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" Source: Chinese Univ. of Hong Kong | S;u:; Univ. of Zurich
Lecture 9
o Strained-Si Technology I: Device Physics
— Background
— Planar MOSFETSs
— FINFETs
Reading:

e Y. Sun, S. Thompson, T. Nishida, “Strain Effects in
Semiconductors,” Springer, 2010.

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



Mechanical Stress/Strain Analysis

Stress:

results from the repulsive
electromagnetic force between
ionic cores when the Ilattice
atoms deviate from their
equilibrium positions.

Buto consenotioStress Types

,gf wlumet 4 acle S = e

Extensional

Tensile

Compressive
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Strain-Stress Relationship

(e, [c, ¢, ¢, 0 o0 0o Elast|C|tv.Tensor:_ .

:, c, c. C, 0 0 o0]lo . assumlngtstratln has linear

N c. C, C. o 0 o0le respon,se o stress

v 1Tlo 0 o0 ¢, o oz (Hooke’s Law)

0 o0 o U“ o e can be simplified into 3

£ 4 Fa independent variables, for
0 0 0 0 - : . o

' ks she mayeY U’:}’""‘mw“ cubic lattices (e.g. Si)
w‘»ﬂw - S

1e: <loo> fov i

If x, y, zalong maulf"rxs:f&amswkh“_‘OR for a certain direction:

-‘ﬂni
Extensional Strain/Stress M**§ dirte 1 1% 1%

rotede e teasers, = —0g, +—=0,+—=0
—Clla'x+C120' +C120'Z ¥ E ¥ E Y E ‘
1 £,9,6 ore direchond
Shear Strain/Stress Vyz = Efyz o

'Fs'r <llte) 14 S ¢

E: Young’s Modulus E= /L6 ¢elo ﬁa"
v: Poisson’s Ratio Y= —0.27§
G: Shear Modulus

Yyz = C44-tyz

G = o0.52 ¢l0 p."
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Impact of Strain on Semiconductors

