Digital IC Design and Architecture

MOS Transistor




Goal of this chapter

Present intuitive understanding of device
operation

Introduction of basic device equations of PN
junction

Introduction of basic device equations of FET

Analysis of secondary and deep-sub-micron
effects



Properties of Si




Properties of Si

O O O Q ﬁ « covalent bonding in the Si
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direction
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Energy band diagram of Si:
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Typical band structures at O K
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A. Insulators have large band gaps which prevents electrons to “jump” from valence to conduction
band. B. Semiconductors have smaller band gaps such that electrons can be thermally excited to
the conduction band C. In metals, large number of electrons exist in the valence band.



Doping o

Eu Eﬂ. . - >
I'=0K r=s50K

fS

(a)

(b)

(c)

ilicon

Energy band model and chemical bond
model of dopants in semiconductors: (a)
donation of electrons from donor level to
conduction band; (b) acceptance of
valence band electrons by an acceptor
level, and the resulting creation of holes;
(c) donor and acceptor atoms in the
covalent bonding model of a Si crystal.



Energy Band Diagram of p-type
Silicon
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Junction between two materials
E

Material 1
Density of states N, (E)
Fermi Distribution fi(E)

Two materials in intimate contact at equilibrium.
Note: Since the net motion of electrons is zero, the equilibrium Fermi
level must be constant throughout.



PN Junction: Energy Band
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PN Junction Under External Bias




MOSFET Energy
Band Diagram




Two terminal MOS Structure

oV, (GATE VOLTAGE)

S1 - Oxide interface

p-type doped Si1
N, = 10%° to 10'° em™)

V; (SUBSTRATE VOLTAGE)

EQUILIBRIUM: np=n~(n, = 1.45x10'° em™) |ntrinsic carrier concentration

Let SUBSTRATE be lmiforgny doped @ N MASS ACTION LAW
n,,= Nl and Py = N, (BULK carrier concentrations)
A

N-well CMOS Inverter Layout vV, = Vg

v

B2 Bl

DD 35



Energy Band Diagram of FET
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Metal (Al)

Oxide

Semiconductor (Si)

p-type

—— __ The energy required to move
an electron from the Fermi
level into free space is called
Work function:

q®ds-qy + (Ec- EF)



Two-Terminal MOS Structure with External
Bias

Three Regions of Operation:

1. Accumulation Region: VG <0

2. Depletion Region: VG >0, small
3. Inversion Region: VG >0, large

Wy (Gate voltage)

r
substrate p-type doped Si

l Vg (Substrate voltage)



Two-Terminal MOS Structure Accumulation
Region
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p-type Si substrate
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Two-Terminal MOS Structure Depletion Region

Copynght © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

C|3 Vg >0 (small)

Eml Ecml Oxide

Depletion region

Metal (Al)

Fepep————

Oxide

P
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Two-Terminal MOS Structure Inversion Region

Copynight @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Vg >0 (large)
Metal (Al) Oxide Semiconductor (Si)
Electrons attracted

/ p-type
to the surface
/ / Ec
---------------------------------------- \ o IR =

p-type Si substrate Depletion region

i VE=G




Two-Terminal MOS Structure Energy Band
Diagram
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Metal (Al) Oxide Semiconductor (Si)
/ p-type

Ec  Bending of the

/ semiconductor
X3 I X Ei  bands at the onset
"""""""" 2 ¢F|__I__.[_}_-¢F EFp  of strong inversion:

aVTo / Ev  the surface
EFm potential ¢, is twice
the value of ¢ in

the neutral p
material.
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Two-Terminal MOS Structure Depletion Region

E V. >0 (small)

+ Eox + EoxOxide

x, = f(¢)

04 DEPLETION Region

X
d d
xi y p-type Si Substrate

3: T;lit;fi;ci[fss the p Vg = 0Mobile hole charge density in
ple = \V thin layer parallel to Si-Oxide

dQ - -qNadx — ¥ interface
(dV=dQ/C) dé - —dQ x aNA dx - » Change in surface potential
&S £Si to displace dQ by distance
o 2 x into bulk (Poisson eq)
: s atA aNa 2
S do= fx dx Oy — OF = x5
¢'F 0 €5 25-:* c

