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Lecture 8

 Thin-Body MOSFET's Process Il
— Source/Drain Technologies
— Threshold Voltage Engineering

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



FINFET Source/Drain Doping
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FINFET Source/Drain Doping
Challenges: Il. Vertical Conformance

L. Pelaz, IEDM (2009) Energy | Dose Tilt

TCAD- Simulation Results 3 05 1015 100
Cross-sectional (left) and Ilateral
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Doping (cm-3)

Effective Channel Length (L )

1E+21 - 1.5-

L eff Ve —
1E+19 4 Source Drain | Gate Overla‘pl Lg =25nm
s 1.4, ‘,‘/ "\, Gate Underlap
1E+17 - 3 J N, ——
< | scE
1E+135 A .E, 1.3 dominated | Rs dominated
1E+13 . : — = X
0 20 40 60 1.2 .

Distance from source contact (nm) 10 20 _ 30 40
S-D separation (nm)

L.+ is defined as the separatic
between the points where the los Spec.: 300 nA/pm
doping falls off to 2x10'° cm-3

* More reasonable (than L ) parameter to optimize device
performance with a certain gate pitch (i.e. technology node).

10/17/2013 Nuo Xu EE 290D, Fall 2013 4



Impacts of Source/Drain Doping

Conformance
Conformal S/D Doping , _
| —o0n Doping concentration
W=15nm < > | (cm'3)1 0E+20 Slmulated SOl FinFET Performance
S P 1.0E+20  10° : — T
S 13E417 Wormalized 4o —o0
N 8.3E+13 10
L -4.3E- 12’_\10-5
_ -6.6E- 15 VvV =0.7V
SOI FinFET _ Bo.-1 oE. 19< 10° i
w/ Uniform doping in S/D regiorni = gate
g 107 Normalized over
5 W =2H +W.
o . € n n
Non-conformal S/D Doping 510 wT. ssT
W=15nm =20n a 10° —a— W=1um Planar
—&— FIinFET w/ Conformal S/D Dop.
c 10 —a&— FIinFET w/ Gaussian S/D Dop.
c 10 . ] . ] . ] . ] . ] . ] .
9 00 01 02 03 04 05 06 07
% Gate Voltage (V)
« S/D doping conformance strongly
SOl FinFET affects FInFET’s L +and causing
w/ Gauss doping in S/D region performance change.

EE 290D, Fall 2013 5



Self-Regulatory Plasma Doping in

FInFET’s S/D

SRPD

NngTML
casrgy § dose

URSeshcorger
ScE

(a) SRPD (This work) (b) Conventional PD 06
Difference between top surface and side |
Difference between top surface and side surface of fins is large.
?“?l':'“‘l“f t"ms-is smalll, because ion density Major difference is amount of collided ion ~054
in the plasma is very low. . .
p ! from the plasma. Boron 2>
E_‘O"'?n ion lmplaB . -E
\wn impla \ \ Boron sl‘:llltt}t[;ring g 04 T
l l l sputtering -—
Boron Boron Doping ; 1]
radical \ x radical § = 0.3+
adsorption adsorption "'_5:
Dopn & 021
BOX E
Si subsirate >'_ 014+
Dense Fins °-°20

|
High Resistance Low

10/17/2013

H_Ll 100nm
~ High Resistance Low ————

Y. Sasaki, IEDM (2008)
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Offzet spacer RIE
Mative oxide removal

~ pPlasma dop“nj

Conformal doping for NFET/PFET Extension

r extersiow
to avend defedds

ISBD SiGGe Epi grow on PFETASPD Epi grow on NFET

Extension anneal

Epi pre-clean

Spacer2 formation
Multi-Steps S/D Implantation (M5I)

mulk-step / 5"‘4‘

mor)

A multi-step = zon
implantation with
different energies and
ion species improves
the vertical doping
conformance.

SD Activation anneal

Silicide

Contact/M1

T. Yamashita, VLSI-T (2011)
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In Situ-Doped S/D in FINFETs ™ 4>

TCAD Simulation Results of S/D epi-reqrowth after etching In Situ-doped

Source e Drain

Retrograde Well

Courtesy| of V. Moroz and M. Em”

« Simulation shows the final §10°]
source/drain shape doesn’t % 10"
depend on the initial Si over T(1oo) ;101

etch depth. 101 I
20 ] 20
Distance along Channel (nm)
slow” T L—
- m:. \ 7 (D
—>(011)