o CMwlh, S:m
 Energy Band Splitting  E vs. k curvature change
almest ?so{olﬁc- N
1; ; 7 Oul';'ht <lle? 'f“l
Hydrostatic 5 | 14— i ] Wi /-g»m
Stress N K.Y Si - 3 ' Aerechos
/ I AT A 1 "
T
Uniaxial B 4 s i i_ __________ i_j
Stress - i,_,: ___________ i / a1 3 “
o Ge',_s-, |< @
fi.'""'“r-. ,’/:l“‘
Shear INY TN B e I =
Stress VT B ” N
~~~~~~~~ -‘V’, o1 4
w/os W/ hs w/usA . GaAs| 2 i _
CB K — St
I& 2 JBeorby o |
VB— k—HH [ ) = iGpa<tios
N—— LH i
0:\‘05” Unstrained Compressive
chen
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Strain Impact on Si Bandstructure:

O’“{IM (ool )

cnnest /) <llo>

Planar NﬁOSFET
soucs| | orain.

v

Unstrained Longitudinal hnﬁ'b_
Compusi-t
Electrons _—— s T < ,u;m-
gof == X B . v 5
A2 Electron Tl el -
A4 Electron
<110> A4
Dy By a
WA
Ce
Unsdom

‘@. Ay @ (a) Unstrained scEl ,,,‘3’2‘%_“051'5‘}“‘_ g
r : ¢ Domi aewt pat fv  applying strain |
€ - ® Energy Splitting E-k 3) o0}
@ N\ g) Curvature & |
Lower DOS available for Sub-ban eoccupation Change ® 0.4
Scattering | | E ;
| Lowered average m"  Transport m" ia 2
Reduced (Inter-valley) Reduction
Scattering Rates
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(€) S<yy»=-1.5GPa

occwpied 1o d,

I ! 1 ' 1 ! I
L Uniaxial <110> stress
[ — - parallel to the stress g
perpendicular to the stress 1

l ——— v T T - - - 1
: SMmall reduchion]
| N 1 M 1 N | N 1
T 05 0 05 1

* Strain (%)
K. Uchida, IEDM (2008) °



Strain Impact on Si Bandstructure:
Planar P-MOSFET

I—t 0] _ Gate - Gate comperc¥ L tensile V
I sl | Y cp
itudi Vertical

Unstrained Longitudinal
) lom/a' My

Holes
Heavy Hole
Split-off Hole
<110> . <001> <110> PTTTS 10>
() Unstralne(k - S / C115%8) 110> -1.5GPa (0 S 41-=1.5GPa
[ <uo> xx Huge curvchee d‘"‘}‘ > m* )
~ "‘3 applylng strain
Energy Sp tt|n N\ C Dontnant fv 1" Aoles )

E-k Curva’iure Change
Lower DOS avallable for Sub band reoccupation Transport m" Reduction
Scattering |

| Lowered average m’
Reduced (Inter-sub-band)

Scattering Rates
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Strain Enhancement on Si MOSFET
Carrier Mobility

A Electron Hole
2-0 1 l T l 1 I 600 | | I | T T
Fu= O7TMViom __—fj--=-= 6.0l Fu=0.7MVicm
—400 & 4 Sp——
5 1.5~ 2 540
5 “ 5 /
a3 ] g =
3. = 3 D( Experiments ]
, V'O Experments —200 = 20 — = kp simulations [Thompson] __|
. m—m MSMC: stress dependent A, . ko simulati Ph
1.0 O—OMSMC: A.=0,62nm i p simulations [Pham}
— —- MSMC: stress dependent A_, ® MSMC Simulations 7]
| | ('h | | | 0 0.0 I I ] l 1
0 1 |5 2 3 0 2 3 4 6 8
Stress [GPa] Stress [GPa]

D. Esseni, JCE (2009) F. Conzati, SSE (2009)

 For N-MOSFET, electron mobility enhancement saturates at

~1.5 GPa <110>-uniaxial tensile stress . 0’”’"" Sub-bandl reoccupahion -ndluad
aheratfes

 For P-MOSFET, hole mobility enhancement satsurates at very
high <110>-uniaxial compressive stress. #« o +i maidesed m* ofucfon
10/29/2013
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Impact of Quantum Confinement

Holes under Uniaxial Comp. Stress

Electrons under Biaxial Tensile Stress

Electron mobility enhancement

24

22

2

18

16

14

12

1{] 500 1000 1500 2000 2500 3000 3500 Ag VJ‘,]‘ 0.2

Biaxial tensile stress (MPa)
O. Weber, IEDM (2007)

0 %Ge 10 20 30 A0 50
sSUSi_Ge ' sSiISi, Ge [13]
O Eeﬁ:DAMW(:mﬂ R _
| ¢ E_=1MVvicm a % SN
i ...r_"‘ "I 0.4Mvicm -
- = T 7MVicm _
IMV/cm
; phonon limited E“l &L &)‘d ol Vst
- 4 mobility gain [11] -
- | ' I | | | |

2 —

250

200 4

Mobility gain (%)

8y =>—[F)°y

-

—#— Mass gain
~——d— Total gain
- -@- - Scattering gain

.——-.-_.
\9...- -._--*___
W)s;ﬁn,“(ﬂ

"‘-...__.__ 3&5%.

0.4 0.6
Effective Field (MV/ecm)
E. X. Wang, TED (2006)

e Jadspllg

N-MOSFET: 4 .% degrades at higher E_4, due to the quantum
confinement counters the strain-induced sub-band splitting.
P-MOSFET: 14,% maintains vs. E; due to the dominant m’