Depletion Region Charge Density

. 2 5; |05 — OF|
d gN A Q= -gNAXqg = —yqN ats; [0 — OF|



Two-Terminal MOS Structure Inversion Region

V_.>0 (large)

Inversion Region I c

v Eox ¥ EoyOxide

Tamy

p-type Si Substrate

Inversion Condition Ll v =
B
¢'S = - ¢’F \/
- - 2¢€ g; ‘ Zt’pl:."
Xdm =X |¢'s=‘¢P _‘J qN 2
kT .
Op, =——1In % (N, >>n)
q N,

n = 1.45x 10" cm™® @ room temp,
k=138x102]/°K, |

q=16x10"C

INVERSION Region
electrons

attracted to Si-Oxide interface
holes

repelled deeper into Si bulk

QBH =Q |x =X, = 'qNAxmn

- —JaN pe5;[-29F]

Q,, -> depletion charge density at
surface inversion (¢ = - ¢,)

4. = kT]nND
q n;

(N, >>n)

=>KkT/q =26 mV @ room temp



Threshold Voltage for MOS Transistors

n-channel enhancement
For Vg, = 0, the threshold voltage is denoted as V. or V[V, -> V10 in SPICE]

Threshold Voltage factors:

-> Gate conductor material;

-> (Gate oxide material &
thickness;

-> Substrate doping;

-> Impurities in Si-oxide
interface;

-> Source-bulk voltage V;

-> Temperature.

V10 = ®cC - 29F -

Qox Qpp  +fornMOS
= - for pMOS
Cox

CDK
V_, -> Flat Band Voltage [V = VEB in SPICE]

205 = PHI in SPICE]

Qpo = -+/29N At s;|-2¢5| C/cm? [N , = NSUB in SPICE]

Q,, -> depletion charge density at surface inversion (¢, = - ,)

.. = ¢ (substrate) -0, metal gate
@ = ¢ (substrate) -¢, (gate) polysilicon gate

O . =0, -> work funtion between gate and channe

GC

Q_ =qN_ C/em’ [Q__=gNSS in SPICE]

(sub) q::.F[,gatvel

Q_. -> charge density at gate Si-oxide interface due to
impurities and lattice imperfections at the interface.

SOX . . .
COX = - Gate oxide capacitance per unit area

tox



Adjusting Vo using an added Channel Implant

Qm QH{] Intrinsic V_ - no channel
Vie=Poc=2¢p— C_C L ant adius
> ox b implant adjustment

| Qm‘ Q q N, Adjusted V' — due to channel
Vo=Vt AV ()=Poe—=2 b= B0 1

. C_ O implant adjustment with carrier
ox - . concentration N,
+ L g i
T or p-type implant
AV =+ qN, “ |
70— — C.+—— 4N, for n-type implant
X ( Al

2X

NOTE: When channel implant adjustment N is done as a step in the CMOS process,
the SPICE parameter VTO refers to the adjusted threshold voltage V' _ .



Threshold Voltage for MOS Transistors

n-channel enhancementVTy = Vgg - 29 - 2'30 forVa=10
ox

For vgg « 0: the threshold voltage is denoted as V., or VTn_p

Qg = -4/2qN aes;|-20F + Vsg| , Qpo = —+/2qN At 5;[-2¢F|

VT=VFB—2¢F-2DK— 2B

O CGX
Q Q —~
_VFB_ZqJF_Cox_CBU_ CQBD
l ox OXI ox
VTU

where

Qp - Qgo _ JEQNAE 3 ({208 + Vap| - 4205
Cox Cox

| |
(Y = Body-effect coefficient) [Y=GAMMA in SPICE]

VT = Vg + ‘."(1”—24’1:-' + Vgp| - ﬂ—2¢F|)