10/17/2013 Nuo Xu EE 290D Fall 2013 Intel!s TriGate FET’S SID 8



Impact of FInNFET’s Raised S/D Shape

600

L,=33nm
IlFlat-top epi
ElDiamond-shape epi

200
NFET PFET
1.0E-05 ATYY] 1.0E-05 VIETYT
NMOS | “< 25.33nm PMOS | %% 25.330m
.0E-06 | 1.0E-06 [ .o‘ ° %
e® ° — “.‘ )
oo b 2% € 1007 } ] P’
$ ﬁ = oy o° y
... r < :. ...
OE-08 ® ":.,:' 1.0E-08 |
2
0E-09 @ Flat-top 1.0E-09 | @ Flat-top
®Diamond-shape ®Diamond-shape
1.0E-10 — 1.0E-10 . A 4
. 600 800 1000 1200 400 600 800
H. Kawasaki, IEDM (2009)
lon (LA/Lm) I on (RA/pm)
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Why We Want Multiple V,? 1a<>n
<V

DIFFERENT APPLICATIONS => DIFFERENT NEEDS ;

SOC MPU
MULTI-FUNCTIONAL MONO-FUNCTIONAL
Mobile Internet Device Computers, Servers
High-Speed >2GHz High-Speed >>2GHz
Low Operation Vdd H_igh Operation Vdd
Low Stdby Leakage High Stdby Leakage

Computers, Servers

— different
technologies needed

10/17/2013 Nuo Xu EE 290D, Fall 2013 10



Extremely High
Speed

in Burst mode Density, Process

compatibility
High Speed
Pdyn limited 2 T
Critical RF f.f.__.
Static Power ®  |Leakage Analog/RF matching, Noise
VddRet as = PRCMU |
low as possible —
voltage, surface High Voltage LOWA{ZZL o
P max ESD Vmin as low as
possible

High Voltage Operation, data transfer

F. Beeuf, 2009 VLSI SC

10/17/2013 Nuo Xu EE 290D, Fall 2013 1"



Back Biasing Tuning

in UTBB SOI

of Lg
,MOSFETs ,,L\L”g st o 5

Body Blas
=107
oo 2
o fe) -8
Vi (V) Le=18nm 8 10
e o 0.4 4 Vp=0.05V £10°
R Teox=10nm 2
S 10"
\\O\J\V n-FDSOI n-FDSOI
P~ . Ve WJ]-E“_R_ ‘\( \ 10™ Lg=1 Oum L_=52nm
@) =+ . o T : : /
5™~ o h“‘“i?a.gh 0 0.5 1 q[a d B AN S S e
O TP R g 04 00 04 08 12-04 00 04 08 12
g.2>~
e To Wy r ~Ou Gate Voltage (V) Gate Voltage (V)
—o— PMOSWP-HPeGP Tk - W-_:_"‘ O~ .- ack s W'["“-’mof'd
— -Zﬁwn_ﬁg e 0.4 TP—o. 7w e+ Reverse Back Biasing: ’L‘f' et
e L L w p-type - —
e NMOE w n-type GP o6 I VBG. NMOS( ) PMOS(+) —> VTH
« Forward Back Biasing: Back surfe|ess
T. Skotnicki, IEDM SC (2010
(2010) Vgg: NMOS(+), PMOS(-) — Vy,, | depleted
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(Back Biasing) Body Coefficient

¢ Vg Strong Reverse Bias Strong Forward Bias
C Cox
_________ OX 6 . . A¢1 E .
€si | $ A ok, =2 TT—T] P st
T : : P1 beeee s Ly b tsor — Ziny
[ | i i [ '
g, esi | _*AP e
C tSOI Zinv i ______________: Zinv
—T— “BOX o Ao, L
CIOKS.
C ot Vo My
o Ntk ' BOX—— 2
V 0 T v T T T T
. . . bg :
Define coefficientr : shhe 0.5} _iriu.'a_tid . Measured -
rEOT + tsor Ziny [ —O——e—t =7Tnm
33 Forward Bias g 04p T T i y
_ Coack _ Cox//Cinvz _ tgox + =3 g s>
Cfront Cox//cinv,l EOT + Ziéw § 03k o
AVTH Af — Tsor mv Reverse Bias 2
K - — <= ‘1}‘?)( 3 o :
Vis 2T LI E R TK
SO that 1+r) Q ._,_.Qi:-e:-:é, =4= %“""
Cat Cbuk - t =11nm
= Cbl&" 01 i R T TR SR

0 1 3
10/17/2013 Cbukfcfﬁf Nuo Xu f""EE 290D, Fall 2013 RBB 9(;::"& ack Bias (V) ——513



