability

» Undoped QW channel in extrinsic regions: key to low access resistance

31



III-V CMOS:
HEMT features to change

» Schottky gate: need MOS gate with very thin high-K dielectric
 T-gate: need rectangular gate

 Barrier under contacts: need to eliminate

* Alloyed ohmic contacts: change to refractory ohmic contacts
» Source and drain contacts: need self-aligned with gate

 Footprint: need to reduce by 1000x!

—>

HEMT QW-MOSFET

32



ITI-V CMOS:
other critical issues

 p-channel MOSFET: with performance >1/3 that of n-MOSFET
 Co-integration of n-FET and p-FET on Si: compact, planar surface
e Sub-10 nm MOSFET architectures

n-MOSFET p-MOSFET

33



What can we expect from
~10 nm III-V NMOS at 0.5 V?

Focus on |y for fixed |5 as FOM.
Simple model:

* Q-V characteristics from Poisson-Schrodinger simulations
(from subthreshold to strong inversion)

« 2D ballistic velocity model (1 subband):

Ving = A/ 2T fl/Q(EFk}El)
mm* Fo(ZE=EL)
Lundstrom, TED 2002
« Add channel capacitance to match experimental S
« Add ohmic drop on experimental Rq

* No adjustable parameters beyond m*=0.05 m,
* Did not attempt to match V-

34



Ip [MA/um]

Model validation:

I-V characteristics of 30 nm InAs HEMT

~Model (m*=0.05mo) = Exp(VDS=0.5V)

+Model (m*=0.05 mo) = Exp (VDS=0.5V)

I
1.E+00 VDS=O-5 V . 2'\‘4. 0.6
A Vps=0.5V
[ —_— B DS . I
1.E-01 - RS—190 ohm.um .,n" ! 0. ON
¥ 1 .
S=74 mV/dec " ! p
1.E-02 a i .
b ) 0.4 i
’ I — _ j
1.E-03 Iy : S Ip(exp) > I5(sim): n
< p
n'l i E 03 - impact ionization? -
1.E-04 =====mm-x 4- lopr =100 NA/um i =
o' I £
= = ..'-’ : : 0.2 - [
1.E-05 ~-=® . 1 1 ‘.
I -
1 y
1.E-06 + i I 0.1 Py
£ 1 VDS=O'5 V : IOFF 'j' VDS=O'5 V
Is > | I( — >
1.E-07 =H— i 0.0 »ssssssisssass® | .
-04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2
Ves [V] Vss [V]

« Excellent agreement through nearly five orders of
magnitude of |,

» Residual disagreement due to impact ionization?

.
] -
o

0.3
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Projection to
~10 nm InAs NMOS at 0.5V

Scale experimental 30 nm InAs HEMT by about 3x:

tins=2'6 nm t =3nm
(e=25¢,) L.=10nm i
<>

* Q-V characteristics from Poisson-Schrodinger simulator
« Assume same short-channel effects: S=74 mV/dec
« Examine impact of Rg and D,

36



Ip [mMA/um]

Role of Rq

—+-Rs=190 Ohm um —+Rs= 150 Ohm um
—-Rs=100 Ohm um-—+Rs=50 Ohm um

—+-Rs=190 Ohm um
——Rs=150 Ohm um

1.E+01 _ 1.8
_ Vps=0.5V lon, 16 ——Rs=100 Ohm um loy !
epeagdd 3 I N /
LEXOO— 1;=10 nm R -~ Rs=50 Ohmum j
; - 1 |
1601 - S=74 mV/dec | 1.4 /
: 1.2 /o
1.E-02 1 )
1.E-03 — o ! < 1
_ "’f i £038 '
1.E-04 ========-= t= lorr =100 NA/um : - :
| : | 0.6 :
1.E-05 ! ! 0. :
I .
_ 1 1 . I
1.E-06 = i Vps=0.5V ] 0.2 lore  V/pg=0.5 V 4 H
g € > ' —> > |
1.E-07 - P | | | — 0 ) . ‘ I
-04 -03 -0.2 -01 0 01 02 0.3 -04 -03 -0.2 -01 O 01 0.2 0.3
Ves [V] Ves [V]

