CMOS Logic Families

* Many "families” of logic
exist beyond Static
CMOS

» Comparison of logic ||

families for a 2-input
multiplexer

* Briefly overview

pseudo-nMOS
differential (CVSL)
dynamic/domino
complementary pass-gate
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nMOS Inverter

» Logic Inverter XW

« nMOS Inverter

- assume a resistive load to VDD
- nMOS switches bull outbut low based on inputs

=X

O X
o P, <

Vpp=33V
RL RL .
nMOS Inverter i@voms-sv o (a) NMOS IS o',
(b) NMOS is

Vin=0V 041 Vin=33V ot
@

{®

- Active loads

N\
- use pMOS fransistor in place of resistor rq ?[ Vbifa
- resistance varies with Gate connection |

* Ground - always on
* Drain=Output = turns off when Vout > VDD-V1tp
- Vg = Vgp S0 always in saturation
» Vbias = can turn Vbias for needed switching characteristics

ECE 410, Prof. A. Mason Advanced Digital.2



Vbp

Pseudo-nMOS %[ Ruw

+ full NMOS logic array

* replace pMOS array with single pull
up transistor

* Ratioed Logic
- requires proper tx size ratios
- Advantages

b2

Logic | Pull-down

- less load capacitance on input signhals
+ faster switching

pseudo-nMOS
inverter

- fewer transistors
» higher circuit density
- Disadvantage on

- pull up is always on
- significant static power dissipation

ECE 410, Prof. A. Mason | pseudo-nMOS NAND and NOR |




Pseudo nMOS DC Operation

— Output High Voltage, V,; (Maximum output)

- occurs when input is low (Vin = OV), nMOS is OFF Vop=33V

- pMOS has very small V.5 = triode operation
Ip, = upcox(¥jzveﬂ-2VSD-2
- pMOS pulls Vout to VDD
- Vou = VDD
Output Low Voltage, V5 (Minimum output)
- occurs when input is high (Vin = VDD)

Vpiae=1.65 V o—||:T grmfo.s Hm

1.5 um/0.6 um
Vino_l 01 a H

- both nMOS and pMOS are ON -
* nMOS is "on stronger”; pulls Vout low Spoer N |
- as Vout goes low, nMOS enters triode B[

Voltage

+continues to sink current from pMOS load £ 2}

pseudo nMOS
mver"rer' VTC

=

Ve o - 1Mp(Vpp/2+ V)2 (W/L), e
OL © 'D-2"ds-1 — 2u,, (VDD_th) (W/L)l o | f
- 'V, > 0 V(active load always pulling) N S g A \
Logic Swing (max output swing) .

- VL: VOH - VOL< VDD

0.5 1 1.5 2 25 3 3.5
Input Voltage
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Pseudo nMOS Transient Analysus

35
» Rise and Fall Times — A
harder to analyze for pseudo nMOS 1 slow rise ‘rlm]e R
d t n l " 1_ I d ’ fasTer‘ fG“ time 7
ue To "always on" active loa % 2 11[ ----- but: does not ifall ‘ro 0O vol‘r,s
2C, 2.3 S 15} | | | SR
Lo% = |_L£N0ut - - y 5 ” I..,L : : !, s
D-2 upCﬂK(WIL)Z[(VDD 2) +th] 11 .\ ..... .......... ....... / ......... L .
R _ 0.5 1;/
o1 & M~ Nee Lk |
] Hﬁq 1] i L P i i
™A T 0 02 04 06 08 1 1.2
el Time (&) x 1078
e i Lo Cox /W 2
% T b1 = —5 [f)l(VDD_th)
| ol | | R 1
7 I / =
:’,’ : : R Hp Dx(w‘;l‘) (VDD th)
-7 Triode I I Act Vop—V 2
2 | Region I ‘.-'"'r'. Ha;’gﬂ Raq = m c oD in . = m C WD) (Ve =V)
L : | ' » Vou n Ox{w‘rL)l(VDD_th) n-ox 1V DD tn
: Hm | R, = 2.5
- — Tll:-tansgitiﬂn _..: P w, Gl WL, (Vpp —~ Vi)
i agion
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L0 By
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Differential Logic