Y= ‘qu Ny Esi - Body-effect coefficient or

Co substrate bias




Threshold Voltage for MOS Transistors

n-channel -> p-channel

****BE CAREFULL*** WITH SIGNS

* V., is negative in nMOS, positive in pMOS

* 0, is negative in nMOS, positive in pMOS

* Q, Qg are negtive in nMOS, positive in pMOS
e v is positive in nMOS, negative in pMOS

* V. is positive in nMOS, negative in pMOS

C
NOTE: 7y o —2¢
CGC



EXAMPLE 3.2 Calculate the threshold voltage V., at V. =0, for
a polysilicon gate n-channel MOS transistor with the following
parameters:

substrate doping density N, = 10" cm~,

gate oxide thickness t = 500 Angstroms,

flat band voltage V, =-1.04 V,

oxide-sub interface charge N_=0cm? => Q_ =0

dielectric permativities: € _=0.34 x 10*Fem™, €, = 1.06 x 10"*Fem’’

Q Q

—>> V100 = VFB - 20F(sub) ~ & - CBU <<
ox ox
(1)]:—"{511'3}:
kT, n 1.45x10°
Oy =~ In—-=0.026V1 *0 =035V
q N, 10
C

ox

o & _034 x107" Fem™
S 500x10~°cm

(9

=6.8x10° F/em®




EXAMPLE 3-2 CONT.  Vgn = VER - 20F(sub) - ‘éBO

€ =0.34x10"*Fcm,

Ox

e.=1.06x 10 PFcm’!

Qg

Qpo = —1/ 2qN ats; _E‘I’F(sub)‘

=—/2(1.6x10" C)(10"° em™)(1.06x10 " {Frm ™) 12x0.35 VI
F=C/V

=-4.87x 108 C/cm?

Qp, —4.87x10° C/em’
C 6.8x10° F/cm?

Ox

=-0.72V

VTon =-1.04V -2(-0.35V) -(-0.72V) = 0.38 V



EXAMPLE 3.3 Consider the n-channel MOS transistor in Example
3.2:

substrate doping density N, = 10" cm~,

gate oxide thickness t = 500 Angstroms,

substrate Fermi potential @ =-0.35V

zero subtrate bias threshold voltage V., = 0.38 V

dielectric permativities: € _=0.34 x 10"*Fem™, €, = 1.06 x 10*Fcm'™.
In digital circuit design, the condition Vg = 0 can not always be
quaranteed for all transistors. Plot the threshold voltage V. as a
function of V..

— > V1, = Von +¥(yI-20F + Vsp| - [-205]) <«—

Y - Body-effect coefficient: F=C/V
yo V20N, e +/2(1.6x1077C)(10"° em™)(1.06x10 > Fem ™)
C.. 6.8x10°Fcm®

_5.824x10°C/V  em?

- ——=0.85V"*
6.8x10°C/Vem




EXAMPLE 3-3 CONT.

VTn = VT0n +Y(J\—2¢F + Vg —1/|—2¢F\)

where
V1o, =038V  (from EX 3-2)
v=0.85V'?
A V_ (Volts)
1.60
1.40
1.20 <
1.00 7
0.807
060 Vy - 0.38V + (0.85VY/ 2)(F0.7V + Vep] - 0.7V])
0.40
0.20 | | | | 1 | | FVSB(VUHS)
-1 0 1 2 3 4 5 6



MOSFET |-V
Characteristics




FET Band Diagram at Equilibrium
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MOS Operation: A Qualitative View

Caopyright @ The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Vg=0 Vo> Vy ]‘ Vp smat
Io)
‘ ORIDE ‘ I
SOURCE ORAN
m+) i+
(a) .
HAMNEL }f
SUBSTRATE (p-5) DEPLETION REGION
Ve
i Vg =V i
VS_ D a T T VD W UDSAT