* Rg depresses |5y without changing |5e¢
» To obtain I5>1 mA/um, need Rg<100 Q.ym
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Role of D;,

Simple case: constant D, throughout structure
For Rs=100 ohm.um and S=74 mV/dec (for D;=0):

-+Dit=1e11 [/eV cm2] -+ Dit=3e11l [/eV cm2]
—Dit=1e12 [/eV cm2]— Dit=3e12 [/eV cm?2]
—-Dit=1e13 [/eV cm2]

—~-Dit=1el11 [/eVcm2] -+ Dit=3el1l [/eV cm2]
—Dit=1e12 [/eV cm2] —Dit=3el2 [/eV cm2]
~Dit=1e13 [/eV cm?2]

1.E+01 1.2
1.E+00 . 10 4 J
1.E-01 - :
i 0.8 ry
€ LlE-02 : T A
3 I 3 |
2 1.E-03 ! g 0.6 :
— 1

o 1E-04 =mmm——pdi lopr =100 NA/um : = :
1 1 04 :

1.E-05 I I | |

: I Vps=0.5V : I

DS™ VY- [ — 7

1LE-06 7 i > 0.2 loge . VDs=0-9V 2 g

: i | : o i

1.E-07 1 ! 0.0 - H

-04 -03 -02 -01 O 0.1 0.2

VGS [V]

-04 -03 -0.2 -01 0 0.1

o
[N
o
w

» D, in bandgap increase S = |5\l
« D, inside conduction band further decrease I
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Role of D;;

1.2 —+

Vps=0.5V

1.1 + L,=10 nm

Rs=100 ohm.um
S=74 mV/dec (D;=0)

lon [MA/um]
'—I

09 -+

0.8 s ey
1E+11 1E+12 1E+13

D, [eV1.cm?]

« To obtain lg>1 mA/um, need D,<3x107? eV-'.cm

» Relative insensitivity of |5y to D;, due to high C, .:

C,=85 fF/um? < D,=5.3x10"3 eV-1.cm
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Assumptions/concerns

tins=2.6 nm
(8=2580) Lg= 10 nm
<>

tch=3 nm

Aggressive vertical scaling possible: EOT=0.41 nm
[EOT = equivalent oxide thickness]

Rigid 3X shrink preserves short-channel effects

L4 Can be shrank without degrading SCE

Rs<100 Q.um feasible at required footprint

Ballistic transport even with high-K dielectric + thin c:hannel40



Critical issue #1: the gate stack

Challenge: metal/high-K oxide gate stack
— Fabricated through ex-situ process
— Very thin barrier (EOT<1 nm)
— Low gate leakage (I5<1 A/cm?at V;5=0.5 V)

— Low D (<3x10'? eV-1.cm~ in top ~0.3 eV of bandgap and inside
CB)

— Reliable

high-Kdielectric




Problem: Fermi level pinning at
oxide/III-V interfaces

llI-V MOSFET: a >40 year pursuit!

Trreed

-~ ' Y
e
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(Jgate metal
3 photoresist
anodic oxide

SR ohmic contact KOhn, EL 1977
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ENERGY ABOVE VALENCE

Problem: Fermi level pinning at
oxide/III-V interfaces

Fermi level pinning due to interfacial defects

— Even 1% of a monolayer of O at GaAs surface pins E¢

— Eg pinning produced by any foreign element at GaAs surface
— E¢ pinning position largely independent of surface adatom

COVERAGE (monolayers)

002005025 03 04
T T T T CBM

I R

06
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0.2
L pt

o~

n-TYPE GaAs

| L 1 L 1 1 i VBM

CLEAN

10?

[ [0} [0 10'¢
EXPOSURE (LO,)

Spicer, JVST 1979

av
1.2

0.8

0.4

FERMI LEVEL
PINMNING
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soSS S S S S ACBM

GaAs (110

£
[ |

o

Ay Oxy  [VBM
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Recent breakthrough: oxide/III-V
interfaces with unpinned Fermi level!