» Cascode Voltage Switch Logic (cvsL)
- aka, Differential Logic

+ Performance advantage of ratioed
circuits without the extra power

» Requires complementary inputs
- produces complementary outputs
* Operation
- two nMOS arrays
- one for 7, one for
- cross-coupled load pMOS
- one path is always active
- since either for fis always true

- other path is turned of f
* nho static power

differential AND/NAND gate

(logic arrays turns of f one load)

ECE 410, Prof. A. Mason Advanced Digital.6



Differential Logic
+ Advantages of CVSL

- low load capacitance on inputs
- hnho static power consumption
- automatic complementary functions

- Disadvantages
- requires complementary inputs
- more fransistors
- for single function
» Very useful in some circuit
bIOCkS Where ComplemenTGrY differential 4-input XOR/XNOR
signals are generally needed

- interesting implementation in
adders

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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Dynamic Logic

Advantages of ratioed logic without power consumption
of pseudo-nMOS or excess tx of differential

Dynamic operation: output not always valid

Precharge stage

- clock-gated pull-up precharges output high
- logic array disabled

) Precharge / Evaluate \Q Precharge
' / /
Evaluation stage ; 5 5

- precharge pull-up disabled
- logic array enabled & if true, discharges output

generic dynamic logic gate

Evaluate |Precharge

? Vbp .
—(# Mp A % B ? %{Ej[li Y
I 413 A—[1
(c)

Mp on
Mn off

b *— LFETSs I_ out Precharge

FIG 6.21 Comparison of (a) static CMOS,
< T > (b) pseudo-nMOS, and
(c) dynamic inverters




Dynamic Logic
+ Example: Footed dynamic NAND3 ﬂT
+ Footed vs. Unfooted - 1

- foot tx ensures nMOS array disabled | - -

:
JMn
1

during precharge k] N
¢ abc
b — %{ &« Precharge Transistor (a) Circuit (b) Layout
Y
A—
—[ +—Foot Inverter NAND2 NOR2
o —q[1 y
oL v A2 b —i[1 "
¢ —— o —— unfooted A1 s B—[2 _ A—J1 -
Y Y 94 = g4 =213 s g,=1/3
Py =2/3 Py =3/3 pd:3,’3
Inputs—» Inputs —»
f f
—{ vz 0 —F<i 1 §
N \ ! Y Ai*‘ 3 L : Y
f _
Footed Unfooted ooted | A ; g, =2/3 Bl g, =3/3 A#[’é i =2/3
e T HE e B S
p, =3/3 py =4/3 py = 5/3
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Charge Redistribution in Dynamic Logic

* Major potential problem
- during evaluation, precharge charge is distributed over parasitic
capacitances within the nMOS array
- causes output to decrease (same charge over larger C > less V)

- if the function is not true, output should be HIGH but could be
much less than VDD

* One possible solution
Mp off
| - “"keeper” transistor

_+_.

Vout © = Vpp + injects charge during evaluation if

. output should be HIGH
P T * keeps output at VDD
“om - keeper controlled by output_bar

- on when output is high

Mn on

o Weak Keeper

charge distribution over nMOS ¢ | X

parasitics during evaluation A e

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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Domino Logic

» Dynamic logic can only drive an output LOW
- output HIGH is precharged only with limited drive
» Domino logic adds and inverter buffer at output

Vbp
» Cascading domino logic HEMP ~rd
- must alter precharge/eval cycles o pre| Cx f%{v —] Vi
- clock each stage on opposite N T .
clock phase u generic domino logic gate

Other n blocks  Other p blocks

0
Inputs "
stable
during
clk =1 Inputs )
stable n-logic »| N-logic
v v during f f
(a) Other p blocks  Other n blocks k=1 —]
% NO RAce (NORA)

NP dynamic logic 9 Other p blocks ~ Other n hincks ) _
domino logic

ECE 410, Prof. A. Mason Advanced Digital.11



Pass Transistor (PT) Logic

B

o |

— F=AeB

0 Gate is static — a low-impedance path exists to both
supply rails under all circumstances

2 N transistors instead of 2N

2 No static power consumption

0 Ratioless

0 Bidirectional (versus undirectional)

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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VTC of PT AND Gate

B
2.4/0.6 , |
1.2/0.6 > B=Vpp, A=0-V;
] AP
A Toos — AV
B S —Vpp: B=U—=Vpp
. F= AeB o : | AZIBZO_)\I/nn I
0 1.2/0.6 0 1 ,

e Pure PT logic is not regenerative - the signal
gradually degrades after passing through a number
of PTs (can fix with static CMOS inverter insertion)

