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Compact Modeling or SPICE Modeling

LN

e =

Medium of
Information
exchange

e Good model should be o Excellent Convergence
= Accurate: Trustworthy simulations. o Simulation Time — ~LSec

= Simple: Parameter extraction is

easy. e Accuracy requirements
=" Balance between accuracy and _ ~ 1% RMS error after fitting
simplicity depends on end application
e Example: BSIM6, BSIM-
CMG
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Industry Standard Compact Models

 Standardization Body — Compact Model Coalition

e CMC Members — EDA Vendors, Foundries, IDMSs,
Fabless, Research Institutions/Consortia

« CMC is by the industry and for the industry



What 1Is MOSFET?

« MOSFET Is a transistor used for amplifying or
switching electronic signals.

G

Soulrce
Q
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Introduction to MOSFET

 Building block of Gb memory chips, GHz
microprocessors, analog, and RF circuits.

Basic MOSFET structure - _
and IV characteristics Polysilicon gate & SiO,

Gate

Source ﬁ Drain

Oxide

N
P Semiconductor body

What Is desirable: large |,,, small | 4

drain
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How can we simulate MOSFET based
CIrcuits?

e \We need

— Currents
lys = W.Qinyp- v = W.Qiny- UnsE

dV .y
lys = W. Cox(l{gs — Vt)-/flns d—;

— Charges (for capacitance)



Energy Band Diagram in Equilibrium
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Depletion and Inversion

Surface is depleted of holes

V> Vi

0

Gate
+ 4 4 4 4 4+

Surface is inverted

Si0,

00000
Depletion layer
charge, Qg

P-S1 body
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Vg>>Vib

Gate

P-Si substrate
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Threshold Condition and Threshold Voltage

Threshold (of inversion):

n,=N,, or 7 E.
(Ec_Ef)surface= (Ef_ Ev)bulk/ or :-—L —————— i -—-—-E
E

<> A=B,and C=D

kT N,
Yo = 2¢p =2—1In <_>

q n;

Amount of band bending

v - \/qNaZES 205 at surface is called
ox C “Surface Potential”.
0X E,
M O S
Vg — I/fb + s + Vox

N 2¢g. 2
Vt :Vg at threshold :Vfb+2¢5+\/q a4€ ¢B

0X
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Inversion Layer Charge

« Applied Gate Voltage

(:? € (:?hwv 7 e
Vg =V + 205 — = E
ox Cox 1 - ———F F
\/qNazgs 2¢B Q qV
=V, +2¢., + e )
® ¢B COX COX Y
EC‘EF
_V "l Qinv
Rt (::()x E,
M O S
Inversion Layer Charge wemsy | Q. =-C (\/g -V,)
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MOSFET V, and the Body Effect

 Two capacitors => two c 5
charge components dep W
d max
V 2
ig Qinv 1 _Coxe (Vgs -V ) T Cdep sb
Gate A dep
c I T — _Coxe (Vgs (Vt Vsb))
oxe T ¢ oxe OXG
y (00000000 .
: N :
/_ T ;ﬁdﬁlaf -  Redefine V, as
Cdep C
mll dep _
P-Body Vt (Vsb) _VtO T C Vsb _VtO T avsb
oxe

v,



Uniform Body Doping

 In earlier generations of MOSFETSs, the body
doping density is more or less uniform and W ...,

varies with V.
 In that case, the theory for the body effect is more

complicated.

N._2
Vt :VtO 1y \/qCa " (\/2¢B +Vsb 4 2¢B)

=V, +7/(\/2¢B +V, _M)

v 1s the body-effect parameter.




Threshold Voltage Modeling

* Long/Wide Channel Model With Uniform
Doping

V,,=VFB+®, + @, —V, =VIHO+y(J®, -7, —\,'tI}E]

— Vg=flat band voltage

— Vyo=threshold voltage of device at zero substrate
bias

— v 1s the body bias coefficient given by

;V — ‘\/2965!N5u&sa’mz’e
Caxe
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Threshold Voltage Modeling

» As channel length gets shorter V,, shows a greater dependence on
— Short-channel effect < Higher Off Current Leakage
— DIBL < Higher Off Current Leakage at high V4

0.00 |-
~ —0.05 |
L ;,-
—0.10 -/

.
2T
%015 f’ ~
- o m V. =50mV
—0.20 - J e Vi=10V 7
—0.25 | | 1l
0.01 0.1 1
L, (pm)

AV, (SCE.DIBL)=-6, (L, |[2(V, - ®,)+7, |

- kBTln(NDEP;NSD

q 1

|



Threshold Voltage Modeling

* The complete V,, model implemented in
SPICE as

_ | IPEB
V, =VTHO+(K,, - [, ~V,y —K1-,[@. | s — Kool

i

-
+K,_ | 1+LPED—1;JcI:_+[K3+K33-ﬁ;ﬂ,] TOXE o
“\ L, )Y °° W +mo

DVTOW DVTO i .
{ L. . + f L. % E.Eb: _'::IJ:.:|
cosh | DVTIW =< | -1 cosh|(DIT1= | -1

—0.5.