In-situ UHV Ga,0,;-Gd,0; on GaAs Ex-situ ALD Al,O; on InGaAs
.. TWAu Galte
Seurre CG"- Drain Q "':il;‘:"‘ AlLO, Oxide
Contact ontact  Contact 503 ‘
G2,0,/G4,0, Source Drain
o’ n Sk-doped GaAs
Sourece Drain ! ~ | Undoped GaAs Buffer ]
GaAs Semi-Insulating Substrate :

30 Semi-insulating GaAs Substraﬂ
25 v, =9V «‘

Step = -1V 20 L =1um Vg=15V
§ 1 W 100um g,.-=====ji":ff:
3 _ 15} —160A “‘,s_,, jfﬁ-:::::::_@
g E ;;;:: ---------------- 0.5v

&8 10 + - I
_‘;_:’ — o v,
g 51 1.5V
2V
. . . Op 2.5V
0.0 05 10 15 20 25 00 05 10 15 20 25 30
Drain Voltage (V) VvV (V)

Ren, SSE 1997 Ye, EDL 2003



“Self-cleaning” during ALD

ALD largely eliminates surface oxides responsible for Fermi
level pinning:
— Ocecurs during first exposure of Ill-V surface to ALD metal source
— Surface robust to later exposure to ALD oxidant
— First observed with Al, O3, then with other high-K dielectrics
— First seen in GaAs, then in other IlI-Vs

@t . - o - .
o
. P ’ L

s»=m INGaAs/GaAs

Huang, APL 2005
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Interface state density in
high-K/III-V by ALD

D, hard to characterize = reports vary  q°[ «_ InP
Wldely < S, .
General consensus for D éw‘,_ %o’wmm; |
— GaAs: high at midgap, medium close to E_ .
and E, large peak around midgap Heyns, IRPS 2012

— InGaAs: high close to E, low close to E_ m“—‘—‘ﬁ;—‘—‘—‘—f‘—“—‘;‘;‘—;—“‘h
. Energy from InP valence band edge (eV)
— InP: high close to E,, very low close to E, ?

40 = : : — . EC
a5 ‘ ' D, from electrostatic simulations
il - i o D, from conductance method ol | * n-GaAs 25°C GaAS
n‘g 301 T T R n-Gals 160°C
‘ ! ' i p-GaAs 150°C
% 25} T . InGaAS g 6 .paan' 25°C
& 20 ' : a
© e 4
= [ . _ =
v'g 15 '-' - ' _ ol 2 ”
& ol 1l NG
i T *
HEY | o
5 WA 0 02 04 06 08 1 12 A
0 —— | Energy in bandgap (eV)
0 0.2 04 06 'T‘ 08 1 E
E-E_(eV) C
v
E Brammertz, APL 2008 46
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Problem: low mobility
in high-K/InGaAs structure

In high-K/InGaAs surface-channel structure:
— Low mobility (u,<2,000 cm?/V.s vs. y,~10,000 cm?/V.s in HEMT)

- 1:ox l 2 “el
— Mostly due to interface roughness scattering

PH, passivated HfO AnGaAs MOSFET

i mobility
t‘

a2 0.4 06 0.8
E_, (MVicm)

Lin, IEDM 2008
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Solution: buried-channel structure

Introduce thin wide bandgap semiconductor between
dielectric and channel:

— For InGaAs, InP best choice (lattice matched, low D;, close to E,)

— Key trade-off: scalability vs. transport:

10000 L L) LA RS |
tbarr ! > “el - INP(10nm)InGaAs ]
9 S T l InP(2nm)yInGaAs 1
AN ~25eV = x8.3 T InGaAs
0.25eV NE
25e
Interface 9, 1.000 -
states Ga, ;7As s prrrenaanns
E,=0.74ev =
Au
a Ti L InP barrier
12nm AL,
[
n' I I n- l 100 - i al = L aal -
-InP barrie 1x10 1x10 . 1x10
(2,20nm) 1000 nm p-InGaAs (3E16cm™) N_[ecm”]

Urabe, ME 2011
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The high-water mark:
Intel’s InGaAs Quantum-Well MOSFET

TaSi0,

| Source | Drain_|
n*inGass 20 nm
InP stch stop
Ny szfly gt

AN el lals

InP layer -2 nm
Ing +Ga, As QW channel : 10 nm

I, g2l o548 bottom barrier - 100 nm

I, Al A8 buffer (x=0-0 S 0.7 um
pn;unntmm{uﬂ_iﬂm :