R
LINSOBy
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nMOS Only PT Driving an Inverter

In =Vpy B
V. =
e ]V X M,
A=Vpp S VooV
D S
B 1 M,

* Vx dOeS nOT pU” Up TO VDD' bUT VDD - an

Threshold voltage drop causes static power consumption (M,
may be weakly conducting forming a path from Vyy fo GND)

Notice V-, increases of pass transistor due to body effect
(Vse)

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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Voltage Swing of PT Driving an Inverter

3
In
In=0—> Vp
1.5/0.25 2
) L . S x = 1.8V
v DOfOut @
°® 05/0.25 4
B 0.5/0.25 S
0 - I IOU I i | | ] |
0 0.5 1 1.5 2
Time, ns

Body effect - large V¢ at x - when pulling high (B is tied to

GND and S charged up close to Vi)

So the voltage drop is even worse
Vi = Voo = (Voo + (V(120¢] + V) - N124¢1))

Advanced Digital.15
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TG Full Adder

ISt o

3 s | :

|

| | I |

| |

l L : L

! L : L d L :
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' 4L l 4

: ! : I

S S | @ o e e e e o 4
COUt

16 Transistors; full swing - transmission gates

«_{L"Q\{/M}_
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Basic CMOS Isolation Structures

+ LOCOS -Local Oxidation of Silicon
+ STI -Shallow Trench Isolation
+ LDD -Lightly-Doped Drain
- Used to reduce the lateral electric field in the channel

»+ SOTI -Silicon on Insulator
+ BiCMOS -Bipolar and CMOS on same chip

ECE 410, Prof. A. Mason Advanced Digital .17



- TIsolation between
transistor

- Field Oxide (FOX)

- FOX formed by
- masking active regions
- thermal oxidation of

non-masked areas p-type substrate
- Self-aligned gate Cross section view
- S/D formed after
poly gate

- S/D automatically
aligned to gate

Layout view

ECE 410, Prof. A. Mason Advanced Digital.18



Problems with LOCOS

Device "packing” density limited by "bird’s beak effect
of FOX isolation layer.
- effects the width (W) of the transistor

» Can improve density with Shallow Trench Isolation (STI)

Crrain

Hats

— f

I:'.'."H TR T
': T T e
=7 Sourse

CLocos

ST
Mirsaburizaten ~——— Onida
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Shallow Trench Isolation (STI)

+ Form Gate and S/D first o losos s
- Then isolate devices by o e e . (R

- etching trench (~0.4um)
in substrate between =
devices o Soucran

- filling trench with
deposited oxide

 Eliminates the area lost S N 3
to bird's beak effect of

LOCOS = : rain of PR Enume ol P05 A
p¥ dilhcéan ! s i} -’
L E i a i "'-\.:

- Well doping and channel (@
implants done later in
process via high energy

ion implantation

ECE 410, Prof. A. Mason Advanced Digital.20



Lightly-Doped Drain (LDD)

* Create lightly doped regions in S/D near the channel

* Necessary for submicron fabrication
- reduces the electric field across the channel

- reduces the velocity of electrons in the channel
(hot carrier effect)
- reduces performance, but allows higher density

» Can be used with any
isolation process

(© ()]

ECE 410, Prof. A. Mason Advanced Digital.21



Silicon On Insulator (SOI)
* Buried SiO, layer beneath

CVD SiNy

2nd level metal

surface of active single- AL .
Cr'ySTal Sl SubSTr.aTe 1st level metal " >CVE}Si02
 More expensive, but

CVD SiN,
LOCOS S0,
Buried SiQ,

excellent isolation
- ho leakage current to

A

2 l // "‘r.
W///// .
High-resistivity P-Sub (100)

substrate
& FibLan Oxygen Process Flow
- no latchup l ‘ ‘ f ﬂ ﬂ I J:L .
- high fransconductance ALUL Do e Nk
Si-SUBSTRATE l
- good subthreshold .
performance e
- r‘educed Shor‘.r Channe' . SINGLE-CRYSTAL Si Silicon 7 CMOS fabrication N
BT i LS "/ aSi0,
effeCTS Silicon l
- r'adiaTion immuni"'y o Anneal to form Si0s