PINGH-OFF
POINT

SUBSTRATE (p-5i) DEPLETION REGION

tOLrHCE UFIA;N
(e} ms
(b)

o

Vg

Vgm0 Vo > ¥y T Vg > Vpsar

3l ——= L

e — [ e )
(s} {rs)
{C} —-‘/_— PINGH-QFF
POINT -~
SUBSTRATE {p-Si) DEPLETION REGION

Vg

n-channel MOSFET cross-sections under different operating conditions: (a) linear
region for V; > V;and V, < (V; - V;); (b) onset of saturation at pinch-off, V; > V;and
V= (Vg - V7); (c) strong saturation, V> Vy-and V,> (V5 - V7).



|-V Equations of NFET

MOSFET CURRENT - VOLTAGE CHARACTERISTICS

L, Cox W 2
D~ > L [2(Vgs— V1o) Vps— Vil

k W 2
= EI [2(Vgs— V1o) Vps— Vs

k' -> KP in SPICE]

k )
= E [2(Vgs— Vo) Vps— Vps

I




NFET in saturation region

MOSFET CURRENT - VOLTAGE CHARACTERISTICS 9

V. >V_-V_ =V . SATURATION REGION
_u, G W 2
I, = ’ 1 [2(Vs= Vo) Vbs— Vps| @V, =V ,r= V-V,
C W
- unz N L [Z(VGS_ VT(})(VGS_VTG) _(VGS_ VTG)E]
C_ W
I (sat) = an = (Vos= Vi)
2l (mA) Vis = Ves - Vio A I (sat)
U l«—LINEAR <« SAT ——
: V=5V
2.0 1
V,, =4V
N V.. -3V
1.0 30 50 ' Vo (V) >

Vi, V

GS



NFET in saturation region: 2" order effects

MOSFET CURRENT - VOLTAGE CHARACTERISTICS 11
V=0 Vi =V.>V. V=V, >V

DSAT

u,C, W

C W
(Vs Vo)™ = Paox AL (Vas— Vi)

L 2 L(l _
where AL oc \/ Vbs— Vpsar

1 :
emperical relation: —ap =1+AVps  [A-> LAMBDA in SPICE]

I, (sat) =

T)

A = channel length modulation coefficent (V)



NFET in saturation region: complete
MOSFET CURRENT - VOLTAGE CHARACTERISTICS 12

C, W C, \WY
I (s = 2o 5 (Vgg= Vi =P i (V= Vi)’
L(1-=5)
1
1 —x7 =1+ M Vi assume ?NDS <1
L
C, W
I (sat) = = ( VTO)Z(I + A Vi) LEVEL 1
| W C W ] Model
Ip(lin) = n2 = 0 [Z(VGS ~ Vo) Vps - Vﬁs:k“ AVps)
al (mA) Vs = Vas - Vi

4.0

2.0 1

A0y gy

A0
A #0 Vs =4V
V=3V
1.0 3.0 5.0 " Vs V)



Current-Voltage equation of the nMOS

[,=0 for V.. <V, (3.54)
. -C W
[D (lm) — a [2 ( - VT )VDS — VDZS] for
2 L
and
Q&mﬂzﬁ%;j W'( —V) 1+ AV er
and

Vee 2V,

Vig <Veo =V,
(3.55)
Ve 2V,

VDS = VGS - VT
(3.56)



Current-Voltage equation of the pMOS

I,=0 for V..>V, (3.57)
o u, G W
I,,(lin) = i 5 ' 7 12 Vs = Vi)V g — V;s] for
and
My Coe W
I, (sat) = p2 ' 7 '(I/(}S_I/T)z'(l—l_/l'l/l)b‘)for

and

Veg <V,

Vg >V =V,
(3.58)
Ve <V,

VDS < VGS - VT
(3.59)



MOSFET CURRENT - VOLTAGE CHARACTERISTICS 15

MEASUREMENT OF PARAMETERS (V,,, v, 4, k, k)
W

W

kn =“n Cmr._ k‘p =”p(:nx

L

* -
Ve *I BQ-'I' Vgn
+ L=

GS
IR
v v
Gamma

V1 = V1o +v(y|-20r + Vsa| - [-20F])
vT(vSB) - 1‘;"I:FTIZ'J

' w/|-2¢F +Vgg| = /=205

o
G I + L ;‘V]H

5

L

k >
I, (sat) = ?“(VGS_ Vio)