Gass nucleation
and buffsr layer - 0.Tem

Radosavljevic, IEDM 2009

0.60
InAs HEMT (MIT)
0.50 /‘\H\
— 0.40
E =y » InGaAs MOSFET
:f 030 ITRS 325 (Intel)
‘g 65 %
2 0.20 130 Sj CMOS
- (Intel, scaled to
0.10 Ioff=100 nA/|.1m VDD=O'5 V)
VDD=O.5V
0.00 - - e
10 100
L, (nm)

« Direct MBE on Si substrate (1.5 um buffer thickness)

* InGaAs buried-channel MOSFET (under 2 nm InP barrier)
* 4 nm TaSiO, gate dielectric by ALD, L,=75 nm

o First llI-V QW-MOSFET with better performance than Si
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Critical issue #2: the ohmic contacts

Challenge: nanometer-scale ohmic contacts with low R
— Low contact resistance (R,<100 Q.um)
— Raised above channel

— Self-aligned to gate (L. ,<10 nm)

side

“gate last” process self-aligned source and “gate first” process self-aligned regrown

\ drain by recess etching \ source and drain

Recessed gate Regrown source and drain
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Key problem: ohmic contact scaling

1.E+05 - HEMT Today: R.~200 Q.um
Need: R.~50 Q.uym
1.E+04 - |
|

E 1.E+03
= [
g; 1 E+02 : Current design
g =T

Reduce contact resistivity +
1.E+01 4 \ " resistance of contact stack
[

1.E+00 + T T 1
10 100 1000 10000

L. (nm) Waldron, TED 2010

Current contacts to |lI-V FETs are >100X off in required
contact resistance



Resistivity and contact resistance of

1.E+05

1.E+04

1.E+03

1.E+02

Electron mobility (cm?/V.s)

1.E+01

n*-Ing 53Gag 4,AS

Singisetti APL 2008

p,=1.4x104 Q.cm . Baraskar JVSTB 2009
] | Singisetti DRC 2007
b Si:[no_gseao_ﬂAs T Crook APL 2007
L : . = y
‘*’&‘.09»‘ E ., i Fujii EL 1986
*, \l, S - Mo
0"0. £
\ ’ .g
€ 17
\ As:Si — % Tiw
300K \ l
1.E+16 1.E+17 1.E+18 1.E+19 1.E+20 \.E+21 100E+19 1L.O0E+20 - 1.00E+21
Electron concentration (cm3) Hlectroniconcetration (em-3

p,=5x104 Q.cm

n*-Iny 53Gag 4,AS vS. n*-Si:
0 M.: ~10X across doping range = minimum p,, comparable
0 p.comparable for various metals

Fundamentally, contacts to InGaAs should be as good as to Si
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Recessed-gate self-alignhed InGaAs
QW-MOSFET

Key features:

« Buried channel design

* Inverted-delta doping

« Refractory ohmic contacts

« Ohmic contacts self-aligned to gate
« (Gate-last process

« Lift-off free front-end process

« Extensive RIE

InP substrate

Lin, APEX 2012

Process leverages self-aligned InGaAs HEMT for mmw applications

(Waldron, TED 2010; Kim, IEDM 2010)
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Output and transfer characteristics:
evidence of RIE damage and solution

200 —wy i |
. x/oagﬂﬁzéﬂﬂg 150 ——w/ annealing
V_-V=0to 1Vin 0.2 V step | — w/o annealing
150 |20 m L=2um,V =05V
- = 100}
100 =
!
50+ — _© o0+
8.0 0.2 0.4 0.6 0.8 08
vV (V)
L,=2 ym, Lg4.= 100 nm

RIE leads to extensive device damage
Damage annealed at 340°C for 15 min

9m=205 pS/pum at Vpg=0.5 V for L,=2 ym

V;=0.05 V

1250
Y200
' -
{150 =
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Subthreshold and mobility

characteristics
10° 3000 —— w/ annealing
10"} S=300mVidec /——— » — w/o annealing
— =
= 0 &~ 2000¢
= 101 S=95mV/dec g
21 10 — w/ annealing ;;
0 1 0_2 w/o annealing E 1000¢
3 V,=0.5 and 0.05 V = _
10 L =2um W/L=200/200 um
10'4 . . . o . . . 0 L~ . \ . \ . \ . .
-08 -04 0.0 0.4 0.8 0 2 4 6 8
12 -2
VgS (V) N (10 cm™)
¢ S=95 mV/dec
e 1./l =108

