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45nm Bulk CMOS Within-Die Variations. Courtesy of C. Spanos (UC Berkeley)

Lecture 11

* Process-induced Variability I: Random
— Random Variability Sources and Characterization

— Comparisons of Different MOSFET Structures

Reading: multiple research articles (reference list at

the end of this lecture)



Device Performance Variability

- An issue for small channel or active region area MOSFETs

Systematic components Random components

hov- defermmivhe

« Layout dependent determinche  ° Less layout dependent

« Performance can be predicted, * Only standard deviation
we: proxniy efted ¢ Gate, sT1, Lop)  can be predicted

T. Hiramoto, FD-SOI Workshop (2011) Dominant factor
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Random Dopant Fluctuations (RDF)

‘ Electrical potential
Fa A

Simulation of oV vs. Lg
. W=200nm

0.3 0.3

0.2 [ %4

0.1

0

Channel S I\ND
/ L]

Pe L |
LRSS y

o 35 dopants

A. Arsenov, T-ED (1998)

o
L]

: "
| 35dopants |

 arises from variations in ion implantation and thermal diffusion '
* becomes the dominant factor due to fewer dopants are used in scaled MOSFETs
« causes Vg (lowering) and|electrostatics variations

——
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Line Edge Roughness (LER)

t

Correlation between Potential Profiles of a
LER and RDF Narrow Width MOSFET

Source

M. Hane, SISPAD (2003) Tvl\;l;r:(r:ﬁct): (I;I(D)ﬁ)OI

 arises from variations in lithography (photons absorption, molecular structure of
photoresist) and etching (chemical reactivity of materials)

« causes channel width and gate length variations

« can correlate with RDF to induce more severe L _xand electrostatics variations

11/5/2013 Nuo Xu EE 290D, Fall 2013 4
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Metal Grain Granularit

. \\\ il \\\""““W""' P, WF, Impact of grain diameter on oV
i == / G =
\\\\ // \ P, WF, 02—
///, \\\\\\\\ p w|= 01515 .
— o0.10k .
Channel |||||| P4 WI:4 0.05} T- :
0.00 =———+-H
015k &=10nm ]
Example: TiN Metal Gate N 0.10} i .
Orientation Probability | Work Function :% 0.00 [———=a L -I_H‘rl T
o F =20 ]
(200) 60% 4.6eV £ 0asp =T .
0.10F - -
(l | I) 40% 44¢eV 0.05F Hﬂrﬂhﬂﬂm ]
ﬂ.ﬂﬂl_ S e s LSS B S i f _
015k =30nm - ]
- arises from variations in metal crystallographic 0.10f -
orientations during deposition and thermal process 005 H.mﬂ'mﬂﬂﬂﬂm ]

« causes different workfuction values, mainly affects ~ “%15 02 025 03 035 04 045
OVTH VT[V]
 efforts needed for the metal gate engineering A.R. Brown, EDL (2010)
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Performance Variability Analysis

|4 [NFET-BULK
ngLg=1 20nm/60nm
V, =50mV

1 2000 Trs 4

]

V
g
T. Hiramoto, Int. SOI Conf. (2010)

11/5/2013

Log /4 [A]

Iy [A]

Nuo Xu

I
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|
|
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variability :
|

VDD (1.2)

’ON
variability
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variability

" VDD (1.2)
V, IV]
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Performance statistics
should show a Gaussian
distribution.



Normal Distribution

V.4 Variability Characterization

Bulk SOl
S — S— MOSFET Vi,
INFET-BULK NFET-SOI TH
LW /L =120nm/60nm LW /L =120nm/60nm ]
[ 99 o° & [ 99 o ] Vi =V +¢ + qNsubWDEP
Vis=1.2V {7 Ve T 0s |
4 ] nv
Vis=1.2V |
+— Vos=50mV o N MOSFET oV,
Vos=50mV. / e
V., (lin)=44.3mV | . V.. (Ih.)=16.9mV R \/Nsubwdep
______ Vpdsaty=as.amv] | v, (sat)=18.7mV R EER]
2 0.4 0.6 0.00.2 0.4 0.6 0.8
Vine [V Vine [V] Aﬂr