’JID(SHI = \/1{2;{“'?55_ Vru)

7 S

VH]; = () VHH = ()




MOSFET CURRENT - VOLTAGE CHARACTERISTICS 16

DC current meter

Lambda DI d
G | *ID —__i_VDS = VGS B VTG

_ + | m——

VGS o VTG +1V _I:C B
S
v v
I V..=0
A D
- Ves =V t1 I, (sat) =k, (Vgs— Vo) (14 A Vi)
——— 1 V. =V, +1V

/] I,, 1+AVy,,
- » V —

V DS IDl 1 +?LVDSI

DS2

3 Ip; -Ip2
Vpsi1lp2 - Vps2Ipg




EFFECTIVE CHANNEL LENGTH AND WIDTH

SPICE Parameters

I‘-::r: I*.‘-.:I ) 2@@

LD -> under diffusion
DL -> error in photolith and etch

Weﬂ = WM B @
SPICE Parameters

DW -> error in photolith and etch



MOSFET
Capacitance
Models




MOSFET CAPACITANCES
G




MOSFET CAPACITANCES
C

gb

MOSFET
(DC MODEL)

C ,C  C_ ->Oxide Capacitances

C. C, —>_]unction Capacitances

db”



b. Gate - Channel C_, C and C
MOSFET - Cut-off Region

Cgb - Cox W Leff

Cy=Cyuy=0
(no conducting

channel in cut-off)

C,.=0

g

CgS =(1/2)C_ WL,
ng =(1/2)C_WL,

f

C,=0
Cgs - (2/3) Cox W Leff
C,=0



Capacitance Summary

Capacitance Cut-off Linear Saturation
Cgb(total) SOéWLeff 0+ CGBO 0+ CGBO
o O'SCOXWLeff * 0 + C
Cg J(total) 0+C_,, o | GDO
C S(total) 0 +CGSO 0'5COXWLeff . (2/C3)Cox WLeff
i Coso * Caso
1—1ﬁ

Normalized Capacitance (C/CgWL)

L

ng
,fi
v

VT

Gate-to-source Voltage (Vgs)



Capacitance Summary

Capacitance Cut-off Linear Saturation

Cgb(total) SOéWLeff 0+ CGBO 0+ CGBO
- O'SCOXWLeff + 0+C
Cg J(total) 0+C_,, o | GDO
C S(total) 0 +CGSO 0'5COXWLeff * (2/C3)Cox WLeff
s CGSO + GS0
Caso = CoxWLp ol Cgb.
apo = CoxWLlp s

C
Cego ™~ 0 (small)

Normalized Capacitance (C/CgWL)

2/3+

12+

VT

Gate-to-source Voltage (Vgs)



Drain/Source Capacitance

JUNCTION Capamtances =>C, ,C_

B

, ©
W
n* Channel nt @

Source Drain



Drain/Source Capacitance

-
V.
/ / ©),
n*  Channel n* @
Source Drain
Junction Area Type
(1) W x n'/p
@ | Yy | e
© Wx | n/p’
@ | vy |
(5 wy | n'/p

[x. > X] in SPICE]

p - Substrate -> N |
p* - Channel-stop -> 10N,



Depletion Region Capacitance

Depletion Region Capacitances -> C_, C

n’, p junctions

. =\jzam( 1,1 ]{%_WH V = Ext Bias --> V,, V,,,
d
4 " kT [N, N, | built-in junction
n : potential

1

m = grading coel@ ient

(_g] = depletion-region charge A = junction area m = % for abrupt junction
- ]
C H*".l=ldg"l= Af'_.ra =|[AS. D)-CJ () [AS, AD = Source, Drain
s av v T }m"‘ Areas in SPICE]
gy PR [CT = C_ in SPICE]
where ' [PB = (_in SPICE]
igeg , N N ' > 1n . ;
CI=C =y L8222y L @Flem)

/ 1" 2 N+N, ¢y [MLT == min SPICE]

Zero-bias junction capacitance per unit area



Depletion Region Capacitance

* Notice that external bias voltages V which can be V; or
Vg Will be assigned as positive values but they should be
used in all equations as negative numbers because source
and drain are n* materials and bulk is p material.