* Mpeak=2800 cm?/V.s
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Source and drain resistance

R:r’df
NZ 520Qum  R,=1200pm  RuceytR=50Qpum
0 5 10 15 20 25 R 1000 pum

L, (um)

« R,=260 Q.ym (our best result in HEMT ~140 Q.um)
« Major component is lateral Mo resistance (Ry,=25 Q/[])

« Vertical tunneling resistance greatly reduced wrt HEMT (50 Q.um vs.
>100 Q.um)
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Latest results: Dielectric scaling to

EOT<1 nm

InP (1 nm) + Al,O4 (0.4 nm) + HfO, (2 nm) - EOT~0.9 nm

|, (A/um)

Long-channel In, 5;Ga, 4,,As FET

of V,=0-5and 0.05V
10

107}
107}
107}
10-10:

L= 300 um

A S=69 mV/dec

02 00 02 04 06

V__ (V)
Lin, IEDM 2012

InP scaled to 1 nm by Ar-based dry etching

S=69 mV/dec

Close to lowest S reported in any llI-V MOSFET: 66 mV/dec (EOT=1.2 nm)
[Radosavljevic, IEDM 2011] 57



Latest resuits: L,=60 nm QW-MOSFET

Many improvements:

+ L,=60 nm Lin, IEDM 2012
* Improved gate recess process

« Tight S/D spacing (Lq4 <20 nm)

« Scaled barrier (InP) and dielectric (high-K) thickness

InP substrate
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800, 10”

Transfer and output characteristics

Vgs-Vt:O to 0.7Vin 0.1V step
' L,=60nm

= -5
= 10
=
<
—°10”
V_=0.5and 0.05V
L =60 nm
8 T I n 1 10'9 " " .g 1 : ! : 1
0 02 04 06 08 20.50 -0.25 0.00 025 0.50
V. (V) V_ (V)

gs

« S=145 mV/decat 0.5V

* I, =120 mA/um measured at V = 0.5V and |_z= 100 nA/pm
« Peak g, =1250 pS/um

* |y <5x10"° A/um at maximum gate overdrive

* Ry, =570 Q.um (at V,-V=0.7 V) Lin, IEDM 2012 59



Regrown source and drain self-aligned
InGaAs QW-MOSFET

——
——

Gate metal - Pd/Au
Gate oxide - Al O /HfO,
Contact J Ti'Pd/Au
Ci.'_ﬂ!ttact_la!ﬁ!f In,Ga, Asn™

Channel -In,_Ga _As

Egard, IEDM 2011 Back barrier - In__Al_ _As

Key features:

* n*-InGaAs raised source and drain regions grown by MOCVD
« Self-aligned to gate

« Surface quantum-well channel

« Gate oxide: Al,O; (0.5 nm) + HfO, (6.5 nm); EOT=1.3 nm
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I/W, (mA/pm)

Characteristics of Lg=55 nm MOSFET

1.5

05

0 02 04

I max=2-0 MA/umM
Romin=199 Qum

V =-1Vto 18V
AV =04V

0.6
Vg (V)

1.5

0.5¢

G = 1-2 MS/um
I s <10 NA/um

V=10V

11.5

105

0 02 04 06 08
Vs (V)

g,/W, (m5/um)

Iy/W, (mA/um)
=)

03 02 01 0 0.1

- 1y, a=0480 mA/mm

“ T DIBL=667 MV
55, ,.w= 116 mV/decade
SS = 187 mV/decade

L

02 03 04 05
Ves V)

9,=1900 uS/pm
S=187 mV/dec
Rg=88 Q.um

Egard, IEDM 2011
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Critical issue #3: the p-channel device

Challenge: high-performance p-type IllI-V MOSFETs

— Antimonide channel
— Incorporating strong compressive strain

A

Moo Wy T InSb
emevs) | Electrons nAs -
10,000 + GaAs InGaAs [ increaSinQ_
T - compressive
InP = GaSb biaxial stress
InGaSb
Ge Ge
. ]
1,000+  Si
I u
.Si InGaAs
GoAs Holes
100 + . . . o .
Si Ge InP InAsTAISb InSb
GaAs GaSb
relaxed lattice constant
del Alamo, ! ! —