.
0.5 | L

- (ETA0+ETAB -V, |- Vi —1v,.In| L
cosh(DSUB | -1 | | Ly + DVIPO. (14275 |

b _-.'.

.

,,
Dyip ‘] . tanh(DVTP4-V,,)

DIVTF
Lo

—[DVTPS +



Surface Mobility

Ids :WXQianV :WQinvlunsE

= WQinvlunsVds / L

i :WCoxe (Vgs _Vt)lu nsVds /L

e Scattering mechanisms
— Phonon scattering
— Coulomb scattering
— Interface roughness scattering



Surface Mobility

* Mobility is a function of the average of the fields at the
bottom and the top of the inversion charge Iayer £ and £ .

From Gauss’s Law, = — Quep/ & I

Gate

Vg :Vfb T +Vox = Vt :Vfb T @y _Qdep /Coxe E‘ ! T“"“
'--.?-o-.[ N
C Y W\
Therefore, E, ==V, V=) . -
(C,‘S P-body
Et g _(Qdep T Qinv)/gs 1 C
C E(Eb T Et):f(\/gs +Vt_2Vfb_2¢S[)
= Eb_Qinv/gs: Eb+%(\/gs_vt) C i
c S > 22 (Vg +V, +02V)
B % (Vgs _Vfb = ¢St) NMOS with n+ poly-Si gate ;
S Vy=-0.5 and (0.4 - Vgs +V; +0.2V
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Universal Surface Mobilities

(Vs + Vi + 0.2)/6T,,, (MV/cm)

00 02 04 06 08 10 12 14 16 18 20

(S-A/,wd) Ayljiqow d3e4ng

100

e rr—r—rrrTrr1T T

" A TI5A. -025V A

- QO 171 A, —087TV
200

150

‘ | I I | L | | 1 1 I | I |

"\.suh H
vV 2x 1()‘f |
o ’ A 5x107 ]
Q% Electron (NFET) o 610
o 4
— Model

0
Tmc ‘ .'I (s] .

O 89.1A,-039V Tox=54(A)

: Vie=0,10and 2.5V

W 700 A, -0.78V

—— Model

Hole
l(PFE'I')
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00 02 04 06 08 10 12 14 16 18 20

~(V,, + 15V, 0.25)/6T,,, (MV/cm)

oxe

eSurface roughness scattering is
stronger (mobility is lower) at
higher V,, higher V,, and thinner

Empirical fitting
540 cmZ/Vs
N (Vgs +V,+0.2 V)1-85
5.4 VP

185 cmz/Vs
- (Vgs +1.5V.—0.25 V)
S8 T s

Hps =
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Mobility Modeling in BSIM4

mobMod =0
(5.6)
e Uo-£(L,;)
of / \2
v N 7 \2 = ‘4
1+(UA+UCY,, ) Ve * 2V | 1l Ver ¥ 2V | 1y V ’TO;E .
\ )\ TO \I/gs,gﬁ+2‘/ri,;-+o.0001 )
mobMod = 1
(5.7)
g Uo-f(I,)
Tl roswm (VoW Y 7 TOX,
14| U4 22\ yp| 24 __ 2| \(1+UC -V, )+UD Vo T ():15 4
|\ 1o ) TOXE T T+ 27, +0.0001 |
mobMod =2
(5.8)
. Uo-f(Ly)
eff r EU Fi N
¥ .+C,-(VTHO-VEB—®, V. .TOXE
L+(UA+UC T, || -2 (T)‘L’E W +UD‘ — ‘
I 0 Vg + 247> +0.0001 |
where the constant CO = 2 for NMOS and 2.5 for PMOS.
(5.9)

L
= / eff

3 S &

| VitV
6T

oxe

Vg -Vt 2y,

" 6T

oxe

Vgsteff + 2Vt
6T

oxe

Eeff o



Current in subthreshold region

e Subthreshold conduction
— Transistor is in depletion

« Surface potential is determined by | -—----—F- -t

depletion under the gate, which is

kN b TR

constant everywhere (vs= y,)-

2

2
Y
+VGB _VFB }

i
~y. = -+ | —
Wsa l/jsa [ 2 \/ 4

4 O)
Vec —Vu
. \20eN, ”
Q| - . ¢te
2./2¢; +Veq
\_ /
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Vi = Vg = constant

:

|
o
I
L
L
L
|

Vie  Vug

dVv
| 4 (X) = 2 WQ, d;B



Current in subthreshold region

. Integratmg from source to drain,

jlds(x)dx Iﬂeff W -Q; - dVg

| = Hetg ——

| = |0[e
12/3/2014

VDB
lgs = Her — jQ dVeg
Ve (" Ve —Ves Vin
W J‘ \/ZCIg N ; e Né ] 'dVCB
L L 220, +Ves |
Vs Vin Ve - Ves —V1u Vbs
" =€ ik J m |, =1e {1—e ”q’t]
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Current in subthreshold region

[T
|
CDI
>
5|
olA

* Note — V,, Is a function of body bias.

