Overview - Transistor Dynamics

The Devices:
MQOS Transistor
Dynamics

[Adapted from Rabaey’s Digital Integrated Circuits, ©2002, J. Rabaey et al.]
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e Transistor capacitances
e Sub-Micron MOS Transistor

» Threshold Variations

» Velocity Saturation

» Sub-Threshold Conduction and Leakage
e Latchup
e Process Variations
e Future Perspectives
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Dynamic Behavior of MOS Transistor

MOS Structure Capacitances

*MOSFET is a majority carrier device

(unlike pn junction diode)

*Delays depend on the time to (dis)charge e
the capacitances between MOS terminals
* Capacitances originate from three sources: & [ —— | %

*basic MOS structure (layout) s J E o
*charge present in the channel L
e depletion regions of the reverse-biased W e
pn-junctions of drain and source

» Capacitances are non-linear and vary with

the applied voltage
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Gate Capacitance

*Gate isolated from channel by gate oxide

COX = SOX /tOX

ZZ FeldOice
Y o (510
*t,, is very small <10nm 7 %\4

* Results in gate capacitance C,

Bulk Contact

C =C WL
g ox
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The Gate Capacitance

The Gate Capacitance

Polysilicon gate

(a) Top view.

ro
| " averap

Gate oxide

(b) Cross-section

Gate Capacitance depends on
*channel charge (non-linear)
* topology

Capacitance due to topology

*Source and drain extend below the gate oxide by x4
(lateral diffusion)

* Effective length of the channel L is shorter than the
drawn length by factor of 2x4

* Cause of parasitic overlap capacitance, C,,,, between
gate and source (drain)
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The Gate Capacitance

The Channel Capacitance

Channel Capacitance

Polysilicon gate

(&) Top view.

bu
overlan

Gate oxide

(b) Cross-section.

Channel Capacitance has three components

* capacitance between gate and source, Cye

* capacitance between gate and drain, Cy4

* capacitance between gate and bulk region, Cy,

Channel Capacitance values
*non-linear, depends on operating region
eaveraged to simplify analysis
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The Channel Capacitance

Diffusion Capacitance

Different distributions of gate capacitance for varying
- operating conditions

Operation Region Cop Cos Cot
Cutofl CosLogr 0 0
Triode 0 CoWlogi2 | CoWLpl2

Saturation 0 @13 WL 0

Most important regions in digital design: saturation and cut-off
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Channel-stop implant Bottom Plate Capacitance

Junction Depth it

J
7
7
7
4
Z
7
7
7
y
/

V//{////////////////////////A

Ls Substrate

Cuifr = Chottom * Csw = Cj¥AREA+C, x PERIMETER
= CLH+Cio (RLg+ W)

Capacitive Device Model

Transistor Capacitance Values
for 0.25u

Ces = Cgs+ CgsD ¢
Cas RN A Cep
Cap = Cgat Cgao J— J_

S i s
Cop = Caaite Csg ] Ces | Cobs

Cpp = Cpuifr >
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Example: For an NMOS with L = 0.24 pm,

W=0.36pum, Ly=Lg=0.625um Caso = Copo = Cox X¢ W = C, W = 0.11 fF
Cac = Coy WL =052 fF

Capacitance of both source and drain ¢, ¢ = C, WL +2C,W = 0.74 fF

Cop = CjLs W = 0.45 fF
Ca = Cig (2L + W) = 0.45 fF

gate_cap

50 Cifrusion_cap = 0-90 fF Overlap capacitance
Cox Co ] m [ Ciow | Msw | Gosu
(tFium?) | (fFum) | (Frum?) V) | @Frum) )
NMOS 6 0.31 2 0.5 0.9 0.28 0.44 0.9
PMOS 6 0.27 1.9 0.48 0.9 0.22 0.32 0.
SVISDeiEn oy
TEITS VISTDesig




Review: Sources of

Gate-Drain Capacitance: The
Miller Effect

Capacitance
T

sl Fq M,
Ceorz odraﬁ Cosz Vo v,
Vi, I

ndral

L
o Lo,
oo == | L,
M, = 3

Ces

intrinsic MOS transistor capacitances

extrinsic MOS transistor (fanout) capacitances

wiring (interconnect) capacitance @];%
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e M1 and M2 are either in cut-off or in saturation.

e The floating gate-drain capacitor is replaced by a
capacitance-to-ground (gate-bulk capacitor).
av I CGD1 V.

out

Vout J AV
V.

