Process |DefineFin  STI 4 Poly Gate  Spacer Source/ Gate BEOL + Structure |
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_______________________________________________________________________________________________

Lecture 7

« Thin-Body MOSFET's Process |
— SOl vs. Bulk FinFETs
— Fin Patterning Techniques
— High-k/Metal Gate Technologies

Reading: multiple research articles (reference
list at the end of this lecture)




SOl vs. Bulk FinFET: Overall Structure

Bulk FinFET SOl FinFET (w/o BOX)

<\ Gate — <

itaxial Source/drain

I

Active Fin

Sub-fin leakage path

Junction depth

Thermal conduction path
Dielectric Isolation
T. Hook (IBM), FDSOI Workshop (2013)

Junction Isolation

10/7/2013 Nuo Xu EE 290D, Fall 2013



SOl FinFET Process Flow

Fin patterning Resist or '
hard-mask Gate

SiN
Gate
Fin hard
-mask
Fin(Sf) Fin(Si

‘ Spacer removal

SiN Gate from fin side
-surface
>— Gate 5P
Fin(Si Fm(snw

. 4 S/D implant=>Silicide

cate + Fin heights are defined by the SOI film thickness.
* Higher (SOI) substrate cost; yet cheaper
doping/implantation cost.
A. Yagishita (Toshiba), SOl Short Course (2009)
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Fin hard-mask
(SiIN or Si02)

Fin(Si)

Fin(Si)




Bulk FINFET Process Flow

* Fin heights are defined by the punch- 9
through stopping (PTS) layer position. g4

St \_ STiformationx_ ,/
A 4 + & Etch-back %
T~~&_--7 Bukfin |
implantation. _ specific |
/ / ‘
! v Gate
! \ spacer |
I
| \ |
l\ 1
7
¥ Punch-through stopper foymation
N /

o -

A. Yagishita (Toshiba), SOl Short Course (2009)
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Fin Patterning

Spacer Lithography
a.k.a. Sidewall Image Transfer (SIT)
or Self-Aligned Double Patterning (SADP)

1. Deposit & pattern sacrificial layer 3. Etch back mask layer Ma”drei}ﬂ ‘

Spacer
- to form “spacers” P

SOl
BOX >0l Mandrel Removal
Resist pattern
BOX (for wide fin)

2. Deposit mask layer (SiO,orSi;N,) o

4. Remove sacrificial layer;
_(i_ etch SOl layer to form fins
Removal of | F ————
SOl unnecessary
ins fin
BOX ‘
BOX « Extra lithography steps
. . . required to etch the
* Note that fin pitch is 1/2x that of patterned layer unused fins.
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Benefit on Multiple Device Pitch

« By using spacer lithography technique, multiple fin pitches can be
implemented using a single lithography step.

2ZV3ELZF—-2EB3-28 40 (1]
10~20nm 15~20nm
SiN Sl SiN sn 1<
. 7 [\
Sioz2 _ _

Si02

B39178 10.BkV X1Sak ‘2ébnm 839172 10.2kv X154k ‘débnm

e 20 lines after nth Iithography I A. Yagishita (Toshiba), SOl Short Course (2009)

sacrificial structures 1st Spacers 2nd Spacers 3rd Spacers
. _--.\__ o . Q-:-‘Q;\';. .."x 'I'Q:‘;\}' e :_.:.. ._,___

ARARAN N N
. NN .151-:'1 . _:?.‘_H S
& .'\.I . " O
i, i Al - e
Y " \ e it Wi
A% \*‘ " . L \ \ - N 0 ol (0 o -
| % . = e - . -
NN Nl 77 S \\1 e
B i N o
SANVSAY . DIEERNNNNNW
N BUREW SmARD o . w0y BRI RRLTES MREET™
= BUruEW amausiEow s T i o ey
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Benefit on Fin Edge Roughness

Y.-K. Choi, IEDM (2002)