— If Vg Increases in negative direction, V1,
Increases.

Vi =Vio + 7y +Ves — /85 )
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Subthreshold slope

It is defined as the amount of gate voltage
required to change the gate current by 1-decade.

Thresholld voltage On
: current
i
dV
S | GS < 1059 onedecads
— :: 10-3 4 of current f

d (Iog I ds ) £ 104 1/5lope = SS :

3 105

s 106 - AV = 80 mVi

s :

107 ;

108 - current E

| [ | | [ I I I I
0.2 04 0.6 0.8 1.0
At room temperature -
r wuate voltage, V (V)
Cdep Cdep
S =(25.85)(2.30)[ 1+ ~60mV| 1+
COX (0)4
\. J
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Drain Current and Q

Q| = _Cc')x (VGC —Viy ): _Ccl)x (VGC Vo — avcb)

Qinv = Cox(Vgs B Vcs n VtO - (Vsb+Vcs)
== Cox(Vgs o Vcs - (VtO ta Vsb) - Vcs)
Qinv — 3 Cox(Vgs =) mvcs L Vt)

m=1+a=1+3T,,

W, . ~1.2

Inv

In MOSFET

« Channel voltage
V.=V atx =0 and
V=V atx = L.

m is called the body-effect factor or bulk-charge factor.



Drain Current Calculation

Now,
Ids - WCoxe(Vgs_ mvcs _Vt) Hnsdvcs/ dx

Integrating the above equation over the channel length L, gives
the current voltage relation as follows:

L Vds
IO Idsdx :WCoxe:uns J.O (Vgs — mvcs _Vt)dvcs
Idsl— — WCoxe:Uns(Vgs_ Vt_ des/ 2)Vds

W m
Ids — /unsCoxe T(Vgs _Vt L] Evds )\/ds




|-\ characteristics

dly, '
dvds 15x10" 1
W : 1.0x10"°
T Coxelu ns (V V desat ) 0
\/ ! Vgs _Vt
dsat m

Vis < Vst b Linear Region

Vis = Vi mmmmmp Saturation region

e transconductance: g¢,= dl,/dV

12/3/2014 Yogesh S. Chauhan, IIT

L = 10um, W = 10pm
Toge = 4nm, V, = 0.3V

Linear Regt Saturation region

Vg = 1.5V
Vg = 1V
" Voo = 0.5V
- ' R
0.0 0.5 1.0 1.5 2.0
Vi (V)

Drain current in saturation regic

W 2
Idsat = mcoxe/uns (Vgs _Vt)
W
gs Omsat = Ecoxe:uns (Vgs _Vt)
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|-\ characteristics

What happens at V=V .. & why I remains g
constant beyond V g,

v At V4=Vt + Qi Near the drain end of the
channel becomes zero ! I1.e. Pinch off.

l,. =WQ;,,u..E (Large E and and negligible Q;,)

v At V4 >Vt » A Very short region near the drain
end where the Q,,, = 0, a very high electric field
exist due to the drop of the additional V - V4. -
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Velocity Saturation

e Atlow E — V:HnsE

* The inversion-layer electron velocity saturates
at high field

v MnS
1+§/§sat

V = Mnsé.r ) E.) << asat
V=V = /unsgsat , &; = E.vsat

6 x 10°

5 x 106

4 x 108

3 x 10°

. i H N,=8x10%cm™?
2 x 10" —

Electron Velocity (cnvsec)

® Roughened, N, = 8 > 10"% em ™| |
L 105 N s | €y 18 the field at which velocity
O SOLN.Z 1 X 10Tem saturation becomes dominant.
12/3/2014 0 1 > 10* 2 x 10° 3 = 10° . IIT Kanpur 29
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Velocity Saturation and 1-V Model

W m
‘ f Coxe:uns (Vgs =B Evds _Vt )\/ds

Drain current 1+

when v <v

sat YogeSh S. Chauhan, II'T Kanpur
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Velocity Saturation and 1-V Model

 If Lis large then Ve will be negligible, then:

LS

W

m
I ds — T Coxe:us (Vgs _Vt b Evds )Vds

» Effect of velocity saturation on | :

Vds

| = (Long channel 1 )/(1+ Lt

)

» Inshort channel devices —mmmm—) 1+ .

12/3/2014
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It is called the long
channel 1-V model

Vds

>1
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Velocity Saturation and 1-V Model

e Drain current for V g >V,

W (Vgs_vt)z i V. -V,
Idsat o omL Coxe“ns A Vgs _Vt —LOng Channel Idsat/(l+ nsisisatLt )
MG, L
Very short channel case: Long channel case:
E.. L <<V, -V, E..L >V, -V,
Idsat :WVsatCoxe (Vgs _Vt B mEsat L ) W
Idsat zWVsatCoxe (\/gs _Vt) Idsat ~ ﬁcoxe:uns (Vgs _Vt)2
* gy IS proportional to V.V, rather than
(Vgs_ Vt)2 1
*Not as sensitive to L as than long channel
case (o<1/L).
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lys (WA/pm)

|-\ Characteristics

e Long Channel

0.03

- L =2.0pm Vv

=25V
-V, =07V

0.02 |

0.01 |

Vas (V)

