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Energy-Band Diagram
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Flat-Band Voltage
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Depletion Width
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MOS Transistors

Maximum Depletion-Layer

hickness

J Maximum Depletion-Layer Thickness

B \/4gsi ‘ﬁbfp‘
Xd (max) — ENa

" ¢, Is the Fermi potential

= N, Is the impurity concentration of p-type substrate
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Maximum Depletion-Layer Thickness

d FInd Xgmax
= T=300K
= N,=2x101cm-3
= n, =145 x 10 cm-3

(N, [ 2x10% )
=V, In| —2 | =0.0259 In =037V
195 =V, (n, J (145x10°)

o _[Aealdy N (4x11.7x8854x10™ x0.37)"
d(max) — L eNa B 1.6x1072° x 2 x 10

=0.22 um
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hreshold Voltage

1 Strong inversion condition (2|é,| + Qymax) / Cox)
[ Work function difference (dgs)

[ Fixed-oxide charge (Qs.)

d Threshold voltage adjustment (eD,/ C,, )

Qu (max) o — Qss . ebi
COX COX COX

Vin = 2‘¢fp‘ T

Qu (max) = eN, Xq (max) = \/4egsi Na‘¢fp‘
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An Example

- An n* polysilicon gate MOS system
" P =-0.88V
= N,=2x 10 cm?
= n;=1.45x10%cm3
" Qgs=5x 101 cm
= T=300K
J We have
* [f,| =0.37 V
" Xgmao= 0.22 um = 0.22 x 10* cm
d Find V4,
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An Example

J Solution
Qu(max) = NaXg (max) =1.6x107° x2x10'% % 0.22x107*

—7.04x107° C/cm?

-14
C. - o _ 39X 8.854_>: 107 _ 6.9x10-" Flem?
L, 5x10
Qd (max) Q
VT :2¢f + +¢Gs_i
n ‘ p‘ COX COX
8 10 19
= 2037+ 010 7 (g gg) - 2x10 x1.6x10
6.9x10" 6.9x10
=-0.05V
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An Example

d Find D, required
= Adjust the threshold voltage to 0.45 V

J We have
. VTn — '0.05 V
= C,=6.9x107 F/cm?

AV, =0.45—(—0.05) = 0.5V

D
C

D, =

-7
Coy y, _ 6:9x10

= — x0.5=2.16x10" cm™
e 1.6 x10
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Cutoff Mode
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Linear Mode
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Saturation Mode
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|-V Characteristics

J Gradual channel approximation (GCA)

Vy=0)=V,=0 * Vs Z Vion
V(y =L) =Vp * Vep = Ves - Vos = Vo
* Mobility g, Is constant
VGS = Vl’ On
S D
I : 1
= ] E (v VH.\'
n' . Q;()) -— 1(}) n' _—|_
l EQ) = I 1 Vas
X
p, N
| w=0
(l) Lln g V!)S’

(a) (b)
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MOS Transistors

|-V Characteristics

] Drain current
1o =WQ, () =WQ, (y)v(y)

QI (y) = _Cox [VGS _VT -V (y)]

W 1
I = u,Cyy f[(ves Vi = EVDS )\/DS }

= Process transconductance
Ky = 1,C
= Device transconductance

K, = 1,Co, W /L)

0X
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|-V Characteristics
1 Drain current
1 W 2
IDsat — ID (VDS _VDSsat) — :un oX L (VGS _VTn)
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|-V Characteristics
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|-V Characteristics
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Scaling Theory

J Constant-field scaling
= Full scaling

J Constant-voltage scaling
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Scaling

heory

L Concepts of scaling
= k =0.7 for each generation

(a)
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Constant Field Scaling

] Poisson’s equation

Vip(x,y, 2) = _,0(:13, Y 2) (Poisson’s equation)
£

d LetxX’=kx, y’=ky, 2’=kz
2 1/ 2 1/ 2 1/ /

0% ¢ N 0°¢ N ¢ p
d(kx)?  0(ky)?  0(kz)? 3

¢'=k¢ and p'=p/k

N'.=N,/k and N', = N, /K
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MOS Transistors

Constant Field Scaling

1 Gate oxide capacitance
Ccl)x = g-ﬂ = 1Cox

k

OX

J Drain current
1o =kl

I|Dsat = Kl psat
1 Power dissipation

P'=15Vps =k%lpVps = k°P
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Constant Voltage Scaling

J All dimensions are scaled down
1 All voltages are kept unchanged
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MOS Transistors

Constant Voltage Scaling

1 Gate oxide capacitance

I 1
Cox =" = ECox

OX

J Drain current
1 1

IE):EID Ii:)sat:EIDsat
1 Power dissipation

oyt 1 1
PZIDVDS :EIDVDS :EP
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MOS Transistors

Summary of Scaling

Table 2.3: Effects of constant-field and constant-voltage scaling (0 < £ < 1).