()
APy

HM'“"'“"E ECE 410, Prof. A. Mason Advanced Digital.22




BiCMOS

Sputtered Al/Si

AP,

A//qw" =

N* Buried Layer ) - \\hf' Buried Layer
lx=150A F,, =7000A
A . Poly=5000A x,;=1800,35004 PaN
NN, P-Si L=0.8 pm BW=0.07 1m LR
NS A

V=1 .8V Epithick=1.8 pm

- Advantage
- both Bipolar and CMOS transistor
- Disadvantage

- Increased process complexity
- Reduced density (just no way to make small BJ Ts)

ECE 410, Prof. A. Mason Advanced Digital.23



Scaling Options
+ Constant Voltage (CV)

- voltage remains constant as feature size is reduced
- causes electric field in channel to increase
» decreases performance

- but, device will fail if electric field gets too large

Electric Field in channel
vs. Channel Length

. Constant Electric Field (CE) ooy 2 various Supply Voltages
. . R constant
- scale down voltage with feature size - = - voliage
. . =z MG ~
- keeps eleCTrlc fleld constant ) 20t ~~ . High Performance
. . () llu-'___"l.ﬂV "*-..,_L
* maintain good performance RSO "j;v----?fi__hg_v oy
_ e TG BB 28V T e
- but, limit to how low voltage cango ¢ s S B
- / 1.0V 1.5\f¢ 2.5v 33V 5.0V
Eﬁ Low Power
- 2zl CE . .
i constant electric field
1ﬂ.‘l l]i2 0:3 Dl.ll D:S ﬂ:‘! 1:ﬁ
- CHANNEL LENGTH { pum)

My
k)
PN

MIEIGAY CE 410, Prof. A. A igital.24
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Low Voltage Issues

» Reasons modern/future circuits have lower voltage

- lower voltage = lower dynamic power: Py,
- lower voltage required for smaller feature size

- feature sizes reduced to improve performance/speed

- smaller features = shorter distances across the channel
> stronger electric fields in channel
2 poorer performance or device failure
» unless voltage is reduced also

+ Side effects of reducing voltage

- reduces current (speed) and increases noise problems

- as supply voltage decreases, must also reduce threshold voltage
- otherwise, circuits will not switch correctly

- reduced threshold voltage = increased subthreshold current

> increased leakage currents
> increased static power consumption

=a C Vpp? fe ik

ECE 410, Prof. A. Mason Advanced Digital.25



Short Channels

Effective channel length

Leff = L(drawn) 2Ly - X,  x, - J(Zes(va - (Ve —vt))j
For short channels, roughly measured by L < 1um

must account for depletion region spreading into the channel
more important as channel length gets shorter NP L

N A

Source-Substrate and Drain-Substrate junction depletion layer extend
hoticeably into the channel

will reduce the about of bulk charge, Qg, in the channel
thus reduce the threshold voltage as channel length decreases
called the short channel effect

Va

heed a new way to calculate Qg i -

+ some bulk charge lost to depletion layers

(from Kuo and Lou, p. 43)

ECE 410, Prof. A. Mason Advanced Digital.26



Short Channel Effects

Short channel lengths introduce effects which must be considered
- in selecting process technologies for a given application
- in design of circuits

Short Channel Effects
- mobility degradation
- threshold voltage degradation
- velocity saturation
- hot carrier effects

Other effects made worse by short channels
- leakage currents
- latch-up
- subthreshold operation

R
LINSOBy

TAT CE 410, Prof. A. A igital.2
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Velocity Saturation

» Charge Velocity
- v, = pE, pnis mobility and E is electric field
- valid for small E, as assumed in previous I-V equations
- Velocity Saturation
- if E > Ec (critical field level), velocity will reach a maximum
Vsqt = Saturation velocity, velocity at E > Ec
*  Short Channel Devices
- lateral field near drain is very high > charge can experience velocity saturation
- even at Vg voltages before pinchoff occurs
- here

Coy W . .
ID = ‘UTOXT[Z(VGS _Vt)v DSAT -V ESAT]

where V't is the drain-source voltage which generates the critical electric field, Ec
valid when V' .1 < V;5-V, (When velocity saturation occurs before channel pinchoff)
- Velocity Overshoot
- with very short channels, carriers can travel faster than saturation velocity
- occurs in deep submicron devices with channel lengths less than 0.1um

- the velocity saturation equation above becomes inaccurate for very small channel
lengths and more detailed models are required.