12/3/2014

I3 (MA/pm)

Yogesh S. Chauhan, IIT Kanpur

Short Channel

0.4 ¢
g [ =0.15 pm VgSZZSV
o Vt=0.4v
03 F
Ve =2.0V
02 F
V=15V
0.1 F
V=10V
0‘(}IIIIIIIIIIIIIIIIIIIIIIII
0 1 2 2.5
Vas (V)

| 4 o VgS-Vt DITS
+CLM+ DIBL
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|-\ Characteristics

Rour( CLM} \

Curves for a R,..«(pIBL)

particular gate

voltage out(SCBE)

[~ — —» )
CLM DIBL SCBE

Curves for a
different  gate
voltages
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Compact Modeling IS
Art based on Science
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Smoothing function and I-V Model

e Smoothing function is required for a smooth
transition between two functions.

— This stems from the need to have a single equation
valid in all regions of operation.

e BSIM3 introduced use of smoothing functions
to get single equation valid in all regions of
biases.

— This gave continuous and smooth I-V and C-V
making it popular model for analog design.
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Linear to Saturation transition

 First generation SPICE models used this kind of equation,

(w m_,
T.ucox [(Vas — Vr)Vps — ?VDS] »Vbps < Vps,sat
ID — < 2
w (Ves — Vr) ]
—uCl, [ Vbs 2 Vpssat
: L 2m
I, and ~=2_ are continuous at
Vps 5
VDS — VDS,sat but d"Ip IS not.

dVps

T T T
12
: o By 2
finear (¥ = 2x =X b
— r e,
—4-03
. =9 g
f‘szn:t.lmt:u:lﬂ(") o finear(®) . "
; : ¢
e - . =" —Teombine™ —5 fcombine(®
foombine™® = |2x- =% if x<2 Faturation® | e
- feombins(®) 1 = 11
2 otherwise \
S ; 1
: § 2 3 i
X
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| Inear to Saturation transition

 For numerical robustness, the derivatives of arbitrary order must be
continuous at all voltage values of interest. This property is sometimes
referred to as co-differentiability.

e Single equation approach used in BSIM3. Define an effective drain-
source bias Vg

1
VDS,eff o= VDS,sat B E (VDS,sat B VDS = A& \/(VDS,sat L VDS - A)2‘|'4AVDS,50L1:>

* Vps K Vpssatr Vpserr = Vps

* ForVps > Vpssatr Vpserr = Vbssat

« Drain current equation becomes (V5>V5),

Vpsegi| VD 2:0.001)

g w / m.,2 VDsest( VDs:2.0.01)
¢ ID i f.“cox [(VGS - VT)VDS,eff [ ;VDS,eff] Voserr(Vps:2.01) | /
e Derivatives are continuous. j

Increasing A

_, Aetermines the degree
of smoothness.

Vps
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Sub-threshold to strong Inversion transition

For Vg <L Vo,

Ves=VT1=Vosf) [ _Vbps ]
ID =Ioe nkT/q 1—e kT/q
— This is not valid in strong inversion. It leads to excessively high current for
Ves > Vi

For Vgs > Vr

w . m._ .,
Ip = T“Cox [(VGS B VT)VDS,eff B ?VDS,eff]
— This is not valid in sub-threshold and leads to negative current for Vs < Vi
First method — Single equation: Ip=Ip,inv * ID,sub
Ip = ID,sub + ID,inv D ] o el

Eq. (1-11)
Good enough for Digital -
applications, but the derivatives B ach
are discontinuous making it p,sb —{) 7 .
unsuitable for Analog cases. Ip,iwv” vy Ves
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Sub-threshold to strong Inversion transition

Second method - Single equation: Use effective

Ve.e — Vi as
anT In [1 + exp (V VT)] Afog(]D)
2nkT /q
Vesterf = real
14+ 2n|ex —VGS Ve — 2Vory J'/
P 2nkT /q

e n isthe ideality factor and lies between 1 and 2. “-7’ T model
» VIS a parameter for fringing from width side. o oV

Assume V. =0 for further analysis.

o For Vg > Vy, the exponential term inside In() is
larger than 1 making Visr err = Vos — Vr

e For VGS < VT!

% kT Ves — Vr
VesTefrf = 739529 nkT/q
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Single

USG VDS sat —

equation for drain current

_ Vesrerr*+2kT/a , where 2kT /q is added for numerical stability

when Visr e K ZkT/q
We have written ID as follows valid from linear to saturation-

w / 1 2
Iy = 1Ch | Vos = VdVosers — 2 Visery|

W !
Ip = —uCoy [VGST,eff - 7VDS I Vosrers + 2kT/q

L

Now drain current becomes

/%4
Ip :—MC [VGSTeff_?VDSeff] VDSeff

Vesteff

}VDS ef f

[ w
ID:_

m Vps.ers
c..V 1 —— V
I HClox GST,eff[ 5 VGSTeff + 2kT/q DS.eff

 Thisisvalid for all Vs and V.

