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Introduction : MOS Model 11

Goals for MOS Model 11:

® suitable for digital, analog and RF

® nhumber of parameters comparable to MM9
® simulation time comparable to MM9

® physics based
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Introduction : MOS Model 11 (lI)

Model developed for accurate distortion
analysis In circuit design:

® surface-potential-based model

P accurate transition weak ® strong inversion
® symmetrical
® distortion

P accurate description of third-order derivatives
(i.e. T3I/V3)
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Introduction : MOS Model 11 (llI)

mplemented physical effects:

® mobillity reduction

® bias-dependent series-resistance

® velocity saturation

® conductance effects (CLM, DIBL, etc.)
® gate leakage current

® gate depletion

® guantum-mechanical effects

® bias-dependent overlap capacitances
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Introduction : Structure of MOS Model 11

W, L Junction diodes
l modelled by
JUNCAP-model

Geometry Scaling
T -l

Temperature Scaling

Vss u l I Currents
VGSH Model Equations |->| Charges
DSIJ ! Noise
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Outline : DC-Model

®* V;vs.y.-based models

® Mobility reduction

® Bias-dependent series-resistance
® Velocity saturation

® Conductance effects

® Symmetry

® Gate leakage current

® Junction model
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DC-Model : V;-based model

V;-based model:

103¢
104 — Interpolation needed
10°. / between subthreshold
@m ; and superthreshold
0107/@M1 (Ves - VT) (e.g. BSIM4 and MM9)
ny Ve=0V b Smoothing function
ny Vps=1V
10-100 ' 1 ‘
VGS (V)
Rolips ch MOS Model 11 =  PHILIPS




DC-Model : Surface-Potential-Based Model

y -based model:

R o=+
<D~ drift difi,,««'/

107 Single equation for
o whole operation range:
$ 107

a 107 Idrift = 1:(VGB Y s01Y sL)

00/, Vg=0V

10'”/ :.-"'|OIrift Vps=1V it = 9(Vee Y s0Y st )

10-110 . 1 | 2

Ves (V) b = g * i
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DC-Model

. Surface Potential Approximation

"2 B B R -V %ys O . Ys O
Y, 6
?GB kFB "Ys gzySﬂT iT xgeh 1+JTX((§eJT_1;
' Weak-inversion_> .
Approximation - -~~~ b |terative solution
Strong-inversion
90'8 i Approximation
o ' inq??
. Implicity P Time consuming?”
To4 | V=0V
t_=32nm| P Approximation used:
— D% 17 -3 .
0 NA_2 10‘ cn — yS(VGB ’V)
Ves -Ves (V) (Solid-State Electron. 44, 2000)
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DC-Model : Surface Potential Approximation (ll)

Model incorporates linear/saturation region

for long-channel case: v

DSAT — VDSATIOng

P Short-channel devices: Vipsat <VDSAT|Ong

=100 . .
"N Vosar | Approximation used:
i = Ys=Ys(Vor:Vpsxt Vsg)
3 where:
>
V.. = Vs *Vpsat
_ bSx 2m 2m ﬁ
@DS +Vpsat )
Vos (K. Joardar et al, IEEE TED-45, pp.
Vs 134-148, 1998)
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DC-Model : Mobility Reduction

I
— 0
MOS Model 9: M=
1+q ><Eeff
10~ # | _
: ~=_ P higher-order
o el derivatives:
< : \ \ i
= i 1 | ﬂ | D
@ I | | ‘ g A —
2 S R 1 mi \/ |
~ 1077 L g M A g m3 ﬂ GS
= W/L =10/10 um %~ _
V=0V <L not well described
v =0 ~+  NMOS
106 Vos=O0IV
2 3 4 S 6

Ve (V)
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DC-Model :