« cumulative probability curves
« standard deviation (STD, or o) and mean value

T. Hiramoto, Int. SOl Conf. (2010)

11/5/2013

Nuo Xu
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Pelgrom Plot

0Omvr t,,=50n - S — —— /-,
x é O///
Smv/| - - A 6 2
U(VT} - tOX—zsnm A g ngh NSUB : //
EmVt Y, ; o _ VT o 8 Large Toy Q ///
VTH — \/7_ 5 J
LmVE . LW ) //8 Device with |
O 8/ g the same
2mvl Slope: A/t Ay fm’lf\/NS{,&?WDEP 5 4 A LW _
..% o/é 6 IéOW Nsus
OV s ] ! 3w XT P N L 4 mall Tpy.
20bp"0js5)s 33 24l O = V[ - J 4 y ' ox
Xfs2420  —1jvwT < 0 Y/ | Slope: Avr
pa.rameterQl n-channel s.d. | p-channel s.d. | unit 0 1 2
A 30 q 35 mVpum 1/2 -1
A o - S LW (um™)
-3 - 0.5 .
oK R s Lt ::v/‘;m  Pelgrom plot cannot unify the
VTO ‘ m . )
s 2 2 10°5 /um MOSFET oV, with different N,
Sk 1 4 107°V77 fum and tgy
M. J. Pelgrom, JSSC (1989) > needs a better, universal model!
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Takeuchi Plot

N
g [N W Vi =V +205 + GRS e
Gy = SUB"” DEP Con
Copr V. 3LW P S
\' q gB DEP:mH—(%B+2¢U):mH+O.1

——

:\/ q \/TWV(VTH_ Vep —20:) Deterlmned by \
30y Impurities —0.1V for @i gate
/ /_40 1V It varies in metal gate

::>
— B T]NV(VTHQ Vs — 2¢F) Eool oot

— LW £ K. Takeuchi,
3 | 1EDM (2007)
E & SISPAD

Where, B = |1 5 (2009)

v 005 —
350}( 0 0.5 1
Vru (V)
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oVy, [mV]

Pelgrom Plot vs. Takeuchi Plot

Takeuchi plot
60 — lPclalqrom plqt -, 60— dAKeLenl p
OO0 HV,, T =4nm : OOO Hy, |
50 -DDD MVth B LS] 50 -DDD MVth g' T0X=4nm
AAA LV, TS AAA LV, &)Qg el
40 ¥ E—l3(rj|xr;| ‘TOX=‘3nm ]
. : 3%‘3 T.=2nm |
W f P 6
30 L o
G A A P
% T,=2nm __

4 6 8 10 9% 5 10 15 20 25
1/4 LW [um™] L T AV, +0.1)/LW [nm0-5- V05 um-']

« Takeuchi plot shows more physical insight on the variability “magnitude”,

by decoupling the impact of V. T. Tsunomura, VLSI-T (2008)
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DIBL Variability Origins

high halo peak Loarst PIBL
neary ‘
uniform F -

q— l 1
. - " mﬂl pmﬂe -3:1Lmn PFET
Y ”» & I..Im {wi'c Halo) - T

i-‘i

fore ? % a0,
.-!-.' 3 iy =r """\-\.__\_\_\_\-
.1-.,. R -"Ir- E"‘{P "

bb{m d MuntE-EEI'ﬂESmuhl;}
pIBL ﬂ/ /vm in V] '\
in [V] |
o e ? - s B gt -4
s = la } : ‘é.
m [ev.q |

high halo peak

* Due to the asymmetric potential (E-field) distributions in a MOSFET
channel, any changes on S/D doping will induce DIBL variations.