T vy ST

My v, M,

in

e A capacitor experiencing identical but opposite voltage
swings at both its terminals can be replaced by a
capacitor to ground whose value is two times the
original value
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Drain-Bulk Capacitance: K, 's
(for 2.5 pm)

e We can simplify the diffusion capacitance calculations
even further by using a K, to relate the linearized
capacitor to the value of the junction capacitance under
zero-bias

Ceq = Keq Cpo

high-to-low low-to-high
Keqbp Keqﬂv Keqbp Keqsw
NMOS | 0.57 | 0.61 0.79 | 0.81

PMOS| 0.79 | 0.86 | 0.59 0.7
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Extrinsic (Fan-Out)
Capacitance

e The extrinsic, or fan-out, capacitance is the total gate
capacitance of the loading gates M3 and M4.

Cfan-ou1 = Cga(e (NMOS) + Cgate (PMOS)
= (CGSOn+ CGDOn+ WnLnCox) + (CGSOp+ CGDOp+ WprCox)

e Simplification of the actual situation

» Assumes all the components of C, are between V,, and
GND (or Vpp)

» Assumes the channel capacitances of the loading gates

are constant
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Layout of Two Chained Inverters

Components of C; (0.25 um)

am mE v,
PMOS m m-m
1.125/0.25
.
Out
T Metal
Polysilicon u !
0126 ——————— / 0.5
NMOS L
0.375/0.25 ] m CND
Wi/L AD (um?) | PD (um) | AS (um?) | PS (um)
NMOS | 0.375/0.25 0.3 1.875 0.3 1.875
PMOS | 11250025 | 0.7 2.375 0.7 2375 |affi
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Expression Value (fF) | Value (fF)
C Term H—L L—H
Cap1 2C,,W, 0.23 0.23
Cap2 2Cy, W, 0.61 0.61
Cog1 KegbpnAD,Cj + KegswnP Dy Cisw 0.66 0.90
Copg2 KegbppADpCj + KegswpP Dy Cisw 1.5 1.15
Cas (2C, )W, +C, W, L, 0.76 0.76
Ces (2 Cop)Wy+ Co, W, L, 2.28 2.28
C, from extraction 0.12 0.12
C. ) 6.1 6.0
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The Sub-Micron MOS Transistor

The Sub-Micron MOS Transistor

* Actual transistor deviates substantially from model
*Channel length becomes comparable to other device
parameters. Ex: depth of drain and source junctions
*Referred to as a short-channel device

*Influenced heavily by secondary effects

*Latchup problems
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Secondary Effects:

e Threshold Variations . ;

e Parasitic Resistances j ; N TLIinS
*Velocity Saturation z

*Mobility Degradation P

*Sub-threshold Conduction

ity
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Threshold Variations

Variations in I-V Characteristics

Part of the region below gate is depleted by source and drain
fields, which reduce the threshold voltage for short channel.
* Similar effect is caused by increase in Vi, so threshold is
smaller with larger Vg

*The velocity of the carriers is proportional to the electric field up to
a point.

*When electric field reaches a critical value, E,, the velocity
saturates.

*When the channel length decreases, only a small Vg is needed for
saturation

Causes a linear dependence of the saturation current wrt the gate
voltage (in contrast to squared dependence of long-channel device)

¢ Current drive cannot be increased by decreasing L

@iy
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Velocity Saturation

Vy vr
Long-channel threshold Low Vpg threshold
L Vbs
Threshold as a function of Drain-induced barrier lowering
the length (for low Vpg) lowers V; for short channel device @%
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Velocity Saturation
F
—
(2}
£
= 5
e Vg = 10
o L_
Constant velocity
Constant mobility (slope = p)
l 5
>
%15 & (Vium)
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e We assumed carrier velocity is proportional to E-field
Measured
» V=pE, = nVy/l ---Curve Fit
. . . v (cmis)
e At high fields, this ceases to be true
» Carriers scatter off atoms
» Velocity reaches v,
— Electrons: 6-10 x 108 cm/s
— Holes: 4-8 x 108 cm/s v

Vsatn

1077 Electrons _--

6
» Better model 10 w /
E,
v=—t oy S, : . .
1+ —lat : 10° 10+ 108
sat E (V/iem)
EE415 VLSI Design %