)
LBy

TAT CE 410, Prof. A. R S
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Hot Carrier Effects

» High E-field in channel will accelerate charge carriers

+ Accelerated carriers can start colliding with the substrate atoms
- generates electron-hole pairs during the collision

- these will be accelerated, collide with substrate atoms and form even more
electron-hole pairs: called impact ionization

+  Impact ionization can lead to
- avalanche breakdown within the device
- large substrate currents

- degradation of the oxide
high energy electrons collide with gate oxide and become imbedded

- causes a shift in threshold voltage Voo Vin Vp»0
- considered catastrophic effect L j riacoie
- leads to unstable performance IIZZITAZTZL "/
nt o—% o— a—x > nt
P

Punch-Throug
Current i o Drain-to-Substrate

Current

» ([
My
ek

PN
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Hot Carrier Effects II

- Supply voltages dropping slower than channel length
- as a result electric fields in channel continue to increase.
- Hot carrier effect must be considered for submicron devices

- may potentially be a limiting factor in how far devices can be scaled
down
* unless we can reduce electric fields in channel

To reduce hot carrier effects, increase channel length

* pMOS devices may be better overall for deep submicron circuits

- hole mobility is closer to electron mobility under high electric fields
which occur in submicron devices

- hot carrier effects are worse in nMOS devices than pMOS

ECE 410, Prof. A. Mason Advanced Digital.30



Leakage Currents

» All p-n junctions in the MOSFET structure will have a
reverse bias leakage current
* Leakage Current, I, | _9AN,

Ik Xd

- where 27,

* A, is the junction area
* n. is the intrinsic carrier concentration

1, IS the effective minority carrier lifetime
* X4is the depletion layer thickness, x=AV})

* Undesired effects of leakage currents

- add to unwanted static power consumption

- limit the charge storage time of dynamic circuits
* Factors in leakage

- n; is a strong function of temperature (doubles every 11°C)
- significant in high power density circuit that generate heat

ECE 410, Prof. A. Mason Advanced Digital.31



Latch-Up

Latch-up is a very real, very important factor in circuit design that
must be accounted for
- Due to (relatively) large current in substrate or n-well
- create voltage drops across the resistive substrate/well
* most common during large power/ground current spikes
- turns on parasitic BJ T devices, effectively shorting power & ground
- often results in device failure with fused-open wire bonds or interconnects
- hot carrier effects can also result in latch-up
* latch-up very important for short channel devices

Avoid latch-up by

- including as many substrate/well contacts as possible
- limiting the maximum supply current on the chip

Vin

Vpp=3.3V
T 7

Voo =09V
Vout ; Rn ; Rn

p p~ Substrate (a)



Subthreshold Operation

+  Weak inversion, when V> 0 but < V,
- some channel change and the drain current is small but not zero.
- referred to as the subthreshold region
Subthreshold operation
- the drain current is an exponential function of the gate voltage
- the current increase sharply with V¢ until the device turns on

A

w e(ch;s/ nkT)

|, =1
D DO
L

- where
- I, is a process dependant constant, typically ~20nA
* nis a process dependant constant, typically n=1.5
« kT/q = 26mV at room temperature

 Channel Length
- subthreshold currents are much larger in short channel devices

* due to high e-fields at the drain reducing effective channel length
- effect can be reduced my using lightly-doped drain regions under the gate

ECE 410, Prof. A. Mason Advanced Digital.33



Subthreshold Operation

*  Analog Circuits
- subthreshold operation is exploited for low power operation in low
frequency applications
- Digital Circuits
- subthreshold current serves as undesired leakage current
- want to quickly transition in/out of subthreshold
+  How can we decrease subthreshold currents and speed transition?

- thinner gate oxide = faster transition
* same as current technology trend
- lighter substrate doping = faster transition

- opposite of current technology trend
- higher doping needed for better short channel performance

- faster transition = less subthreshold leakage current = lower power
- process must be chosen to match the speed, power, and performance
spec's for each circuit
* what is best for DRAM is not best for microprocessors, etc.

W o (aves / i)

I, =1
D DO
L

)
LBy
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