0.54 0.56 0.58 0.60 0.62 0.64 0.66

Nature 2011 a (nm)



III-V pFETs: the benefits of strain

Uniaxial-strain piezoresistance coefficients in p-type Quantum Wells

Thompson, IEDM 2006 MIT work
Weber, IEDM 2007 = 140 ‘
g [22 . 2# ) i Xia, APL 2011
?\g 8 o Xia, TED 2011
g Xia, ISCS 2011
s ¥ Gomez, EDL 2010
~ 60
A
S 40
v
§ 0
© G e \ﬂw %S 10, a0 °59

\ J \ J
| |

Channels under
biaxial compressive strain

Relaxed channels

XX [

Compressive biaxial strain + uniaxial strain

2> Ut
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P-type InGaAs QW-FET with process-induced
uniaxial strain + epitaxially-grown biaxial strain

Channel along [-110]

self-aligned [ p—
stressor Vi VT =075V :::m: ozgpipg‘,,f E
biaxia“y g 6 05.§.V -.l'lllll i
— strained < --..::::: S,
Cap : 2x10™ cm | [ Carbondoped GaAs = 44 8 L LT .:I
‘Barier _ AlspGanssAs /channel s 0.35V ’
Channel |n0_24GaO_76As N a llll==.==l=l====ll llllllll
Buffer \  Acas SN
1.5x10"? cm carbon delta doping 0 e e -1 .0-““"'
GaAs substrate Ve (V)
30 . .
0.4 _ Vps=-2V
- Xia, IEDM 2011 2 Vg — Ve =-05Y
é 0.3 - E Ll
802 2w € 1
2 3
| 10.
S N | I 1 i
5—
0 [110] Channel along [-110]
[-110] [110] [100] [010] 0 4 6 8
Lg (um)
Anisotropic g,, enhancement d,, enhancement scales correctly
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Strain-induced Ag,, anisotropy

Result of band deformation + plezoelectrlc effect

Biaxial +
[-110] uniaxial
m*,| 4 /a Polarization
= At field
® 1,
S AL =1 P
L L/ N s,
L . %
[010] <=
[110]
-0.18 ol o [100] = =102 ¢m2
- .1 -0-05 60/0 .

K110y 5

4(%’ N

3% -
2% A
1% -
0% -

[110] [110] [100] [010]

P, affects quantization in valence band - m™ anisotropy

[-110] Strain

|Am*Im*,| per 100 MPa

Channel i
Xia, IEDM 2011 -m

65



InGaSb surface-channel MOSFET

7Ok

InGaSb surface channel device problematic:

high D; close to valence band edge

Gashb

D, (cmZev')

Nainani, IEDM 2010
Nainani, TED 2011

* AlLO; (10 nm) / Iny 35Gag g5Sb (7 nm) MOSFET

* p-type 77K v n-type 77K
1.5x10"} n-type 300Kv
GaSb
v
1.0x10"3} v
E vl"
5.0x10'2} Ev = v Ec
© '
R
fay Ady . ool
0_ A 1 [ 2] ' 1 A 1
-%. -0.2 0.0 0.2 0.4
E-E, (eV)

« 5=120 mV/dec in L;=5 ym device
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2.8

24

2.0

-
(o))

Energy Gap (eV)