Voltage-Current Relation:
Velocity Saturation

Velocity Saturation Effects

For short channel devices
e Linear: When Vpg <Vgg—Vp
Ip = «(Vps) K'y WIL [(Ves = V1)Vps = Vps?/2]
where

k(V) = 1/(1 + (VI(E.L))) is a measure of the degree of
velocity saturation

o Saturation: When Vpg = Vpgar 2 Vgs — Vp
losat = K(Vosar) K'n WIL [(Ves = Vr)Vosar = Vosar?/2]

iy
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Ves = Long For short channel devices

Voo channel  gnq |arge enough Vg — V-
devices 9 9 Gs T

Short o VDSAT_ <Vgs—Vyso
channel the device enters
devices saturation before Vpg
reaches Vg5 — Vrand
; : operates more often in
Vosar  Ves'Vr saturation

o Ipsar has a linear dependence wrt Vg so a reduced
amount of current is delivered for a given control voltage @%‘
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Velocity Saturation

15 05
Ves=5
@
10 Ves=41| £
= s g
E iz E
= Vgs =3 & o
=05 &
Ves =2 %
Ves =1 o
00 10 20 30 40 50 0.0 1.0 2.0 3.0
Vps (V) Ves (V)
(a) Ip as a function of Vg (b) Ip as afunction of Vg
(for Vpg =5V),
Linear Dependence on Vgg ity
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Short Channel I-V Plot (NMOS)

Leakage Sources

e Subthreshold conduction
» Transistors can’t abruptly turn ON or OFF

D

e Junction leakage D
» Reverse-biased PN junction diode current % 1

S
S

Gate leakage
» Tunneling through ultrathin gate dielectric

e Subthreshold leakage is the biggest source of DC
power dissipation in modern transistors
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NMOS transistor, 0.25um, L = 0.25um, W/L = 1.5, Vpp = 2.5V, V; = 0.4V

25 X104
i Early Velocity

Saturatio

<15

o (

*Saturation Vgs = 1.5V

Linear dependence

05 Vgs = 1.0V

Hm\'lsu)mg;n

Sub-Threshold Conduction

10 The Slope Factor
Linear AVes C
10° Ip~1,e™, n=1+=L
Co
10° Quadratic
£ Sis AV for I,/ I, =10
10°
[ — Slope S »

16" Exponential S = 11(?] In(10)
16 \& Typical values for S:

0 0.5 1 15 2 25 60 ..100 mV/decade

Ves¥)

@iy
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Gate Leakage

Ig

e Carriers tunnel thorough very thin gate oxides
o Exponentially sensitive to t,, and Vp,

v 2 gt
b I_gm:WA[%} e oo

B

Je (Afem?)

» A and B are tech constants
» Greater for electrons

0 03 06 08 12 15 18

— So nMOS gates leak more Voo

From [Song01]

r

o Negligible for older processes (t,, > 20 A)
o Critically important at 65 nm and below (t,, = 10 A=1nm)
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Sub-Threshold I, vs Vg

Sub-Threshold I, vs Vg

AVes AVos
Vol 1, lo=1e™|1-e ¥ |(1+4-Vy)
e
G R
Vs
s from P tb 0.3 | T §
—t -
fr’ 1 e O s s e |
== === —
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I, versus Vg

o o
610 pe—] 2210
VGS=25 VaS= 25k
5| — 2|
Resistive Saturation .
4 VGS=20V
VGS=20Y _1§
< <
= )
Vpg = Vs - Vi , VGS=15V
2 VGS=15Y
) 05 — 10l
VGS=1.0Y
o 05 1 15 2 25 o 05 1 15 2 25
Vos(V) Vos(V)

Long Channel Short Channel

WVes Vs
D -
4{ I I, =1,e™ [l—e KT J
Ve + e
A -
=
PprE=anl
Pk
1/ bs|from 0 to 0.5V
/l
’
7
° y
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I, versus Vg
x 10 ) 10"
5
2|
linear
quadratic 14
- 1
1 0.5
quadratic
0 0.5 1 15 2 25 0 05 15 2 25
VosV) Vos¥)
Long Channel Short Channel
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A unified model
for manual analysis
I =0 for Vyr 20
Wiy o Vo : :
© Ip =k T(I’(;?"’nmﬁ > )(I +WVps) for Ver2 0
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@ with V., = min(Ver, Vig Vpsar),
s D > r 4
Vor="Vas—Vr.