reduction.
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Analytical Modeling for Carrier Mobility
Enhancement due to Strain

* Piezoresistance (PR) Model

A = —(Moo6. +I..0. +1..0.) > Toosimple
H/H (Mx0x Yy=y 2297) » Limited predictive ability

(by ignoring E g, Strain-
depende;]me...)

negehe sign !
 Sub-band Reoccupation Model

non-linear (Sochurehon)

a(e1 + &2+ £3) £ [b*(en — £3)% + (d?/4)e2]Y? Aepeodumcn
AET,.-'(J) — ) for uniaxial [110] stress 4)
aley +e2+ €3) + (1/2)(1 £ 3)(e3 — 1)
for biaxial stress
o) = [ JAER(0)| + |AEu(0)] » Analytically models the
(0) = exp | - 1T energy-band top and m
o . ,12/3 change vs. strain
Jl,"z;'*_H _J!fz -le"é
|, < H ()Y + gy > Trade-off between
# ) forumaxial [110] tensile stress .
M= s s T computing loads and
[m]h +mypt"xH (o) | accuracy
, for biaxial in-plane tensile stress

J.-S. Lim, EDL (2004)

10/29/2013 Nuo Xu EE 290D, Fall 2013 9



Numerical Approach: Self-Consistent
Poisson-Schrodinger Simulation

Hele's compl—.‘u#u( E-k IJ-#MJ.'P
scPS Approach 6x6 Luttinger-Kohn Hamiltonian for Holes

Schrodinger equation

L i 2
B g2 S A S L L s
— 3 2mO
( om’, 422 e(”(z)j? (2)=ES,(2) L P+Q 0 M VQ 0L .
| 2 Mo e o P @ Q= 7kl 4G ~2K)
n,(2) =tz [dk- f(E)-|& (K, 2) — L :
(27[)2‘! )’ ‘ I L=k, =ik )k,
1 L Jo - §L M —P-A 0 ’
n(z)=> n,(2) v " i
- n M \FL o Lo _p_a| M7am k) ierkk)
: 7

7e 1 > Ny =
( (2)- j e(N, =N, +p(z)-n(2)) mpacts of strain on energy-band

po,sson equation ,,.. ocks of st fop as well as curvature change

“W A will be completely included into
the Hamiltonian.
ML, p Tors

> Computationally intensive.
f A

10/29/2013 Nuo Xu EE 290D, Fall 2013
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mpact of Si Body Thickness Scaling

L™,

scPS simulations, N.

N-Channel (Electron)

M I M I M I I M I
F/‘E-'E“ﬂ-——ﬂ-—-ﬂ--@—'
—0 |

s & &

—&— 1GPa Longitudinal Tensile
—e— 1GPa Vertical Compressive
—¥— Unstrained

g

(100)/<110>
o) N _=1.0e13cm’

Electron Mobility (cm?/V.s)
¥ 8 8

__.9----0--

4 6 8 10 12
Silicon Film Thickness (nm)

14

Xu, VLSI-T (2011)

P-Channel (Hole)

0.35 .
160} <
030 m _
& w0
=
0205 £120
s &
0152 2100
-
0108 24
? o
005~ O
g Te
0.00",
40 1

—&— 1GPa Longi. Comp.
—0— 1GPa Verti. Tens.
1GPa Trans. Tens.

= - (100)<110> P, =1.0e13cm’ |

4

6 8 10 12 14
Silicon Film Thickness (nm)

« Stress enhancement diminishes for electrons as tg,, scaled
below 5nm, but not for holes.

10/29/2013 Nuo Xu

EE 290D, Fall 2013
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Impact of {5, Scaling on Piezoresistive

| e Coefficients

[110] Open symbols - Simulated Closed Symbols - Measured

N-Channel (Electron) P-Channel (Hole)
[ gk : 80 v LA RAAAAAAA MAiAdAA Mdbdbddd bidd
20 R H ----------------------- n [ ’,’--ﬂ ----- E- -------- Tt-f------ E‘"
_______________ 60 N ——’_,f
TR | = Vertical IT —- v most
& 10 -v 1 = [ 11 - ]
L [ O TransverseIl | o 40} XX O Longitudinal Il
2 of O Longitudinal 1 _ ‘78 ! O TransverseIl
= Hyy 0 ¥ Uchida, IEDM 04,08 - :E“ 20 | Vertical TT -
o _ N RN i 2z
51 s Xu, VLSI 11 1 € | ¥ Uchida, IEDM 08
5 o0l \ (g O g o ] E O Xu, VLSI 11 -
S” vv Aogrodehion § - '
o -... O ) 1 20 | -
S0 @ g mesteflebe] 4 87 < O...
o 40 .- Y o= ] o 40 | yy u
s SO o I sz --------
_50 M PR W W N S ST E B A A A A A A PN W W T WY FYTTTTITY FYTTITIT ITTY _60 2 PR YT WY W S N S A A A A A A PN W RN T FYTTYTTT] FYTYTYIT FTT
2 4 6 8 10 12 2 4 6 8 10 12
Silicon Body Thickness (nm) Silicon Body Thickness (nm)

* As tg; decreases, I1,, decreases due to diminished sub-band
reoccupation and inter-valley scattering reduction.

N. Xu, SOI Conf. (2012)
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Strain Enhancement on FinFET
Carrier Mobility: Electrons

k. [007]
7

(010)Si /Ay,

................................

k,

" ([100]

(100)-sidewall N-FinFET

150

100

[$)]
o