INnGaSb buried-channel MOSFET

Need Al containing barrier (i.e. AlinSb)
- Also need cap: GaSb or InAs

AIP adapted from Bennett 154
b
. :
Gap® ) / barrier 1.0-
~~~~~~~~~~~ AlISb >
@ ® 054
A AN >
° : channel o
Si ] 0 00-
w
05
InSh
1.0
54 5.6 58 6.0 62 6.4

Lattice Constant (A)

structure lattice

CcoO

nstant

~70.00

% Alo_aeao_zsb E
a c
e o
snér g
< (=)
T
§
E,
" 001 002 003 004 005

Distance, um

Madisetti, DRC 2012

Scalibility problems for buried-channel InGaSb MOSFETs
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INnGaSb buried-channel MOSFET

Al,O,/GaSb/AlInSb/InGaSb buried-channel MOSFET:

L/, (kA/um)
o — M w s h o

-0 =15 «10 <05 0.0
vV, V)

No subthreshold swing data given

Yuan, VLSI Tech 2012
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Critical issue #4:
non-planar MOSFET designs

Challenge: small subthreshold swing on a small-footprint
— Planar designs might not provide enough “electrostatic integrity”

— Need higher carrier confinement through restricted dimensionality
designs

Gate-all-around

QW-MOSFET FINFET nanowire FET
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Increased electrostatic control through
multiple gates

As number of gates increases, electrostatic control of gate
over channel improves 2 S | v
— Improved L scaling 250
— Cross section | > S| '

3

FinFET e -

5.8, imWVidecade)
2 =

Trigate

L
=

(=]

Sou

12 14 16 18 20 a2
Channel length (nm)

180 F O —FinFET
160 b —A—Tri-Gate
- =—O=—Nanowire

S.S imVidecade)
=

4 6 8 10 12 14 16 18 20
Diameter (nm)

Chen, ICSICT 2008
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InGaAs Trigate MOSFET

0.6
b WF|N= 40nm
0.5 k|| 5= 60nm o e
04 0.5V
InGaAs |
QW fin i 03k 0.4V
0.2F 0.3V
0.1F 0.2v
InAlAs bottom barrier ]
0.0
InAlAs 00 01 02 03 04 05 06
bottom barrier . .
Radosavljevic, IEDM 2011 Vos [V]
160 =
',;,' . Thin-body planar
S 100} | InGaAs (Tow=30nm)
> 1
E Wein " /
Vps=0.06V > 120} e EOT=12A
ﬁ. a -
100} = 2
L:=60nm >8 30
EOT=12A ()
Tri-gate (W, ,=40nm) 2 °r \
e Triga Fin=40nm .
- Thin-body planar (Tow=40nm) 3-D Tri-gate InGaAs
' e I & I a I "~ 60 'l A A L i a
0.0 0.2 0.4 0.6 0 50 100 150 200 250 300

VG .VT M

L, [nm]

Far improved S vs. planar quantum-well MOSFET
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InGaAs Gate-All-Around
Nanowire MOSFET

WN

é'.‘,?:ﬁ:. Hyw ¥ _ n+ Drain
> /

uh
p+ InP substrate

p+ InP "sLIbstrate

« L,=50-120 nm

« Wg,=30, 50 nm

* Hg,=30nm

« Lyw = 150-200 nm
* t,=10nmAlLO,

- #wires=1,4,9,19

Gu, IEDM 2011

Gu, APL 2011 Surface-channel design
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InGaAs Gate-All-Around

Nanowire MOSFET

800 —— —_— . .10°
|.‘:h =50nm 2\/ :LG — 50nm V. =1V 3 10
tW_ =30nm E ds A ]
Fin EWFin =30nm | 101
No. of wires = 4 i : - 3
600 - = V,=0.5V
V. =-1~2V in 0.2V step ?NO' of wires =4 ds 1o
'V, = -0.68V Z V,.=0.05V ] <
400 } p 110°E
V- V, =-0.68V °
. V% _ 1 22
& DIBL = 210mV/V 1107
200} // SS = 150mV/dec .
/ -
Z _ {10°
AR ey |, @ vds_lv; .
7 == s ] . ] . ] . ] 1 1 ] 6
0.0 0.2 0.4 0.6 2 1 0 1 5 10
V, (V)
o Vgs (V)
|, =720 pA/um (86 pAlwire)
on
Gu, EDL 2012

9y, =910 uS/um (61 pS/wire) at Vs5-V=2 V
S=150 mV/dec (EOT=4.5 nm), |, <10-" A/cm?
Low field y~900 cm?/V.s (200 cm?/V.s in Si GAA NW from Samsung)



Critical issue #5:
co-integration of nFETs and pFETs