* |n all equations where we use V if voltage is given as
positive value in the problem statement use it as negative
value

* Please see Examples 3.8 and 3.9 from the textbook on
pages 159 thru 162



Depletion Region Capacitance

1. p Junctions

c 11=19Cy__ACw _(AS,D)CJ ) [AS,AD > Source, Drain
_,'“ T l—{]u—L}m_ (1 1 ]I.m () Areas in SPICE]
&b, PR [CT > C. in SPICIE]
CT=C = qE:” _-"-,-'Hi.-"-.'ﬂ ] (/o) [PB = ({)_in SPICE]
1l'| J"“ +1'"';::- bo [MJ = m in SPICE]

C_IHH =A Cﬂ} when V=0

FEOUIVALENT LINEAR LARGE SIGNAL CAPACITANCE

L a4 _{pﬂ S | il'l o
C AV )=AC ,- l—— ot ¥ Bty

0<K_ <1 --=>Voltage Equivalence Factor
where V,=V=V,
V = Ext Bias -->V_ ., V_

C,(V)=AC ,K_=(4S,D)CJ-K,,



Depletion Region Capacitance

29
n', p*junctions (gjdewalls) [PS. PD -> Source, Drain
Perimeters in
SPICE
. €, q[ N,(sWw)N, 1 o |
Ciosw= — — |7 (Flem®)  [cjsw .= . in SPICE]
2 IN,(sw)+N, /b,..

[PBSW -> (... in SPICE]

ince all sidewalls have depth = x: . . o
Since dewse ave det . [MJSW -> m(sw) in SPICE]

- =C. x e
o = o N (Flem) [XJ -> x. in SPICE]
EQUIVALENT LARGE SIGNAL CAPACTIANCE
Ciow (V) = PCigyKeq(sW) P = sidewall perimeter

- _‘;r)l::lg“' !‘1 I-J'ﬂ‘:j‘ltl-'.i I-l I--M'l'l'ltl-'l
ﬂ _' = ] — _ l-__
wlS¥) [I"z—r.}f_l—mt.nr]l]l“ Pow [ (pm] ]

m(sw) = ¥ for an abrupt junction



EXAMPLE 4 ‘ ‘ ‘ -
Determine the total junction capacitance at the drain, i.e. C_, for
the n-channel enhancement MOSFET in Fig. 1. The process
parametersare  ¢j=135x 10" Fem’

CISW =583 x 10" Fiem

PB =089V

PBSW =0975V

XJ=1x10"¢cm

M = MISW =14

10um G

D l S
5pm_I_ o ne

Figure 1  |e—{ 2um

Source, Drain are surrounded by p' channel-stop. The substrate
is biased at OV. Assume the drain voltage range is 0.5V to 5.0 V.



31

CJ=1.35x10° F/cm?

_ S 10y12
C.(V)=ACJ.0Keq=AD°CJ'Keq CISW=583x10"°F/cm

j PB = 0.896 V
V2=-5Vand V1 =-0.5V o o PBSW=0975V
K = B [(1_ﬁ) i _(1_£) 4 ] XI=1x 10* cm
(V=Y )(1=MT) PB PR MJ = MISW = 1/2
2.0.896 sy [P 051 M?
= ' 1+ —(14+— =0.52
(57 =0.5 V)[( 0.896V) ( 0.8961;) ]
CV)=rC, K, (sw)=PD-CISW-K, (sw)
—PBSW 'V2 1 =MISW % 1 1 —MJISW
K = 1— —(1—
ea(5W) (VZ—VI)(I—MJSW)[( PRSI T )
1/2 1/2
_ 20975V (14 5V R O.SV) =053~k ,