M. Miyamura, IEDM (2008)
11/5/2013 Nuo Xu EE 290D, Fall 2013 ' 1



DIBL Variability Characterization

Bulk SOl
6 e A A 6 e
4KNFETs-Bulk 8KNFETs-SOI .
4} - 4} -
g | 86 LQQQ(nm), g _ ]
s 2 Oeuiz0 1 & 2} .
o 0=235mVY g Measurement ;
E o 60/200 E ) ]
@ :0=22.5mV] 0 L /W (nm)
o | O 60/500 o O 60/120
= -2F :0=16.0mvd = -2} :0=12.3mV +
c | oeot000 { £ |} O 60/500
c 4} o=1.7TmV] G 4 :6=7.17mV
=z O 60/2000 Z O 60/1000
6' Measurement :c=8.2mV | 6 ) :5=5.24mV |
0 100 200 300 0 100 200 300
DIBL [mV] DIBL [mV]

* Mean value of DIBL is determined by MOSFET’s electrostatic integrity.
« Standard deviation of DIBL is determined by RDF+LER variations.

T. Hiramoto, Int. SOl Conf. (2010)
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Impact of Random Variability on
Circuit Performance

N-MOSFETs Deep Logic Circuits 6T SRAMs

L =14nm
10™ ) . . . o
d : i ] 0 n M g 3
= 8 e R JIn(N/2) 0.0 0.2 0.4 06 0.8 1.0 1.2
: : T VL(V)
Apd 2 101 102 10° 104
Es’«.d-“) o Voo ‘1""' P Number of stages (N) ]
— T. Hiramoto, FD-SOI

H. Fuketa, IEDM (2011) Workshop (2011)

« Performance variations (dominated by oV;,) cause devices and circuits
leakage power increase and limit the V, scaling.
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Planar MOSFETs Random Variability

Technology Solutions

Retrograde-Well Doping
Co-implantation to mitigate
Transient Enhanced Diffusion

Double Patterning Approach
(Spacer Lithography)

Gate Last Process
Metal Material Engineering

Use thin-body MOSFETSs to
improve electrostatics! _

Oomku-“
0.45— — .//ﬂ.
0.40 &—aLine Edge Roughness < ROF_ Sou rces
0.35F #—# Random Dopants i RD F b
— 0.30 =—a Polygrain ] .
i& 0.25F +—eCombined ]
'E 0.20F 7]
o151 Planar Bulk FETs LER .
010} 7]
0.05F B
| | 1 | 1 1 I | 1 ] L L ]
00— 530 35 30 35 10 MGG )
Channel Length [nm] .
A. Arsenov, VLSI-T (2007) All
; e g OTBL S0 W’T'VS
. .'. E -
5 . » 1 +5 - 5 iz i
- 1
B | | o Eﬁ 0 Rk 501 Thickness|
4 ! ; | 53 g = = HIE! ! + Max
! \ J W'E 5 3 ® Mean
: 5 a8 7 ==
A B i o o g 5 S L
TR EAATYEERScE582885
Range =83 A Wafer #

Source; Soitec inc.

11/5/2013 Nuo Xu EE 290D, Fall 2013

S pipL | = e Le':j
' State-of-the-art UTB.bﬁ:ﬁ%é'inluA
MOSFET can achieve veryaf\l/
uniform Si film thickness
» excellent variability

behaviors
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FINFET’s Random Variability

- ‘ ‘ 400+ — ]
; u"‘o?‘} o=1.4mV ; 200 5
P,, 100 —L 7

e

O

3001 GER(an)

- GER(2nm _ N 0211.4uA/umi
| C5 ( L:I—I_" 5=10.3mV 200/ w, i
- | 5 ]

c 100 J -

300* FER(an) 5=23. 3MA/um

- FER(2

\/”"” L T %ﬂi
n 100

Mm—}lﬁﬂ ] of

| 3007 MGG(5
(5nm) _ | 200 (5nm) 0230.3uA/pm;

B [ A1

5 OE’_FHJ;—’lOS . 8.0008 0.00085 0005 0,00095 0.001
. | | _ . K
V_ (V) on (A/um)

X. Wang, ESSDERC (2012)

 LER (GateER and FinER) and MGG dominate the variability.
« RDF induced larger |, variation than the proportion in V4, fluctuation.