Mobility Reduction (I

* surface roughness scattering: M, 1 E

® phonon scatterlng

-2

m,, KU Eeff-%

10°5 rmmmmee ,
S o |
= N T m
?’8 | eff m= 40 ~
> | 1+\/qsr XEorr H0pn Eer
- 107 W/L ***** wiopm D SR
© V=0V | N, (IEEE TED-44, No. 11,
o VDS=0-1V B E pp. 2044-2052, 1997)
2 3 4 5 6 [P different for holes
Vas (V)
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DC-Model : Bias-Dependent Series-Resistance

Gate-bias induced distortioh

Internal series- for NMOS W/L=10/1nm
resistance: = 105 \ \ \
® bias-dependent for ; 0° |
LDD-MOSFETS 2 107
® independent parameters: <‘—§ 10° | ; 3
= 2 10°/ |
Or = 2°b >Rseries é O% IR |
1010 g4l |
RN | e | DS
% 10-117 VT/ | e
1 2 3 4

Seriess (v
Resistance ©° V)
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DC-Model : Velocity Saturation

< 10%= .
S V=0V  Drain Current:
I il G
= Vg =-WeQ, 0
= SN
<E( _ Carrier Velocity
= (MM9, BSIM4):
=
@ i ' ‘ , > E
T 00 O 1Jratlczm o 4HDE. V = ]
Vos (V) o / =
DS Sat

Drain-bias induced distortion
NMOS, W/L=10 nm /1mm

Rhilips 1 MOS Model 11 =  PHILIPS



DC-Model : Velocity Saturation (II)
m>E

Electron Velocity: V= >
aam 0

1+ / xXE, =

2’(3’ sL 7Y sO) \/ 8 Vaat ”ﬂ

Approximation used In
calculation of I:

Electric field E, varies
linearly along channel

0 L vy
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DC-Model : Conductance Modelling

Drain-Bias Induced Distortion for NMOS W/L=10/1mm

g 0% _
D \ Ve =0V static Feedback
5 v 7’5 and
r— - R elrt-Heatin
= 105, . HD1 9
E “““‘AAAA A ‘A:",,
< I J AAA e LI
o A AAA \H‘m\_ | 4 £
= | a8
@) . 4
- A
i 3
Velocity 0 3 ) Q
S fOCFy Channel Weak-Aval H
aturation Length \/DS (V) eaK-Avalancne
Modulation
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DC-Model : Symmetry

Symmetry of MOSFET : Drain <» Source
Io( Ves » Vbs s Vs ) = -Ip( Vep » Vsp » Vs )

Care has to be taken with the implementation of:

® ideal current equation
® velocity saturation
® DIBL/static feedback

® smoothing function
(linear/saturation region)

IIIIIII
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DC-Model : Symmetry (lII)

Symmetry of MOSFET : Drain <» Source
In( Vas » Vos s Vsg ) = -lp(Vep » Vsp » Vs )

1.E-01 1.E-01 MOSModeI 11
MOS Model 11 > 7Q
— < MOS Model 9
2 ~
< n
— MOS Model 9 2
© S
> 2
(@))
©
1.E-02 1.E-02
-0.6 -04 -0.2 0 0.2 0.4 0.6 -06 -04 -0.2 0 0.2 04 0.6
Vpos (V) Vps (V)
Philios = e
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DC-Model : Gate

Leakage Model

NMQOS (in inversion):

E
V' Gate Oxide Substrate

Gate current density:

‘]G M Vox >Qinv ‘ P(Vox)
Direct-tunnelling probability:

)@gw“ﬂ
Approximation (at V=0 V):

>QI nv

P(V

OX

| BO OX
G

Philips
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DC-Model : Gate Leakage Model (II)

1.E-09
B Measurement — Modd
IIG 1.E-10 |
— 1.E-11
i | cov <

L 1E12 }

1.E-13 | -
1.E-14 )
-1.5 -1 -0.5 0 0.5 1 1.5
Vgs (V)
NMOS, V=0V, t =2 nm, W/L=10/0.6rnm
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DC-Model : Gate Leakage Model (lll)