(5V=0.5V) 0975V 0.975v



- 32

Area, Per mwlm Y=10um ._| CI=135x% 10% Flem®
CISW =583 x 10° Flem
/ / X, = lpm PB =0896V
PBSW =0975V
/'G} XJ=1x10"cm

w — 5 1m MI =MISW =1/2

n*  Channel /é ,()

Source Drain 10um_ G
A, n*/p junctions:
5 um
A, =(6x1) um® + (10 x 5) um? T
= 55 um?®
P,: n*/p* junctions: Figure | [«—»] 2um

P,=2Y +W=20pm + 5 um = 25 um

C (V)=AC K _=AD-CJ-K_=(55x10"cm’}-(1.35x10" Flcm’}-0.52=3.86 fF

C ol VI=PC K, (sw)=PD-CJISW K, (sw)
=(25x107em)(5.83x10" " Flem)-0.53=7.72 fF
Cu=AD-CJ-K_+PD-CJSW-K, (sw)=11.58 fF



MOSFET Scaling




MOSFET - SCALING
SCALING -> refers to ordered reduction in dimensions of the

MOSFET and other VLSI features
* Reduce Size of VLSI chips.
* Change operational charateristics of MOSFET's and parasitics.

* Phyiscal limits restrict degree of scaling that can be achieved.
SCALING FACTOR=0a>1 -->S

First-order "constant field" MOS scaling theory:

The electric field E 1s kept constant, and the scaled device 1s obtained

by applying a dimensionless scale-factor o to reduce dimensions by

(1/0t) and maintain E unchanged:

a. All dimensions, including those vertical to the surface (1/o)
b. device voltages (1/o)
c. the concentration densities (o).

(I/o)/(1/or) = 1 o(l/or) = 1

Eox = VGs / tox <= = %Nﬁx
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Alternative Scaling Rules:
Constant Voltage Scaling, 1.e. V___ 18 kept constant, while the process

dimensions are scaled by (1/c).
a. All dimensions, including those vertical to the surface (1/o)
b. device voltages (1)
c. the concentration densities (o) to preserve charge-field relations.
1/(1/o)) = « o*(l/o) = o
Eox = VGS / tox <= E- %NAX

[Lateral Scaling: only the gate length 1s scaled . = 1/o (gate-shrink).



Scaling Effects

Influence of Scaling on MOS Device Performance

PARAMETER SCALING MODEL
Constant Voltage Lateral
Length (L) 1/o 1/o
Width (W) /o 1
Supply Voltage (V) 1 1
Gate Oxide thickness (t ) /o 1
Junction depth (Xj) 1/o 1
Substrate Doping (N,) o 1
Current (I) - (W/L) (1/t )V? o o
Power Dissipation (P) - IV o oL
Power Density (P/Area) FER(QF)H* o
Electric Field Across Gate Oxide - V/ t, ol 1
Load Capacitance (C) - WL (1/t_) 1/o 1/o
Gate Delay (T) - VC/1 1/02 1/02



Important 2nd Order Effects

Short Channel Effects - LE_][T --> X,

Narrow Channel Effects - W --> x .

Subthreshold Current - VGS < VT0
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Short Channel Effect - I_,ﬂﬁr -— KJ. (source, drain diffusion depth)
V, (short channel) = V_ (long channel) - AV_,

—20) Vg
ﬂ-lf" 8.15x10 n w-c (L“-’l 3}

|SPICE Parameter: ETA -> 1 = imperical parameter]

Narrow Channel Effect - W --> x (depletion region depth)
V., (narrow channel) = V_ (long cﬂannﬂl) +AV,,

{’Tfﬁu';’.v“ Ivl2 & 3
AV, =~ (Lv 3)
4 C,,

[SPICE Parameter: DELTA -> & = imperical parameter]
Subthreshold Current - V <V

I ,(weak inversion)=1, ¢'" = V=141"T) (Spice Model)

[ =1, 1instrong inversion and V_ =V _is the boundary weak and strong inversion