UTBB SOl MOSFET’s V4 Engineering

" (A
AHVT Ly BRVT T —thisk about - (’dﬂ's‘ d
SRAM  nRVT SRAM  pRVT V‘msé' nt pols
ClowVr )
& ptpty
( Iu‘éh Vi)
pHos & bt r
C low VUe)
l¢‘$ ht ")ohg
1 ) poV C Mgk 7)
-------------- 7 % T T T T T T c‘3~: M'J
. =- ~100pAIMNV . =-2y| ~200pAmMAV P o (/)
oreS LT G enyr 1 ..P’r | sHvT: RS/ “gp
. . . ﬁ’ _ SH T 7 * vV, =0V P ‘J HVT: OOM‘,’JQP
3 ’ 2 o vV = 1V
S (el | 3] s -.f'i 1\ Ryr: Urdrér
2 ] =2 - I bl ’ . same-hye
£ < & ] LvVT*® ar
k) - < RVT  , g#% -1V . FBB
< b ." 1 LSLVT.
1 . V,,=0.9V 1 l
Arbitrary Units Wr | w
; 5 fe"*"™ T. Skotnicki, IEDM SC (2010) """ PM"\"( most
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DIBL (mV/V)

=

-

Q. Liu, VLSI-T (2011)

Impact of Back Biasing on UTBB SOl
MOSFET’s Electrostatics

STMicroelectronics’ 28nm UTBB FDSOI MOSFETs

I, I, DIBL
Tooe | bias | ua . o et
(nA/pm) (nA/pm) (mV/V) (mV/dec) ¢s, pi8L

2V 525 0.1 68 o0

-1V 602 0.63 68 89
os5F 25nm ov 682 3.69 T0 o1
ool 1V 759 19.9 71 91
75k 2V 833 126 71 90
eol 2V 274 0.009 48 87
5L -1V 441 0.26 56 89
0k 10nm ov 628 10.5 64 o1
05_' 1V 807 316 78 o3
90_' 2V 058 2040 o0 o4
F5] 2
E'g.'  RBB (or counter-type GP):
sl ] — better electrostatics

0 4 5 6@ 70 8 90 100  FBB (or same-type GP):
Gate Length (nm) Y wlerge )
dferen ) — worse electrostatics
N. Xu, VLSI-T (2012) as Ly sheves

10/17/2013 Nuo Xu EE 290D, Fall 2013 15



Impact of Back Biasing on UTBB SOl
MOSFET’s Carrier Mobility

UTBB’S e VS. Eog

UTBB’S s VS. Niyy

500 v —— . ; 500 - _
E Reduction due to\ > (100) Si Universal ; E +Vb=2V
400 HKMG (First) 400 V=15V

. —— V=1V

= 300f ] % 300 F °

£ ' ] 2

s I

= 200f N z 200f

'8 Back Bias ] ‘S

= o

c —— 42V =

2 —v—+1.5V §

o —h— +1V 3 —a—V =0V

= 9

“ ool o w100 (100)/<110> n-FDSOI TV
- ——-1V - - oy -
- —— -2V T=300K dg cods Low Vo=V

0.1 o 1 ymoere RBS 10" Aue to En{ﬂ M1013/"C~Ml
Effective Field (MV/cm) J er  Inversion Electron Concentration (cm?)
. . ovt d’"‘
 still follows universal CM_S;," HE iamwaBB (or counter-type GP):
to

mobility curve

Is . at a certain N;,,,.

10/17/2013 Nuo Xu

EE 290D, Fall 2013

b lower mobility

However, what matters I, ,,‘%,2:"00‘ . FBB (or same-type GP):
S

— higher mobility

16



Back Biasing in Tri-Gate MOSFET

TEM of Nanowire BB-V, Tuning vs. W;, BB-V,, Tuning vs. H;,

S/D

Tgox: 20nm }*

"ea,
e
"""""""
-----

10/17/2013

Tri-Gate FET - ——t 0.15 : : ,

T —— - 3 03F v =50mv L s w,,:1inm  Tsox:20nm
Poly-Si |, 10nm I ol T..:20nm T > 04l Toc - 3nm i
Gate WNW ~ 02| "Box- - T - Measurement)
~ 9.6nm > L s .9

1 kel < 01 3
P ' - o[ N 0.05} ® -
el R L Tgox : 8nm

~-Onn » <001> 10 0 Tiny - 1.3nm (Calc.)

o R X Gate. [ C - 5 10 15 20 25

BOX  <110> <+ > L] W 1L H,,, (Nm) s

' ‘ NW— ] - Reduction J F Stronger C H
(b) S 0 C, G, "' Cg_l |_C§r coupling | L Reduction |f" F
Lo stanm 500 BoXMAT mopia o S e | (P Ak 4
g- —Tc ¢ =
" Sisubt_'Cuu %é'ﬁ{?go{'l s  channel | C,plncrease [ ==
Epi f" C,>>Cou 7= Ceu/Cq and sub. .. | &yRecovery| C_,

« Back Biasing will be ineffective to tune V;, when the
back surface area is relatively small.
— Not an option for typical FinFETs.