B X/,
IG_IO >Q|nv 0 OX)éj/

1.E-09 1.E-09
® Measurements — Mode
1.5V
1.E-10 -
1.E-10 1.2V
< < M
. 1.E-11 . 0.9V
B 1E11 f
1.E-12
VGS = VT + OlV
1.E-13 1.E-12 ‘ ‘
-1.5 -1 -0.5 0 0.5 1 1.5 0 0.5 1
Vaes (V) Vps (V)
NMOS, V=0V, t_ =2 nm, W/L=10/0.6rmm
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DC-Model : Gate Leakage Model (1V)
NMQOS, t_ . =2 nm, W/L=10/0.6nmm

T "OX
I 1
G — Modd
08
0
+ \_w 00 %—( Ves =09V
©
(-r; 0.4 r ~\l:a:::':;h_v_....................
:D
D 82| len/lc
0
IGSZIG' IGD 0 0.5 1 1.5

Vos (V)

— ~ Bo ¥ox
lGD_|O><(:>%>a\/ox>Qinv>eO %j%
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DC-Model : Gate Leakage Model

(V)

1.E-09

W/L=10/0.6mm, V5=0 V

1.E-05

" Measurement — Model ) " Measurement — Model
1.E-10 LE06 fapuos =Y
< = 1E-07 |
~ 1E-11 | <
= L 1.E-08
1.E-12 |
1.E-09 |
1.E-13 ‘ 1.E-10
15 -1 05 0 05 1 15 15 -1 05 0 05 1 15
Ves (V) Ves (V)
PMQOS, t,,=2 nm NMOS, t,,=1.55 nm
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DC-Model : Junction Model

MI\/Ill ‘

S

Junctions modelled
by JUNCAP-model

P based on Level=500

diode model: \ B’

® trap-assisted tunnelling JUNCAP
® band-to-band tunnelling
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Outline : AC-Model

® Intrinsic charges

® Gate poly depletion

® Quantum-mechanical effects

® Bias-dependent overlap capacitance
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AC-Model : Intrinsic Charges

L . _ ) _
Qs =W xefl- Y9q,, ay % T R0 7 Qs Qe
Oe LQ L y
n*/QD :WXC\)E@inV >dy
+++++++++ () | |
e Slelelele STo — Intrlns\lc C%)amtances:
\ i =Lfor =]
T 1w
........... 0 T\/j

wherel, | =G, S, D or B
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AC-Model

. Gate Depletion Effect

Gate Oxide Substrate
/ Body factor of poly-silicon:
7(__§92j. F o = \/2>q>es. XN
______ —1A% p/ Iq>yS " C,.
---------------- | Gate surface potential:
A ?/ IO2 e 02
Veg - Vg - Y st - 5x
2
Philips MOS Model 11 s PHILIPS
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AC-Model : Gate Depletion Effect (ll)

Drain current

Gate capacitance

1.8

15 1
K p:].OO
k p:100 A~
%10 - rl
a i O
— O Vsg =00V | Veg = 0.0V
Vps =50mV Vps = 50mV
. W/L= 10/10nm ; W/L= 10/10nm
0 0.6 1.2 1.8 0 0.6 1.2
Ves (V) Ves (V)
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AC-Model : Gate Depletion Effect (lII)

Including gate depletion effect P using electrical t,

1.2 1.2
T 08 —~ 038
= =
O 04 O o4
tox = 3.6nm tox = 3.6nm
" Measurements Vps=0V = Measurements Vps =0V
1= Model | WL = 80+612/2.5mm L= Model WL = 80*612/2.5nm
3 2 0 1 2 3 3 2 A 0 1 2 3
VGS (V) VGS (V)
0.18mMm
NMOS CMQOS PMQOS
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AC-Model : Accumulation

Approximation in accumulation (no parameters added)

2

tox = 3.2/NMm V=1V
N ,=2*10" cm’®
1 L
— V =
S oV
-
0
Accumu-| Weak- Strong-
. lation | Inverson Inversion
-1 0 1 2 3
VGB - VFB (V)
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AC-Model : Quantum-Mechanical Effects