12/3/2014
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Terminal Charges and Charge Partition

o AC and Transient simulation
need capacitances. D

» Quasi-static approximation vk
— The Channel charge is assumed ¢ I~ +— B
to respond instantaneously to e

any change in the bias voltage. i a
* From Q/, we need to find Qg, s

Qg Qs and Qp.
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Total inversion charge

Before delving into Qg, Qg and Qp. Let us find the total
Inversion charge in the channel, Q.

The charge per unit area, Q,, IS glven as

Qr = —CoxVgs =V — mVis(x))
We need to know V ¢(x) —?

. |74 ) - |74
Define a = 1 — 222 \which gives, =~
VDS,sat VDS,sat
Thus

Vs = V“”ff[ J1 ——(1 a>2]

=1—aq,
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Total inversion charge
« The charge per unit area, Qy, is given as
Q1 = —Cox (Vs — Vp —mV¢s(x))
X
QI’ 3 _CéxVGST,eff\/1 - Z (1-a)?

e Thus total inversion charge

L
X
Qr = —WC(SXJ VGST,eff\/l — Z(l — a?)dx
0

 Total inversion charge

2
Q= — § WLC(;xVGST,eff

12/3/2014 Yogesh S. Chauhan, IIT Kanpur

1+ a+ a?
1+ a
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Source-Drain charge partitioning

o We know, Q; = Qs + Qp but not the exact share of each.

e The assignment of the channel charge to the source and
drain charges is called charge partition.

e Charge partitioning
— 50/50 partition: Arbitrarily assign 50% of Q; to Qs and 50% to

Qp.This is valid only when Vj¢ Is small. For Vp¢~0, MOSFET
IS symmetrical and Qs~Qp~Q;/2.

— 0/100 partition: This is based on the logic that in saturation, the
pinch off region implies that Q, = 0, which is actually not
correct.

— 40/60 partition: This is a more physical distribution of charges.
One should note that the charge distribution under this scheme is
40/60 only in saturation. However this partition scheme is valid
in all regions.
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Source-Drain charge

« Ward-Dutton partitioning scheme

L ' L '
QD:Wfo%Qldxi QS:Wf() (1_%)Qldx
e Drain charge

“x , L x X 3
0o =W | T0idx = ~WCiVosreps [ 7 [1-701=aDd
0 0

2 | 3a3 + 6a% + 4a + 2
Qp = —TSWLCoxVGST,eff (1+ CZ)Z
o Similarly, 3402
L x y B 2 " 2a”+4a“+6a+3
Qs =W |, (1 — Z) Qrdx = = —WLCoxVisrefs 1+a)?

Ref.: S.-Y. OH, D. E. WARD and, A. W. DUTTON, “Transient Analysis of MOS Transistors,” IEEE JOURNAL OF SOLID-STATE
CIRCUITS, VOL. SC-15, NO. 4, AUGUST 1980.
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Gate and Bulk charge

e Total gate charge

Q¢ = WLCoy - (m—1)+3-

VGST,eff{ 2 14+ a+ az
3 1+ a

+2(m —1)(2¢F — Vgs)

 Finally Bulk charge,
Qs = —(Q¢ — Q1)

0Qm
Vi,

e Capacitance C,,;,, =

12/3/2014 Yogesh S. Chauhan, IIT Kanpur
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12/3/2014

Charge and Capacitance plots

10 T T T T T T el

0.8

0.6 -
e \ithout PD and QM

only PD

04k -« « « only QM

-=ve = \ith PD and QM

02F

Normalized Capacitance

0.0_ _' _'
V, (V)
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Real Device Effects

Channel Length Mobility Short
Modulation and DIBL Degradation Channel Quantum
Effects Effects
Velocity
Saturation
Temperature
Effects
GIDL Current .
Fringe

Capacitances

Impact lonization
current

Direct tunneling gate S/D Resistance/ Overlap
current Parasitic Resistance Noise models capacitances
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Parasitic Source-Drain Resistance

 The main effect of the parasitic resistance Is
that V In the I, equations Is reduced by Rl

Contact metal Dielectric spacer  Silicide G

Gate, Si

Oxide

N* Source or drain I

Silicide
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High-Frequency performance

oD High-frequency performance is limited
Ry = by input R and/or C.
Rm
/
L F 1
I\(/)I\c,)\/delrequency Rs %
> Rin = Rg—electrode T Rii
/! \

Gate-electrode resistance  Intrinsic input resistance



Gate-Electrode Resistance

Drain .
@—w.—W—w—w—w—'W‘—M:l |
/" Source Multi-finger layout greatly reduces

Rg-electrode the gate electrode resistance

i} 2
Gate electrode —
I:Qg—electrode B IOW /12Tg Lg N f
(Gate Gate
metal line metal line
Drain p : resistivity of gate material,
conree W; : width of each gate finger,

T, : gate thickness,
Drain L, :gate Iength,_
N; : number of fingers.