Spacer lithography
A Q
—uniform W, O - N o
b~ o . o)
Q o L] Q
: o g
S SPEICEF g o > 9
:g technology § g =‘ §
2 s £ g
% E "E: 5 E-beam(—\ §
i 5 .é? s lithography ¢
= - a . [v]
Conventional litho. 2 g <3 g
—>nonuniform W, 5 8 " $
E T Y T T T T T T
S o0 20 40 80 80 100

Feature Size [nm]

Y.-K. Choi, IEDM (2002)

Spacer lithography technique provides more uniform fin width than the
conventional lithography, due to 0,4, > Oc\p
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Conventional Litho. - Spacer Gate Litho.

Benefit on Gate Edge Roughness
X. Sun, TSM (2010)

,_Flash: 1300°C 1ms DopingConcentration(NelActive)
. 2.0E+20
1.BE+17
1.7E+14
-1.5E+12
-1.8E+15
-2.0E+18

RTA: 1000°C 10s

Spike: 1100°C 1s

»0.1

3keV 3E14cm2 As implant through 10nm liner

015

Less diffusion = Worse junction roughness
(.04 I -0.02 a 0.-?0.05 -0.404 003 . -0.02 0 -0 a 0.-?0.05 0404 003 002 -0 a
X % X

Tri-Gate |dﬂ9 Curves

0089 10* 10
.ﬂ_{_|:/\—: ..:Ill'lz'-
.-]-Cll-f 0,01 m-ﬁ
= 0 . ':'_: E
[

n_{-n—f 0.01-] 10’

I"_Z ] Conventional Lithography Spacer Gate Lithogra
n_{_: o Lﬂ=14nm F Llr;=1-|1|‘lnlgI Py
.].;._:{'{ Py o abz a0 i T T m.m 1 ¥

004 -0 ) 2 I 044 002 g ooz o 0 0.2 0.4 0.8 0.8 UG V) 0 0.2 0.4 0.6 0.8 'U'E v)
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Fin Sidewall Damage Removal
by H, Annealing

Mobility Improvement by H, Annealing Equivalent Gate Input Noise
(ﬁc 150; . ~Eﬂt N —
. &M Fin-sidewall £ _ IV,[=1.0V + p-channel FinFET
02" RIE damaage § | === H Anneal / 'gﬂ:'f=1ﬂ'HZ
Fin| & g S 100 without Anneal  5go, T "ii‘ (0oL O Without H anneal B
7 - t 19% y E —&— H anneal j,'i"'i 1
_.E' | \ /.H o 4 ‘_,_,_.-—F""Q » ’ ]
] | A - =110 r c [a] el 1
H2,900°C,5min E L\ 5 R |
O | -120
c
o | 430!
&) ' - .
Fin-sidewall 0l PMO, o it 10°  1w0° w07 10°  10°
smoothing 06 -04 -02 00 02 04 06 Drain Current, || [Al

V-VIV]

H, annealing causes Si atoms remigration at fin sidewall surfaces

> provides smaller surface roughness and lower D,,.
> reduces shape corners to mitigate “corner effect”.

Y.-K. Choi, IEDM (2002)
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Fin Sidewall Damage Removal
by Neutral Beam Etching

Pulse ~/

modulation

~. Top carbon
® plate

(]
’j‘:- Quartz tube

Neutral Beam Etching: negative ions in
the plasma can be neutralized by passing
through the carbon aperture.

TEM picture shows more abrupt fin/oxide
interface after NBE — Lower D;,

Higher fin mobility w/ NBE

Ny, [cm?] (x102) K. Endo, TED (2006)

@ ' . L Bottom carbon
_@_O plate
1 ‘6! o ' o "5Y8 <— Neutral beam
; | Wafer|
Stage
Evacuation
o """ (110) channels .
> 400} 80 fins i
B = tin = 60 Nm
e Lg =50 um
= —e— NBE
=300, --m-- RIE - .
= bulk [16]
o
E 4
S .
5200 i
L
tﬁ v P— P 1 A
0 2 4 6 8 10
10/7/2013 Nuo Xu
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SOl vs. Bulk FInFET: Isolation

SOl FinFET (w/o BOX)

« Retrograde-well doping required as punch * No doping process needed to

through-stop (PTS) layer. avoid PT.
« HALO is also often adopted. « Rectangular fin shape.