Inversion-layer is formed at distance Dz from interface

Dz 1 Eg s
c
% (F. Stern, CRC Crit. Rev. Solid
-E Quantum_Mechanica| State SCi., pp499-514, 1974)
S
c
@)
8 Classical : : :
S Effective oxide thickness:
& e
O —_— OX
tOXeff _ tOX +
e :
S
Distance from Interface
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AC-Model : QM-Effects (Il

Including QM-effects P using physical t_,

1.2 1.2
™ 0.8 ™ 0.8
= S
S S
0.4 tex =3.25nm| O fox = 3.20m
B Measurements Vps =0V " Measurements Vps=0V
N Model WL = 80*612/2.5mm L Model WL = 80*612/2.5mm
3 2 1 0 1 2 3 3 2 1 0 1 2 3
VGS (V) O 18rTm VGS (V)
NMOS CMOS PMOS
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AC-Model : Bias-Dependent Overlap Capacitance

Gate

n

++++++
Source o ' N
N

P

Source/Drain

Two-terminal MOS-capacitance
Accumulation and depletion region included
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AC-Model : Bias-Dependent Overlap Capacitance (lI)

Two parameters (Vgg,, and Kk,
60 60
= Measurements ® Measurements
— Mod€ Coverlap — Model Coverlap
m m
E S
O 20 | VSB:OV © 20 ¢ VGB:OV
VDS =0V VDS =0V
0 | WL = 80*512/2.5m‘n 0 | WL = 80*512/2.5nm
0 0.5 1 1.5 2 -2 -1.5 -1 -0.5 0
Vee ) 0.18mm CMOS  Vee )
Coe PMQOS Cep
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Noise Model

® 1/f-Noise: Unified Model (BSIM4, MM9)

(Kwok K. Hung et al., IEEE TED-37 (3), p.654 , 1990;
ibid. (5), p.1323, 1990)

® Thermal Noise:

4k T VD(SAT)
Sip = | >B<L2 x  OE°(V)>xdv  where: g(V)=-W>p(V)>Q,(V)
D 0
(F.M. Klaassen & J. Prins , Philips Res. Repts. 22, pp.504-514, 1967)
MOS Model 9 MOS Model 11
11 11
= aff m = eff
1+ M & o
Vo 1+¢ Y ><E“+
e sat 9
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Noise Model : Thermal Noise
50W Noise Figure

15
+ " Measurement| b no hot electron

R WIL= 160/0.35nm effect needed

010 | Vips =3.3V to describe

N noise behaviour

o

w 5
(A.J. Scholten et al.,
IEDM Tech. Dig.,

) MMO9 ‘ hot electr. pp.155-158, 1999)
0 1 2 3

Vs (V)
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Noise Model : Thermal Noise (Il
50WNoise Figure (no noise parameters needed)

25 25
20 a Measurement s Measurement
— Model 20 : —— Model
% 15 % 15 Ves=3.3 V
~ chhcurmel ~—
3 i . eng
L 10 2.0pm L._“O’ 10 A\ ™ channel .Iengfhn
:‘-\*‘ &A‘A—A‘-;;;; .... 2°Ool51'm
5_ 5_ :-;,,,v;;:,;:;:;: OUM
0.35um 0.35um
K Vp=3.3 V K
O | | | O | | | |
0 1 2 3 0 1 2 3 4
Vg (Volt) Vos (Volt)

P Verified on 0.35mm, 0.25mm and 0.18mm CMOS
(A.J. Scholten et al., IEDM Tech. Dig., pp.155-158, 1999)
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Model Parameters & Extraction

T
W — Geom_etry £ Temperature — Mod_el
L Scaling Scaling Equations
Maxiset Parameters Miniset
Parameters

k{)l xge\ - V&R)\:k
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Model Parameters & Extraction (lI)

Description of: Parameters:
Single device 40
T-scaling 11
Geometry scaling 39

+
Complete technology 90

» Binning will also be an option
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Model Parameters : Parameter Scaling