M. Saitoh, VLSI-T (2012)

Nuo Xu

EE 290D, Fall 2013



FInFET’s V;, Engineerin

[2X]

@ NFET : Ldes=20nm E 10
® PFET ; =
04r o < 10"
' -
< o3f © E - - & 10°
EL ' ® .E [ ] g T-‘i
8 .t S 44 4~ LP:N_=1e18,
= 0.2} ] . 7 =
' © \
: ’ & 107
oif As Boron * - o] —8——a— Npeak=1e19cm'3
- ; - (] -
N T T N 108 —— —0— N =3e18Cm-3
-2 0 2 4 6 - peak
Dose (E13 ¢cm™) = 10° —e——e—N_ k=2e18cm-3
— ea
(o) - -3
C.-H. Lin, VLSI-T (2012) Z ok | TOm—*— N, =lelscm
0.0 0.2 0.4 0.6

Gate Voltage (V)
 The V;4 tuning ability of channel doping is limited in FInFET, due
to the shrink of Si volume as well as the superposition from PTS
doping profile. : at Mgh p1sdopsg , chaegy Vo is not Chuping Vi muck !
« Multiple gate length (L) has to be used to tune V.
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State-of-the-Art FinFET’s SoC
| ogic st):

J H . .
Intel’s 20nm TriGate MOSFET T/o. NMOS: | ¢yt
Transistor| . - . [ .
Type High Speed Logic Low Power Logic b High Voltage . |.$HCE | @075V :
High Standard Low Ultra Low ' 320m [3] # Logic
Options  |Performance|Perf/ Power| Power Power 18V 33V (HP)
(HP) (SP) (LP) (ULP) 10
vdd 075/1 | o751 | o751 | orsin2 |1518m83] 33155 | E
(Volt) 3 "
Gate Pitch 90 90 90 108 min 180 | min 450 | =
(nm) s
Lgate (nm) 30 34 34 min_\BD min. 280 0.1 +32 nm [3] %
—— —_— e — ¥
N/PMOS | 1.08/091 0717050 | 0417037 | 0357033 | 092/88] 1.0/085 waea fg;: _
ldsatlloff | @o75v. | @075V, | @075V | @075V | @18V | @33V aet /.
(mAUM) 400 nAum | 1nAum | 30 pAfum | 15 pArum | 10 pAlum | 10 pAum i3
. 0.001 ol T A
Bitline [Wordline  Juitra Low] 0 |
e DRAMA* G IO Power+ IDNsat (mA/um)
: '. ULP+ .
Y WtPo | Knobs: C.-J. Jan, IEDM (2012)
Access Transistor |™...... I 079201 egate length (L, & Log)
N
(efns supis-lod Tore 108 | *Doping (PTS, Fin...)
R. Brain, VLSI-T (2013) <
/ 48 g
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Summary of FinFET and UTBB SOl
MOSFET’s V;, Engineering

 Assuming single gate metal (workfunction) for each type (N or P)

of MOSFETSs.
FinFET TBB | MOSFET
lope (NAJum) ~ FIRFET lorr (NAJum) UTBB SOIMOS
A A 43
SLVT .. SLVT . samt-type
100 nA ,’ Low Doping short lj ,’ FBB + GP doping
/ U4
LVT o/ LVT o/ sane -type
10nA ,’ Low Doping, Modefate L ,’ ZBB + GP doping
1nA| RVT/ RVT // Coider—hype
',0 High Doping, Mogérate L ,,0 -RBB "+ GP doping
100 pA | HVT / increassng | HVT ¢ Crundur ~hspe
f High Doping, Long Ly gate prich ! ) RBB + GP doping, Lemgt,
10 pASHV? PTS + Findhopy / R
lerr lepp  Complex olopris CLitho)

bn‘aSn‘ﬂg (r 9‘(‘/&6 ’
. . . /”'3”.'-)
10/117/2013 NuoXu  EE 290D, Fall 2013 joi ) Miatteaned ,}rld\ 20
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