Source




Bulk MOSFET

e Drain current in MOSFET (ON operation)

174
loy = HTCox(VDD — VTH)Z

e Drain current in MOSFET (OFF operation)
. 1O(VGS;VTH)
OFR N C,, =€,/ to=0xide cap.

® DeS| red S — Subthreshold slope
* High loy (IL, 1Cox, TVpp-Viy)
* Low loer (TVrp, 18)
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Technology Scaling

e Each time the minimum ...
line width 1s reduced,
we say that a new
technology node is
Introduced.

.g. Intel 8008 2% \

EEENRENEEEEEEE :-----;,""'frgt{40nm%avength/l
l//ll -,II’\I,III \I."fl "\f
2 g, Intel aosa!/ all 1 AVARVERVARYS
82) g'g. Intel QL]ZBG
é |
85) ¢.g. Intel 8038

TNNZB00 nm (1989) e.g. P5 Pentium 60 MHz

/B\d light RO nm u/ra{e!engty

<
Sy
P

=
J
]

{=r

180 nm|(1999) e.g. Coppermine E Q
130 nm (2000) e.g. PowerPC 7447 O

nm (2002) e.g! VIA C7
'65 nm {_2006) e.g. Core Duo

 Example: 90 nm, 65
nm, 45 nm

— Numbers refer to the T
minimum metal line o
width. \H e

10 nm ‘

49 nm (2908) e.g. Core 2 (Wolfdale)
'32 nm (2010) e.g. Core i3 (Clarkdale)

16 nm (c.2013)

11 nm (c.2015)

— POIy'Sl gate |ength may 1970 1980 1990 2000 2010
I I Sraphg,‘octocgus ; Spem:atogoog Red blood Iqe!.‘ P Human_r‘mn;%:aj
aureus bacterium ea cross-section eficiency virus
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Figure source - Wikipedia

I 22 nm (2011) e.g. Xeon E3-1230 (lvy Brid



Technology Scaling

* Scaling — At each new node, all geometrical
features are reduced In size to 70% of the
previous node.

e Reward — Reduction of circuit size by half. (~50%
reduction in area, 1.e., 0.7 x 0.7 = 0.49.)
— Twice number of circuits on each wafer
— Cost per circuit is reduced significantly.

o Ultimately — Scaling drives down the cost of
I1Cs.



LOG, OF THE NUMBER OF
COMPONEMTS PER INTEGRATED FUNCTION

Scaling and Moore’s Law

 Number of components per IC function will double every
two years — April 19, 1965 (Electronics Magazine)

 Shorthand for rapid technological change!

Microprocessor Transistor Counts 1971-2011 & Moore’s Law

2,600,000,000

16 1,000,000,000
15k
14+
]ig A 100,000,000
Ir
10F -

gl € 10,000,000

8
a g e
Tr 1]
1]

6 L = 1,000,000 4

S5t §

4 (=

3 100004 y

2 - ®B0ies

a0R6 @ @R0BE . .
! Still working!
4] 10,000 50y wsen
|/ eza0
E® T SMOS 8502
2,300~  sone 2
I T T T 1
Fig. £ HNumber of components per lntegrated 1971 1980 1990 2000 2011
functiea for minimum cost per component ) )
extrapalated va time, Date of introduction
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http://www.intel.com/pressroom/kits/events/moores_law_40th/

Threshold Voltage Roll-Off

Long Channel Short Channel
| ! ! LI ! I LI
0.00 — —
V=0V L 4
~ —0.05 |- -
- - J
{ S —0.10- -
= L 4
2 015 N
(c) = i - : _
m Vy=50mV
—0.20 _ —
Vi = ""‘?l-sh[)rl - ¢ Vdﬁ B 1[} V -

h _UES | 1 Lol 1 Lol
Ik 0.01 0.1 1
L,(pm)

Vt decreases at very small Lg. It determines the
minimum acceptable Lg because loff is too large
when Vt becomes too low or too sensitive to Lg.
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Channel Length Modulation

Gate Esat

Source
R
L N+

Em

aln

A VDS _VDSsat
00 long channel
F L =20pkm V=23V
F W=0TV T
— 0oz fE S
=] C / E
=] : V=20V |8
T F /) :
- -/ g,
oy r ' H
0.01F Ve=15v| 5
= )
) V.o=10V
_/{ £
0.0 -"I'--I | | L1 1 1 | L1 11 I L1 11 I L1 1 1
0 1 2 2.5
d I (V)
g = dsat 1

ds —
12/3/2015:l Vds

Dsat

Dsat0

Pinch off point moves
owards the source as
V, increases

1+A—L
L

Short channel

g L =015 LI VSS=2.SY_

F =04V
03 =

- -

c P Ve =20V
07 z_ /// P

= )7 V=15V

E e

C r";‘// ______———______
01 /S

N/ Vs =10V

/A
00 :C.Ii--l---;_-l | 1111 | 1111 1111 | 1111

0 1 2 2.5

)
Eds I A, reduces
Yogesh S. Chauli, 11T Kanpur

C.Hu, Modern Semiconductor Devices for IC, 2009 Prentice Hall
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Technology Trend