Different parameters have different scaling relations

-0.7 0.6
B Extracted Value B Extracted Value
-0.8 05 "
> Scaling <
09 | 204 |
m = ' Scaling
> i
-1 0.3
e R — 0.2
0.1 1 10 0.1 1 10
L  (MM) Ler  (MM)
Flat-band voltage Body factor
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Model Parameters : Parameter Scaling (II)

: 2000 = M easur ement
- Old b-scaling: .
— 1500 —Scaling .
Weff <§ Old Scaling .~
b =Dgq x Z 1000 | A \
Leff . _
L . New Scaling
— 900 NMOS
: CMQOSI18
P Influence of pockets 0
0 5 10
L s (M)
. b W
- New b-scaling: b = = x—eff
+ s, « P 8?[_ expa? Lot gg Let
Db L Lo gy
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ly (pA)

Model Parameters : Scaling for 0.18mm CMOS

I - Vgg-Characteristics

20 10/10 NMOS; Vo = 50 mV 160 10/1 NMOS; Vog = 50 mV 388 | 10/0.18 NMOS; Vs = 50 mV
16} MOS Model 11 120 MOS Model 11 s00l MOS Model 11 >
12 < ~ 500}
S 80 S 400}
8 = —= 300}
4 40 200f
100 B (R
0 | | 0 | | 0 . "",?/‘ | | |
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 08 1.2 1.6 2.0 0.0 0.4 08 1.2 1.6 2.0
gate—source voltage (Volt) gate—source voltage (Volt) gate—source voltage (Volt)
L=10nm L=1nm L=0.18mm
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Model Parameters : Scaling for 0.18nm CMQOS (lI)

0., - Ves-Characteristics

I (LA/V)

16 10/10 NMOS; Vyg = 50 mV 150 10/1 NMOS; Voo = 50 mV 1000 10/0.18 NMOS; Vyo = 50 mV
Ada, MOS Model 11 s — T
y 120 B MOS Model 11 800 B MOS Model 11
12
< 90} < 600}
<{ <{
8 G S
e 60 e 400
(@) (@)
4 300 200t / '
O /& ‘ | | | O Lalnt” | | | O l/ ' ' .
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0
gate—source voltage (Volt) gate—source voltage (Volt) gate-source voltage (Volt)
L=10nm L=1mm L=0.18mMm

Rhilips 1 MOS Model 11 =  PHILIPS




Model Parameters : Scaling for 0.18nmm CMOS (lll)

I - Vg -Characteristics

, 2.0 10/1 NMOS 8
200| o g Eae
1.5 6 >
<C < <t
2 E 10 E 4
_® 100 _© -9
50 0.5 2
O i 0.0 0 ettt bbb
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0
drain—source voltage (Volt) drain—source voltage (Volt) drain—source voltage (Volt)
L=10mm L=1mm L=0.18nm
RAeEych MOS Model 11 =  PHILIPS




Model Parameters : Scaling for 0.18nm CMOS (IV)

J4s - Vps -Characteristics

107

]
1.6 2.0

= 10/10 NMOS 10/1 NMOS 10/0.18 NMOS

10E MOS Model 11 107 MOS Model 11 MOS Model .11
= e > 10™ =
2 - 2 <
3 107" i 107° S

107 LI e —
1 O-8 “a LYCIIN A 1 0-7 ] ] ] ] 1 O-4 | | ———
0. 0.4 08 1.2 16 2.0 0.0 0.4 08 1.2 1.6 2.0 0.0 0.4 0.8 1.2
drain—source voltage (Volt) drain—source voltage (Volt) drain—source voltage (Volt)
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Model Parameters : Temperature Scaling

NMOS, W/L=10/10nm. Vss=0 V

2.0-10 1.2.10°
1.5-10 :
8010
~ S
< 5 <
- 1.0-10 \<E
° 2010°
5.0-10
Philips
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Model Parameters : Parameter Extraction

Characteristics: | Parameters: Fitted on:
Subthreshold Subthreshold 5
Gate Capacitance Poly depletion Cyo
Linear Region Mobility, R ies ;& g,
Output Velocity saturation 5
Conductance off
Substrate Current | Weak-avalanche |5
Gate Current Gate leakage Je
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Examples & Applications : RF-Distortion