» Tapered fin shape due to STI process.

T. Hook (IBM), FDSOI Workshop (2013)
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Normalized Current (A/um)

Impacts of Retrograde Well Doping

w/ Retrograde Well Doping w/o Retrograde Well Doping

Abs(TotalCurrentDensity) [A*cm*-2] Abs(TotalCurrentDensity) [A*CJ”A‘Z]
! 1.1E+03 - 1.1E+03
2.7E-04 2.7E-04
B6.6E-11 B6.6E-11
—@—--O- w/o Retrograde WeIIE . P =i - R
—¥—-57- w/ Retrograde Well ) :
I I I I I |4C1E724 1 I I I I I I 1 T I I |4dE_24 1 I I 1 ) I
.04 -0.07 1.8530 0.02 0.04 .04 -0.02 i 1,.(95-3,0 0.02 0.04

« Even with the finite steepness of
retrograde well doping (~15nm/dec in Si), it
is still preferred to insert the doping peak
around the fin base, causing some level of
performance degradation in the fin.

07 06 05 -04 03 02 -01 00
10/7/2013  CGate Voltage (V) Nuo Xu EE 290D, Fall 2013 12



More Issues for Bulk FIinFET Isolation

Bulk FinFETs require
— Junction isolation masks and implants
—  Well contacts
— Latchup prevention measures

Second STI
Heavily doped substrate

TZraW
0o -meor
5

-

Bulk

| Stronger

2 & | implant/
| diffusion
A ;I; o |
-
_ —_— —
~0K for IO
Bulk Pfet-Pfet

'—--...-_/
~ Nfet-Pfet and latchup

J. G. Fossum, SSE (2010) T. Hook (IBM), FDSOI Workshop (2013)

« Single PTS doping can not be used for SoC circuits with multi-fin width.
« Additional STI required to separate N and P-bulk FinFET, to avoid CMOS
latchup effect.
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Steep Retrograde Well Doping in Bulk
FinFET

SSRW formation using Si + Si:C epi before STl formation

diffusion block layer

Punch-through
stopper

- B for nFET

- As for pFET

= Si + Si:C epi

—_— -

C-doped Si (Si:C) ]

Conc.
v Thermal stability of Si:C layer

* Precipitates and clustering of C
atoms 2> Defects in Si + Si:C epi layer

» C-diffusion

Fin formation = STI Aill

:

H. Bu (IBM), SOl Workshop (2011)

10/7/2013 Nuo Xu
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C Secondary lon Intensity (a.u.)

1x10" g
__ Si Epi-layer Si:C layer
E L
3 1x10'8
=
= Si Epi-
= channel
2
E‘Ix‘ID” As diffusion
g Si:C+Si Epi-channel
@ .
=
S 1x10' Si:C layer
<
1x10°

A. Hokazono,
VLSI-T(2008) &
IEDM(2009)
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Fin Shape Variations in Bulk FInFETs

Rectanqular shape Trapezoidal shape (Intel’s Tri-Gate) “Hybrid”’-shape

m

spot m 200 n .
673970 x  ALDB0221-D0 bulk fn Af chipworks

Chipworks, 2012 D. Shamiryan, SSE (2009)

Typical STl trench tilt: 70° ~ 85°

Key requirements for bulk fin shape (process perspective):
> Isolation trench refilling
> High aspect-ratio fin patterning

10/7/2013 Nuo Xu EE 290D, Fall 2013 15



Impacts of Fin Shape on Electrostatics

assuming same top fin width:

0.20 T T 1 100
e—e Trapezoidal FinFET "
- =—a Rectangular FinFET 5x10 \
i 90 - i 700 \
0.15 T L 2o T R
. 7 s | T
T 80g---~"" 18 < 500
0.10F = L0 s [
@ e S i
704 T T 300 4T - m
0.05- 8x 1070
60 - 100 |
0 10 20 0 10 20
O'Oqo | 1|5 | 2|U L 2|5 ' 3|0 | 3|5 40 Taper Angle (deg) Taper Angle (deg)
. (nm
g (nm] T. Hook (IBM), FDSOI Workshop (2013)

A. Arsenov’s group, GSS Website (2012)

Key requirements for bulk fin shape (device performance/reliability
perspective):

» Good electrostatic control

» Low corner electric field, to prevent TDDB or BTI
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Impacts of Fin Shape on Current

Charge concentration across a FinFET N-FinFET
X-section as increasing gate voltage 6.0e-04 1 —oelli
5.35e-04 | =¢=liin
5.0e-04 - 4.88e-04 | —m=|sat
' 4.32e-04 |
E 40e041+ €
< L 10e
g 3.0e-04 + 4‘76.e_-39 5.21e-09 SEG-E)
& 04l
S 20e04 120e-04 1-34e04 142004
O 40e-04+ € .
0.0e+00 } } } 10°
0 5 i 10 15 20
A A ) GSS Website (2012 P-FinFET
. Arsenov’s group, ebsite ( ) 256047 . 231e0s 236604  T10°
Considering Quantum Mechanical + Strain Effect <« 1 =i
_ 2.0e-04 + : -3-|sat
hDensity [cm-7] eDensity [cm—7) g_ ) ot loff
g 500415 i 2-0e+15 < 15004+
2 0e+15 8.0e+14 é 8.546.:1) 940‘3—10 9.279"10_) :_10_9
7.0e+14 3.2e+14 3 1.0e-04 -+ :
198:14 c 7.11e-05 7.27e05 7.37e-05
3.2e+14 . @ —— . —
13e+14 5.0e+13 2 5.0e-05-
5.0e+13 2.0e+13
] ] 0.0e+00 " } } 100
P-FinFET N-FinFET 0 5 10 15 20
W,Dp [nm]
Simulation Data from Synopsys Inc., (2013)
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High-k/Metal Gate Technology
TR DT —
MG

B High x W Poly-Si
Si HK *
—
Gate First / MIPS Si
(Metal-Inserted-
Poly-Si Gate)

High-x First | Si

Gate Last / RMG
(Replaced Metal Gate)

.
TS
o B %J{

High-x Last

10/7/2013 Nuo Xu EE 290D, Fall 2013 18



Gate First vs. Gate Last

L. Ragnarsson, IEDM (2009)

RMG (no cap)
4.8 tMG=2 nm
R

4.7
f.,_ 350 mV

4.6
LL
g ..... ts=2 nm
w4 5 160 mV

No cap
A (o}
4.4 = L=l

0 4 8 12 16 20

Gate-First (MIPS)

.

W

Gate-Last (RMG)

EOT(A)
High-k Dielectric First First — Last
Metal Gate First Last
Thermal Budget High Low
EOT Thick Thin
Mobility Low High
Workfunction Control Bad Good
Cost Low High
Process Complexity Low High (CMP)

10/7/2013
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Thin-Body MOSFET Gate Process

A. Khakifirooz, EDL (2012)

A. Yagishita (Toshiba), SOl Short Course (2009)

Gate-first

Fin hard mask
SOl
BOX

sub

Fin hard mask
Fin

Fin patterning

Gate

Gate RIE

Gate-last (Damascene/replacement)

Fin hard mask
Fin

Fin patterning

= ILD

Gate trench
formation

) Gate
Gate filling &

Damascene

« Extremely-thin UTB SOl is not compatible with high-k-last process,
due to the Si sacrifice during dummy (poly-Si) gate removal.

 FIinFET RMG is challenging, due to the 3-D CMP process.

 Costis the dominant issue.

10/7/2013

Nuo Xu EE 290D, Fall 2013
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