11/5/2013 Nuo Xu EE 290D, Fall 2013 ' 15



Bulk vs. SOI FinFETs’ Variability:
Geometry Fluctuations suce: soiconsortium

SOI FinFET
PRIMIPR

S01I SOI
Si-sub Si-sub

Si-sub

Bulk FinFET
PrIPR

Si-sub Si-sub
Fin
Si-sub - &b .
11/5/2013

3-sigma 3-sigma
Sources of Tolerance Tolerance
Variability Unit Nominal (current) (future)
5% 3sigma SOl thickness variability with future
SOl Layer nm 70 2 1 improvements in high volume manufacturing
Hardmask dep nm 10 1 05 10% cross-wafer 3sigma
Fin Etch nm 70 42 21 5% cross wafer + 1% overetch
Corner rounding nm 2 0.1 0.05
= "N
Total fin height variability (nm) 4.8 24 Root sum-square of all sources of variability

In 32nm technology, active area CD variability is 15nm
across iso-dense patterns, multiple pitchs and RIE
overetch from variability in vertical layers. For FInFETSs,
most of the CD variability is expected to come from the
overetch to account for thickness variability in Fin
definition since the pitch will be fixed. Assumption is
that 20% of the vertical variability will translate to CD

Total fin width variability (nm) 1.0 0.5 (Fin width) variabiliy.
3-sigma
Sources of Tolerance 3-sigma
Variability Unit Nominal (current) Tolerance (future)
HM oxide nm 8 04 02 5% 3sigma variation for oxide
HM nitride nm 70 7 35 10% 3sigma variation for deposited nitride
Trench etch nm 170 85 425 5% 3sigma from trench etch based on 32nm data
Oxide dry/wet etch with no etch stop. 100nm oxide
Oxide recess nm 100 5 25 etchback for 70nm fin height assumed.
Pad oxide nm 2 0.1 0.05
Well anneal nm 0 3 1.5\ Jsigma variability in junction depth from angled implants
Total fin height variability (nm) 12.5 (6.2 Root sum-square of all sources of variability
Assumption is that 20% of the vertical variability will
translate to CD (Fin width) variability. See previous slide
Total fin width variability (nm) 25 1.2 for more details on fin width variability.

Nuo Xu

EE 290D, Fall 2013
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Fin LER-induced Strain Variability

LER w/ LER w/
No LER misaligned S/D aligned S/D

* Average channel stress degrades
with fin curvature

Top edge=2nm LER amplitude=3nm
Bottom edge=3nm

Longitudinal stress Msh gt Pa
= = WSOE% . Stress distribution

-9.4E+08 o
13E+09 changes inside the

-16E+09 channel are bigger for

[ I !-2-0509 LER fin.
| Y te \g.3E+08
Hole density cm-3 _
P . mm 'se«12 o Most carriers move
| \ - _ 9.5E+18 .
Q< — 6.0E+18 along the fin curvature.
_—— .. » 3.8E+18
] — " "‘::'-,':‘_::_:_T—_""f‘ ; ‘:‘\_;, " v-’_:,:f—‘/' : = 2.4E+18 * the Ionger L
1.5E+18

On-state Bias: V=V 4=Vpp M. Choi, ISTDM (2012)
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FInFET’s RDF

Bulk & SOI FinFETs’ Pelgrom Plots

70

60

th
S

sigma(delta Vt) [mV]
-
[=]

-
o
i

=

(7]
(=1
i

h
S
L

1isqrt (WL) [um™]

T. Chiarella, SSE (2010)
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Vy variations from the PassGate N-FinFETs

Pass-Gate NFET
i AVT 7
® Nch=4e18cm”
i A Nch=2e18cm’ i
B Nch=6el7cm”
\ € Nch=5elécm”’
0 10 20
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30
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i -
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C.-H. Lin, VLSI-T (2012)

The multiple doping profiles existed in a bulk FInFET (i.e. retrograde-
well or/and HALO) generate large RDF, compared to a SOl FinFET.

The A, of a FinFET will be comparable to a planar bulk MOSFET’s once
the fin doping concentration exceeds 2e18cm-3.

11/5/2013
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