< and Vi = Vypy+y(J|- 20+ Vgl = J|-20:)
Vio(V) | v(V®9) | Vpsar(V) | K(ANV2) MVT)
NMOS 0.43 0.4 0.63 115 x 106 0.06
PMOS -0.4 -0.4 -1 -30 x 106 -0.1
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A PMOS Transistor

PMOS transistor, 0.25um, Ly = 0.25um, W/L = 1.5, Vo = 2.5V, V; =-0.4V
0“04 VGS =-1.0V

VGS =-1.5V
-0.2
0.4
VGS =-2.0V .
z Assume all variables
. .
" o6 negative!
VGS =-25V
-0.8,
-1
25 2 15 -1 05 0 @%
Vos (V) i

Parasitic Resistances

Polysilicon gate

Drain
contact
G increase W /
VGS‘Eﬂ/‘T \ ) i i i
S pan ; D z
ARy M- A
Rg Rp
L
__sDb Drai
Rs,D = W RSQ + R ram

Rgq, is the resistance per square

R is the contact resistance
Silicide the bulk region
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The Transistor as a Switch

The Transistor as a Switch

Ves 2Vt

Sy

V. Voni2 v,
Ry = 3 =2 2 ~3 22 (1-2N,)
2Wpgar(1+ NV pp)  Tpgar(1 +NVpp/2)) 4l 6
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Ves 2 Vy
x10° R o Resistance inversely
§ S o AAA_, D Pproportional to W/L (doubling W
halves R,,)

o For Vpp>>Vi+Vpsar/2, Ry,
independent of Vpp

Req (Ohm)

2 e Once Vppapproaches Vy, Ry,
. increases dramatically
Voo (V)

(for Vgs = Vpp,

Vbs = Vop =Vpp/2)
VoolV) ! 15 ] 2 25 | R, orwiL=1)

NMOS(kQ) 35 19 15 13 For larger devices

PMOS (kQ) | 115 | 55 38 31 divide Roq by WL ks
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Summary of MOSFET Operating

Latchup

Regions

e Strong Inversion Vgg > V5
» Linear (Resistive) Vpg <Vpgar
» Saturated (Constant Current) Vg = Vpgar

e Weak Inversion (Sub-Threshold) Vgg <V;
» Exponential in Vg with linear Vg dependence

ity

EE415 VLSI Design il
e

Voo
Voo R
. — nwell P-source
Rpsubs n-source R
p-substrate psubs
(a) Origin of latchup (b) Equivalent circuit
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Fitting level-1 model
to short channel characteristics

SPICE MODELS

Region of
matching

Short-channel

|-V curve
=5V

Long-channel
approximation

Vps =5V Vbs
Selectk and 3, such that best matching is obtained @ Vgs= Vas = Vop
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Level 1: Long Channel Equations - Very Simple

Level 2: Physical Model - Includes Velocity
Saturation and Threshold Variations

Level 3: Semi-Emperical - Based on curve fitting
to measured devices

Level 4 (BSIM): Emperical - Simple and Popular

Berkeley Short-Channel IGFET Model
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MAIN MOS SPICE PARAMETERS

Parameinr Name symbol | oot Units o
SPICE Model Index LEVEL - 1
Zevo-Biss Threshold Voltage ¥Io vIo v [
Procers Transonductane: W KP ava 2EF
Body-Bias Parameter s | camma | ves [
Channel Modulation. 1 [ tamspa | v [
Oxide Thichness o TOX n LOET
Lateral Diffusion l D " o
‘Metalluzgical Junction Dipth 5 X3 n [
Surfice Iversion Potenial aF| PHI v 0
Substrade Doping. nNaxp [ msu w3 o
‘Surfuce Stam Denaity Quig Ns§ em3 [
Fast Surface State Density NES em3 [
Total Channel Charge Coeflicient NEFF 1
Type of Gate Material 3 1
Surface Mobility m0 [ 00
Maximon Drift Velocity wmax | WMAX mis )
‘Mahility Crtical Field serit | UCRIT Viem L0E4
Critical Field Exponant in Mobility Degradation UEXP - [
Transverse Field Exponent (mobility) UTRA . [

SPICE Parameters for Parasitics

Simple Model versus SPICE

x10
25
Vbs=Vpsar
2 /
Velocity
15 / ] VSaturated
< .
= Line:
1
| |
Vosar=Ver
05
or Saturated
0 05 1 15 2 25
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Vos (V) @%