2003 2005 2007 2009 2011 Drive
90 hm 65 hm 45 nm 32 hm 22NM  current
(mA/umj
Invented 20 Gen. Invented 2" Gen. First to
SiGe SiGe Gate-Last Gate-Last Implement
Strained Silicon Strained Silicon High-k High-k Tri-Gate
Metal Gate Metal Gate
, - >
Strained Silicon >
High-k Metal Gate
Tri-Gate

Product

45 nm
Process Technology

Penryn
Intel® Core™

32 nm
Process Technology

22 nm
Process Technology

lvy Bridge
Intal®
Microarchitecture
(Sandy Bridge)

TICK

Intel’s First
22 nm Processor

Westmere

Intelf
Microarchitecture
(Nehalem)

TICK TOCK 'TICK TOCK

Nehalem

NEW Intel®
Microarchitecture

Sandy Bridge
NEW Intel®

Microarchitecture

Microarchitecture

12/3/2014
Source : www.intel.com
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0.5 130nm
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Wasn’t that smooth ride?

 \WWhere Is the bottleneck?

w 2
Iony = MTCox(VDD — Vry)

* V., can’t be decreased — why?
« Subthreshold slope gets worse!

12/3/2014 Yogesh S. Chauhan, IIT Kanpur
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Thin Depletion Layer - Problem
| Gate

+ Q4=0QQ,
e Charge sharing
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Short Channel — Big Problem

Smaller
size

—
Q
(o]

-y
—

p—
=
3.
<
172]
=
Hr\
o
o
-
-
O
=
O
o

—
S

00 03 06 09
Gate Voltage, V__ (V)

MOSFET becomes “resistor” at small L.

Chenming Hu, “Modern Semiconductor Devices for ICs” 2010, Pearson
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Making Oxide Thin i1s Not Enough

Source

Gate cannot control the leakage
current paths that are far from the gate
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What can we do?

Source
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May 4, 2011
The New York Times Front Page

e Intel will use 3D ———
The New York Times .
Science
I In FE I at 22nm WORLD U.S. N.Y./REGION BUSINESS TECHNOLOGY SCIENCE HEALTH SPORTS OPINION
ENVIRONMENT SPACE & COSMOS

Intel Increases Transistor Speed by Building Upward

By JOHN MARKOFF

HILLSBORO, Ore. — Intel announced on Wednesday that it had
o IVI t d I h again found a way to make computer chips that could process
O S r a I C a C a n g e I n information more quickly and with less power in less space.
Enlarge This Image 1 he transistors on computer chips —

" e

eCales /i
** &

&

O;J whether for PC's or smartphones —
- * have been designed in essentially the
same way since 1959 when Robert
Noyee, Intel’s co-founder, and Jack
Kilby of Texas Instruments
independently invented the first
integrated circuits that became the
basic building block of electronic

* There is a competing
SOI technology




One Way to Eliminate Si Far from Gate

body controlled
By multiple gates.

Source

Drain

N

FinFET body .
is a thin Fin.

N

®
GLI 3

/3/20‘1—2 JINDRIES

]

N. Lindert et al., DRC paper II.A.6, 2001
Yogesh S. Chauhan, IIT Kanpur
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40nm FINFET — 1999
30nm Fin allows 2.7nm SiO2 & undoped body

a o -, a a o -; a a

1E-02

Vvd=005V, 1.05V

i
=
P

1E-06
1E-08
1E-10
1E-12
1E-14

66mV/dec

Measured
& Simulated

Drain current ld [A/m]

-15 10 05 00 05 10 15
Gate voltage Vg [V]

X H‘f?/?éo‘ﬁa"' IEDM, p. 67, 1993 Yogesh S. Chauhan, IT Kanpur 67



Introduced New Scaling Rule

Leakage is well suppressed if
Fin thickness < Lg

10nm Lg AMD 5nmLg TSMC 3nm Lg KAIST
2002 IEDM 2004 VLSI 2006 VLSI

a1 im _’| I-‘_ Lz=10mnn
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Two Improvements Since 1999

. 2002 FInNFET with thin

oxide on Fin top

F.L.Yang et al. (TSMC) 2002 IEDM, p.
225.

. 2003 FINFET on bulk

substrate

T. Park et al. (Samsung) 2003 VLSI Symp.
p. 135.

12/3/2014 Yogesh S. Chauhan, IIT Kanpur 69



State-of-the-Art 14nm FInNFET

Transistor Fin Improvement

22 nm 1 Generation
Tri-gate Transistor

intel) |-

0.01x

Lower Leakage Power

0.001x

1231%88urce: Anandtech

14 nm 2" Generation
Tri-gate Transistor

42 nm

60 nm pitch

pitch

34 nm
height

42 nm
height

22 nm Process 14 nm Process

65nm 45nm 32nm 22nm 14 nm

v

Taller and Thinner Fins for increased
drive current and performance

Higher Transistor Performance (switching speed)
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BSIM Family of Compact Device Models