NMOS, W/L=160/0.35nm, Vp=3.3 V, P\ =-5dBm

fE\_lo . ®Measurements —MM11 fg_lo =Measurement —MM11
Q20 | B -20
g -30 | H2 % -30 HD?2
o
al al
© 40 g HD3| o -40
2 =
o @) D3
£ -50 | €-50 |
T @© \
T BSIM3v3  MM9 T |4 BSMaE—  “wmo
0 1 2 0) 1 2 3
Ves (V) Ves (V)
f=16 MHz f=1 GHz
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Examples & Applications : RF-Distortion (II)
NMOS, f=1GHz, V5s=1.0 V, P,,=-5dBm

0

B
o

W/L =120/0.25mm HD2 " Measurements — MM11

BN
o

N

o
N
o

IN
o

IN
o

Harmonic Amplitude (dBm)
1 (b 1 1
o

Harmonic Power (dBm)
1 1 QI) 1 1
o

N 50
A W/L =192/0.18mm
-~ = Measurements —MM11 / HD3 60 ‘ ‘
0 0.5 1 1.5
° Vas (V) i Ves (V)
0.25mm CMOS 0.18mm CMOS

2
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Examples & Applications : RF-CMOS Model

NQS-effects described by segmentation model:

segments have only

] drain current noise
1 Cgso ’ Cgdo_1 . )
anl P avm “* b induced gate noise
s | s O A 1 [ T 1 & [ o comes outnaturally
O—e1—1— I '_“'\___L“:"'—' I ¢ I ' I ¢ I —  1+—O
—— Cjun,s c;annel Ciund ==
segment 1
ﬁﬁjun,s 1 Rbulk Iqjun,cﬁ
I R
oub (A.J. Scholten et al.,
BO—-I:::E::: S IEDM Tech. Dlg,
& sus PpP.163-166, 1999)
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Examples & Applications : RF-CMOS Model (Il)

0.18mm CMOS, NMOS, Vs=1.8V NQS-Model, 5 segments
40

f = 3.5 GHz
o 30}
10 2: L = 1 MM
—~ i =  20b
= - cﬁm =
o s og 10k
L = 0.18 um
B 09 ok
10-13 | | | | | —10 LI L L L L LIl | IOQ)IIIII
0.0 0.5 1.0 1.5 2.0 2.5 10° 10° 10" 10"
Ves (Volt) f (GHz)
Input capacitance Maximum gain
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Examples & Applications : RF-CMOS Model (lll)

0.18mm CMOS, NMOS, Vs=1.8V  NQS-Model, 5 segments

) 6
5| L = 0.18 um :“:_; 5| L = 0.18 um
‘.}fu.'
Al J_’J{. ’ Al
@ o )
~ 3} z'f: ~ 3} .
3 | P £ '
I ' Lof S
T de-embedded f et el
O | | | | | | | | O e a | e mbedded
0 2 46 81012 14 0 2 4 6 8 101214
f (GHz) f (GHz)
50W Noise Figure Minimum Noise Figure
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Examples & Applications : RF-CMOS Model (1V)

NMOS, W/L=160/2nm, f=1GHz, V<=3.3 V, P,,=0dBm
~-20

ch " Measurements —MM11 NQS-I\/IodeI with
= 30 INFL N=2 N segments
E
2.40 | HD3
< AAAAA, 2 A
O
s -50 |
% ( N=10 3_rd-order
T 60 | Istortion

0 1 2 3

Vaes (V)
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Conclusions

® MOS Model 11 is a symmetrical, y .-based model
Including accurate description of transconductance,
conductance and gate leakage.

® Charge model: accurate description of accumulation,
gate depletion, QM-effects and overlap capacitances

® Noise model: accurate description of 1/f noise and
thermal noise

® Parameters determined from I-V and C-V-measurement

® Model implementation has been finished, first tests on
circuits have been performed

® On the Internet (March 2001):
http://www.semiconductors.philips.com/Philips_Models
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