Parameter Name Symbol SNFE:I(I:IEB Units Dve\’:?n“:
Source resistance Rg RS Q 0
Drain resistance Rp RD Q 0
Sheet resistance (Source/Drain) R, RSH o, 0
Zero Bias Bulk Junction Cap o cJ Fm? 0
Bulk Junction Grading Coeff. m MJ - 05
Zero Bias Side Wall Junction Cap C;;wa CJSW F/m 0
Side Wall Grading Coeff. m, MJSW - 03
Gate-Bulk Overlap Capacitance Cpo | CGBO | Fim 0
Gate-Source Overlap Capacitance Cps0 CGsSo Fi/m 0
Gate-Drain Overlap Capacitance Crao CGDO Fim 0
Bulk Junction Leakage Current Is s A
Bulk Junction Leakage Current I Js Afm® 1E-§
Density @%
Bulk Junction Potential do PB v 0s

Technology Evolution

e Semiconductor Industry Association

Yeal 2009 2012 2015 2018 2021
Feature size (nm 34 24 T i ¢ 8.4
Lpyye (nm) 20 | 14 10 T | 23
Vpp (V) 1.0 0.9 0.8 0.7 0.65
Billions of transistors/die 1.5 3.1 62 | 124 24.7
Wiring levels 12 12 13 14 15
Maximum power (W) 198 | 198 198 | 198 198
DRAM capacity (Gb) 2 4 8 16 32
Flash capacity (Gb) 16 32 64 128 256
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Process Variations

Devices parameters vary between runs and even on
the same diel

Variations in the process parameters , such as impurity concentration den-
sities, oxide thicknesses, and diffusion depths. These are caused by non-
uniform conditions during the deposition and/or the diffusion of the
impurities. Introduces variations in the sheet resistances and transistor
parameters such as the threshold voltage.

Variations in the dimensions of the devices, resulting from the
limited resolution of the photolithographic process. This causes (W/L)
variations in MOS transistors and mismatches in the emitter areas of
bipolar devices.

iy
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Impact of Device Variations

50 1.50 ! '
1.10 1.20 1.30 1.40 1.50 1.60 -090 -0.80 -0.70 -0.60-0.50

Lett (in pm) Vip (V)

Delay of Adder circuit as a function of variations in L and V¢
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So What?

e So what if transistors are not ideal?
» They still behave like switches.
e But these effects matter for...
» Supply voltage choice
» Logical effort
» Quiescent power consumption
» Pass transistors
» Temperature of operation
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Parameter Variation

e Transistors have uncertainty in parameters
» Process: Ly, Vi, t,, of NMOS and pMOS
» Vary around typical (T) values
e Fast (F)
» L
» Ve
P
Slow (S): opposite
e Not all parameters are independent " nmos
for nMOS and pMOS
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DMOS fast

slow

fast

@iy
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Parameter Variation

e Transistors have uncertainty in parameters
» Process: Ly, Vi, to, of NMOS and pMOS

» Vary around typical (T) values

e Fast (F) H . r
» Lgg: short ®
» Vi low %
» to,: thin . s Fs
e Slow (S): opposite K
e Not all parameters are independent ** amos ™
for nMOS and pMOS
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Environmental Variation

e Vppand T also vary in time and space
e Fast:

» Vpp:

» T:

Corner Voltage
F
T 1.8 70C
S

Temperature
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Environmental Variation

e Vppand T also vary in time and space

e Fast:
» Vpp: high
» T:  low
Corner Voltage Temperature
F 1.98 0C
T 1.8 70C
S 1.62 125C
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Important Corners

e Some critical simulation corners include

Purpose nMOS pMOS Voo Temp

Cycle time

Power

Subthrehold
leakage
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Future Perspectives

25 nm FINFET MOS transistor
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Process Corners

e Process corners describe worst case variations

» If a design works in all corners, it will probably
work for any variation.

e Describe corner with four letters (T, F, S)
» nMOS speed
» pMOS speed
» Voltage
» Temperature
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Important Corners

e Some critical simulation corners include

Purpose nMOS pMOS Voo Temp
Cycle time S S S S
Power F F F F
Subthrehold F F F S
leakage
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Three-Dimensional
Integrated Circuits

o Multiple Layers of Active Devices
e Driven by
» Limited floorplanning choices
» Desire to integrate disparate technologies (GaAs, SOI, SiGe,
BiCMOS)
» Desire to integrate disparate signals (analog, digital, RF)
» Interconnect bottleneck

3DIC

2DIC

As small as 20pm

Vertical Via

10