The challenge: cost-effective co-integration of nFETs and

pFETs on Si substrate
— Different channel materials
— Different lattice constants
— Planar surface
— Thin buffer layer
— Compact
— Low defectivity

Fiorenza ECS 2010

Ge InGaAs/InP
PMOS NMOS
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Direct Wafer Bonding

Dielectric bonding of InGaAs/InP wafer and Ge wafer

InP{001)

ALD-ALLD, h. In, ..Ga, ,-AS '. N5y GRy AS
N GASE ALD-ALLQ, ALD-Al.0. ALD-ALD,

inpioo1) | Gejoo1)

Ge(001) Ge(id1)

Ta
Al,O.
InGaAs

Al,O.

Ge(100)

Yokoyama, VLSI Tech 2011

Ge pMOSFET
WL = 100/50 pm

InGaAs nMOSFET
2V

Device surfaces at two different levels

12

75



ITI-V on Insulator (XOI)

XOI platform: epitaxial layer transfer onto Si/SiO, substrate

« Single crystal material
 Strain preserved

* \oid-free interfaces

Ko, Nature 2010
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ITI-V CMOS on Si

InAs capped InAs

l InGaSb l photoresist

80 nm

InGaSh

PMOSFET nMOSFET

ZrO
InGaSb InAs
Si0, (1.6 um)

Si substrate

NFET: InAs (8 nm)

2-Step transfer process pFET: InAs/In, ;Ga, ,Sb/InAs: 2.5/7/2.5 nm
Both grown on GaSb wafer

Nah, Nano Lett 2012
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ITI-V CMOS on Si

Ls=2.9 um Nah, NanoLett 2012 “ LG 2.6 m

Vpo=1V
40 1.0 B “—NL:0.38 NH:0.42 15
1120 NL:0.33 NH:0.48
j 0.8r 075V _A* Ni:0.34 NH:0.47] 12
1100 ) . )
] \_/1 -E ..._,..-n
160 —  >°0.4 6 —°
{0 :
' 0.2 13
120 _ |
5 ot oo o5 10 00 02 04 06 08 1.0
V,(V) V. (V)

15t 1[I-V CMOS on Si based on InAs n-FETs and InGaSb p-FETs



Aspect Ratio Trapping

Growth in high aspect ratio trenches: dislocations “trapped”

at sidewalls GaAs
Ge s.o,_
Ge InGaAs/InP
PMOS NMOS ' . .
l Silicon 2 ‘lm
. Blanket Ge film {~500 nm thick ) Ge
2 ol
S 1. E+0D
InP § L o
3 e ®
F 1 E+07 -~ .
(=
2 "."?; e o
§ 1.E+06 ¢ . :
Si (001) =
1.E+05

Fiorenza ECS 2010 TrsnchAspsct Ralio 79



Aspect Ratio Trapping
+ Epitaxial Lateral Overgrowth

Planar surfaces obtained by epitaxial lateral overgrowth

following ART
\ GaAs MOSFETs demonstrated

GaAs

~ CMP surface

O¢

p-Si substrate 1x 10°¢/cm?

v
[ L =10um

Wu, APL 2008 ®f o v
’é‘ col v
e I ov

E 40+
g L AV

- 201
‘ . -2V
. e ——etaper—— i i -4V

Fiorenza ECS 2010 % os 10 15 20

Ve (V) 80



5. CMOS R&D roadmap*

we are here

\

1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Yz [ igh-/metal gate (shrink)
1
Yzznm [ cigate
1
Yvienm W vigate (shrink)?
" research .
Ynns I -VGe?
1
development YEEE W -V/Ge (shrink)?
manufacturing
Bl oo op — B W /tunnel?
L Pk
(shrink)?

*grossly oversimplified and biased towards Intel 81



ITI-Vs in CMOS:
narrow window of opportunity

llI-V process lll-V becomes
is not ready worse than Si
J A N

| 1 | \
Due to band-to-band
tunneling

Opportunity

32 22 16 11 8 6 4
Technology node, nm

V. Moroz, UCB Seminar 2011
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Conclusions

New materials coming into CMOS roadmap:
InGaAs most promising IlI-V for n-MOSFET
InGaSb most promising Ill-V for p-MOSFET, also Ge

Lots of fundamental research needed to chart a path for
CMOS beyond Si:

Interface physics and chemistry with I1l-Vs

Structures for sub-10 nm gate lengths

MOS gate stack reliability

Integration of n-channel and p-channel devices based on different
materials onto Si substrate
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