Scaled factor

Device and circuit parameters

Constant field Constant voltage

Device parameters (L, t,., W, z;) k
Impurity concentrations {N,, Ny) 1/
Voltages (Vphp, Vpg. and Vig) k
Depletion-layer thickness (2g(maq)) k
Capacitance (C' = cA/d) k
Drain current (Ipg) k
Device density 1/k?
Power density (P/A) 1
Power dissipation per device (Pp = IpsVps) k2
Circuit propagation delay (#,4 = RonCload) k
Power-delay product (E = Ppt,g) k3

k
1/k?
1
k
k
1/k
1/k?
1/k?
1/k
]ﬁQ
1/k
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Syllabus

J MOS Transistor Theory

J Advanced Features of MOS Transistors
= Nonideal features of MOS transistors

= Threshold voltage effects

= |Leakage currents

= Short-channel 1-V Characteristics

= Temperature effects

= Limitations of MOS transistors
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Channel-Length Modulation

L An empirical relation

' —( = jl -1
> \L-AL) " 1-av, °

C.(W
I = :Unz > ( L j(VGS _VT)2(1+/1VDS)
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Velocity Saturation

J The total velocity iIs the sum of
= the random thermal velocity
= drift velocity due to an electric field

Department of Electronic Engineering, NTUST, copyright@2004~2011, Ming-Bo Lin 2-34



Digital Integrated Circuit Analysis and Design MOS Transistors

Hot Carriers

J What are hot carriers?
1 Hot-electron injection (HEI)

J Hot carrier effects
= Substrate current
= Device degradation
= (Gate leakage current
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MOS Transistors

Lightly-Doped Drain (LDD) Structure
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Body Effect

 Threshold voltage

(Body effect coefficient)
N
Vin :VT0n+7/(\/2|¢fp | +Vsg _\/2‘¢fp‘/ ylezgsieNa
COX
Vs A
T vin
Y smo Y s Vam
—
Af—
Vos _ | Von [,
= Y 1on Ve Vo Vos™ Vs
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Body Effect

Department of Electronic Engineering, NTUST, copyright@2004~2011, Ming-Bo Lin 2-39



Digital Integrated Circuit Analysis and Design MOS Transistors

Short-Channel Effects

J What is the short-channel effect?

J Short-channel effect

= Charge sharing

= Substrate punchthrough

= Drain-induced barrier lowering (DIBL)

Department of Electronic Engineering, NTUST, copyright@2004~2011, Ming-Bo Lin 2-40



Digital Integrated Circuit Analysis and Design MOS Transistors

Syllabus
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eakage Currents

1 Junction leakage current
1 Subthreshold current
1 Gate leakage current
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Junction Leakage Current

] Reverse saturation current

] Band-to-band tunneling (BTBT)
= High electric field (> 10 cm/V)

E3/2

EV
lgreT = A £12 exp[— p ?E]
g

] Gate-induced drain leakage (GIDL)
= Gate at low voltage while drain at high voltage
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Subthreshold Current

Tm E
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= 100n I A
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Subthreshold Current
m E | T —
F V_=08V
100p i ]
: Subthreshold region =—
10u e // vV, =0.08V
v : /S~ ]
: / // . Saturation region
= I 65 nA/um . | ]
% 100n g———= 7 o e & /‘/ Subthreshold slope
< 4 DIBL T / S = 110 mV/decade
B ~ S | h
in / 5.5 nA/um :
GIDL |
100p ~t ;
: . 45-nm process
10p V4 — Temp=70C |
N S LA D B DR D
06 04 02 00 02 04 06 08

VasV)

Department of Electronic Engineering, NTUST, copyright@2004~2011, Ming-Bo Lin

2-45



Digital Integrated Circuit Analysis and Design MOS Transistors
4.0 -
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Gate Leakage Current

J Hot carrier injection

1 Gate tunneling
= FN tunneling
= Direct tunneling
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Short-Channel 1-V Characteristics

J Electron velocity

V= E<E
(1+E/Eg,) st
= Vsat E> Esat
Esat _ 2Vsat
He
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MOS Transistors

Short-Channel 1-V Characteristics

1 Effective mobility

A
Heft =— £ £ _Ves +Vr
o Fm)

= For electron
A =670 cm?/V-sand B = 6.6 x 10° VV/cm

= For holes
A =160 cm?é/V-sand B =7 x 10° VV/cm
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Short-Channel 1-V Characteristics

J Drain current

Hex E(Y)
ID :WCOX[VGS _VT _V(Y)] (1+ Eféy)/E )
sat
W V 1
| = Cl|l—|V..-V,——2
D = HMes ox( Lj( GS T 5 DS (1+VDS/EsatL)

W vV
= :unCox (TJ(VGS _VT _%S)\/DS for Esat>> VDS / L and Heis = Uy
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Short-Channel 1-V Characteristics
 Drain current
IDsat = WCox (VGS _VT _VDSsat )Vsat
. 2
— WCOXVsat (VGS VT )
(VGS _VT ) o Esat L
W .
— Z Hest Cox (VGS _VT ) If Esat L >> (VGS _VT )
= statCox (VGS _VT) If Esat L << (VGS _VT)
1 Saturation voltage
V _ (VGS _VT )EsatL
DSsat ~—
(VGS _VT ) + Esat L
= Convergesto Vgs — Vy when E_ L >> Vo — Vi
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emperature Effects

] Below/above threshold voltage
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emperature Effects

] Below/above threshold voltage

550p
500p
450p
400p
350p
g; 300p
= 250p
200p

150p

220 %‘*
0.18 um 200 [
WIL = 4012 r
_ 180 [
VDSISD - VDD L
\¥ =0.01V 160 o 018 um

nMOS

nMOS
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Limitations of MOS Transistors

J Thin-oxide breakdown
J Avalanche breakdown
J Snapback breakdown

J Punch-through effects
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