[5)
S

Energy shift [meV]
o

-100

-150
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Nuo Xu

ka [007]
N
(A0S A,
-n-kl
e [170]
Ag| %

Energy shift [meV]

N. Serra, TED (2010)
EE 290D, Fall 2013

(110)-sidewall N-FInFET
Unstrained Strained
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Ap, 1% —_—
Ay 1 ]; TN

(110)-sidewall N-FinFET
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O—1 EAA’O

HEATO"
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n
2 1.0 1 2 2 -1 0 1
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Strain Enhancement on FINFET
Carrier Mobility: Holes

. 1 L -
Equi-energy contours from the 1st HH o
e ~, , N, 3
Planar MOSFET I
100)/<110> N -2
(100) 0 (100) Surface | oos &
prgedy redus S
— 2
01— 0
0.0e+00 1.0e+09 2.0e+09 3.0e+09 4.0e+09
Stress [GPa]
]
FinFET 08 o1 S
(110)/<110> : -
0.6 - — | =2
b 0.05 W
0.4 (110) Surface 2
900 ) 0.2- -
- :.%‘- L L .S
unstrained o, =-1 GPa S R
0.0e+00 1.0e+09 2.0e+09 3.0e+09
Stress [GPa]

Courtesy of L. Smith (Synopsys)
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Impact of Fin Width Scaling on
Piezoresistive Coefficients

Open symbols - Simulated Closed Symbols - Measured

N-Channel (Electron) %0 P-Channel (Hole)
80 | _
N 0 o e ) T S o ]
60 e m L, | O T S
a |} ,'6 2 0 II 7 e m|
7 A0f 1% 70 = 7
s I Bl Saitoh, VLSI 08 s [ ] T
= 20 O XuEDL12 @ ghinEDLO6 { = 20 O Xu, EDL 12 W Saitoh, VLSI 08
g O Serra, TED 10 Suthram, EDL08 { .& O Krishinamohan, IEDM 08 Suthram, EDL 08
% 0 . % ol 4
S 20 S 1 | 5 ST
. S -20 | 8 ..... I s <
N N |- @ .. L A [ |
2 .40 2 O o
& & a0l 11
-60 s l}:y.......l........l........l.. .
6 9 12 15 18 21 24 6 9 12 15 18 21 24
Silicon Fin Width (nm) Silicon Fin Width (nm)

 No substantial degradation in piezo-resistance is seen with

decreasing fin width.
N. Xu, SOI Conf. (2012)
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| Thw

Impact of Fin Aspect-Ratio
W \ / 2

-
“\

scPS simulations\*:l Xu, IEDM (2010)
N -Channel (Electron) “‘/I—“f P-Channel (HoIe
\b AL

T T v T v T T v T T L
Tr \ bote Yy /Upen/ 58nm W = 20nm Tri-Gude
400F N _=9x10"cm” 1< . Best
o = OK1070m” ¥ o——8 POF Cileg: H_= 20nm, W_= 58nm
;"; \/ e o-=" { ~ '+CESL(Un|aX|aI) -8
~ /V‘T’"’—_'.——__:_'—!’ = £ 400 | —A— Biaxial Compressive i
& v P rh - ~ —e— Biaxial Tensile -
v300;/ —_v--’- '¢’ A——A - E ]
> T a A—A S | <110>Fin
= o A =y
2 f ?‘/A <100> CESL (Uniaxial) 1 = 300 .
= ;A —v— <100> Biaxial Tensile o |
g 200 ,ﬁ,,’ —B—<110> CESL (Uniaxial) - % b ---
- le —A— iaxi i ° ) -
3 |? <110> Biaxial Tensile :I:o 200 "9'""9'""0-----6---__9 .
w I Open: H_=58nm, W_=20nm )
i pen: N, s P_=1x10"cm”
Filled: H_=20nm, W_= 58nm inv
100 N . B S T T 100 P PR TR MU NP NI R |
0O 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Stress (MPa) Stress (MPa)

* M, is highest for <100> uniaxial-strained Tri-Gate, y, is highest for
<110> uniaxial-strained Tri-Gate at high level stress.
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Strain Enhancement on Short-Channel
MOSFET Performance

Expt. results, N. Xu, VLSI-T (2011,2012)

Mobility vs. Gate Length ATZI%/_I% vs. Aiyi/lgin Under strain
14} e +  p-channel FDSOI S$=0.59
S Long Channel n+12% { 10} L,=30nm~80nm i
1R R s Tkl Tl -4 & P_=7.0e12cm”
; ot deiomh S [ Ptz
§1o. E’E\},/;\HL | L7 -
% i ] i ' Forward Back Bias —
£ ® 5[ v_=-05~-1.0v S=054 '
Ll o -
- 5% 300K 2
g P_=9.5e12cm® | & °[ '
.g 6 durte P!/D inv_ o cm ‘_é I .
c c .
't [ | —@—short channel 1 % —°2} ‘éVafer Bending .
o 4l 1 =-70 ~ 170MPa
2 4 +Id,|in % o8
(7)) T T S T . . ———— 0 N D DT DU R R RPN R RPN
30 40 S50 60 70 8 90 100 0 2 4 6 8 10 12 14 16 18 20
Gate Length (nm) |, Increase @[V, |=10mV (%)

« Enhancement in apparent mobility is maintained vs. L,
scaling.
« ~50% of Au/u can be transferred to Alg\/loy-
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