1990 1995 1998 2000 2005 2010

>

E Conventional
MOSFET
Drn ]
Substrate
' sm‘

Silicon on Insulator
BSIMSOI i MOSFET
[ : L
BSIM-CMG & BSlM-l‘

BSIM; Berkeley Short-channel IGFET Model
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BSIM3

Multi-Gate
MOSFET



BSIM-CMG and BSIM-IMG

Berkeley Short-channel IGFET Model

First industry standard SPICE model for IC
simulation

Used by hundreds of companies for IC
design since 1997

BSIM FINFET model became industry
standard in March 2012

It’s Free
' A |



Common-Multi-Gate Modeling

e Common Multi-gate (BSIM-CMG):
— All gates tied together

Gate Gate
u u :
BOX 2]0).¢

— Surface-potential-based core I-V and C-V model

— Supports double-gate, triple-gate, quadruple-gate,
cylindrical-gate; Bulk and SOI substrates
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BSIM-CMG Model

= Surface potential obtained by
solving the 1D Poisson’s
equation

\%
azw qnl qu _% _q ch %

oxX° & |/ | =
Si Inversion Carriers Body Doping

= A Perturbation approach is used to handle finite
body doping

W +

winv
- _ ——
Net Surface Potential  Inversion Carriers only  Perturbation due to finite doping
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BSIM-CMG Model

e Drain current derived from drift-diffusion

W.rr [ Q2 ‘
[d = H'?” {% +2VQ; — Vi - (5CsiVe + Qp) In(5VCg; + Qp + Qi)]

Na = 3e18cm® Im} Na=3e18cm?®

0.5 1.0 15 .
Drain Voltage (V) Gate Voltage (V)
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BSIM-CMG
Global fitting with 30nm-10um FInFETs

14 S 25
12 110% ~ < N-Channel MOS
< NChannel MOS 574 < £ 20] vas=tov
é 10 o Vds=1.0V fo i3 © g
€038 AT 1107 2 € 1.5
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Modeling of Germanium FINFETs @10nm

e Ge FINFET may be used in 10nm node for
better P-FINFET.

 Industry standard BSIM FInNFET model can
now model Ge FInFET.

o Early availability of a unified Si/Ge FINFET
model facilitates technology-circuits co-
development.



Modeling of Germanium FINFETs @10nm

' ' ® Measured |

= 20nm . X Measured G
- 40 R X Bsimcmc |40
S; Model ()
c S
s ! o
= 20 120c
o g
=
©

0 bbb : S, T 0

-1.0 -0.5 0.0 0.5

Gate Voltage (V)

e Due to the lower m* of holes in Ge the charge-centroid is
farther away from the oxide interface resulting in a weaker SR
scattering.

* Ge mobility has a weaker dependence on £ up-to ~0.5 MV/cm
as the impact of SR scattering is only seen at much higher E . in
Ge as compared to Si.

S. Khandelwal et. al., "Modeling 20nm Germanium FinFET with the Industry
Standard FinFET Model", IEEE Electron Device Letters, July 2014.
12/3/2014 Yogesh S. Chauhan, IIT Kanpur
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Modeling of InGaAs FINFET @10nm

L=20 nm, H=30nm, W =20 nm, Nfin = 4. Data from: J. J. Gu et al. IEDM 2012
' ' ' ' ' ' ' 400 . T .
o Measured Data
I BSIM-CMG Model
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3 = |
b= é V =0to08V
o = 200 ¢ =
- @
. =
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S. Khandelwal et. al., "InGaAs FinFET Modeling Using Industry Standard Compact Model BSIM-CMG", Workshop on
CompactModeling, Washington D.C., USA, Jung2C14 hauhan, 11T Kanpur 79
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Transistor Pathway

Si/Ge Gate All Around (GAA)
Vertical or Horizontal

*‘ l Improved electrostatics

* Precision etch and CMP
n22, n14 n10, n7 I l ‘ » Scaled metals
' ' + High Aspect Ratio ALD
r’i’:ﬁ“j_‘ -

n5, n3

.

=
“‘-‘__ o

— -
il - S

-V FInFET

Improved mobility
* Epi structure
» [lI-V gate interface

Si FinFET Si/Ge FinFET * New material CMP

Vertical
TFET

Improved SS
* Epi structure
* Multi-pass CMP
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Source: Applied Materials ’ Pl -, Precision etch & CMP




FINFET Modeling for IC Simulation and Design:
Using the BSIM-CMG Standayd

darc Chapters

1. FinFET- from Device Concept to Standard
Compact Model

. g P : .
L R R, 2. Analog/RF behavior of FinFET
 —— _ R SR 3. Core Model for FinFETs
E ;‘-EE%; i::* " i1 4. Channel Current and Real Device Effects

i1 ) 5. Leakage Currents

6. Charge, Capacitance and Non-Quasi-Static

_ Effect

e R 7. Parasitic Resistances and Capacitances

sopala 8. Noise

ourab andelwa 9. Junction Diode Current and Capacitance

Pablo Duarte 10. Benchmark tests for Compact Models
p L aytave 11. BSIM-CMG Model Parameter Extraction

D 12. Temperature Effects
han, IIT Kanpur 81
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