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Introduction

So far, we have treated transistors as 1ideal switches

An ON transistor passes a finite amount of current
— Depends on terminal voltages
— Derive current-voltage (I-V) relationships

Transistor gate, source, drain all have capacitance
— I=C (AV/ At) > At=(C/) AV
— Capacitance and current determine speed

Also explore what a “degraded level” really means

e L
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MOS Capacitor

* Gate and body form MOS capacitor

* Operating modes
— Accumulation
— Depletion

— Inversion
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polysilicon gate
silicon dioxide insulator

p-type body

depletion region
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Terminal Voltages

Mode of operation depends on V,,, V4, V Vo

~ V=V, V, ngngd
- V=V, =V, V' ] V
— Vi =Vi= V=V, -Vy R

Source and drain are symmetric diffusion terminals
— By convention, source is terminal at lower voltage
— Hence V4 20
nMOS body is grounded. First assume source is 0 too.
Three regions of operation
— Cutoff
— Linear
— Saturation
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nMOS Cutoff
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nMOS Linear

Channel forms

— e fromstod
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I, increases with Vi,

Current flows from d to s
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nMOS Saturation

Channel pinches off

I, iIndependent of V
* We say current saturates

 Similar to current source

VgS>V V<V
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[-V Characteristics

 In Linear region, I, depends on
— How much charge 1s in the channel?

— How fast 1s the charge moving?
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Channel Charge

* MOS structure looks like parallel plate
capacitor while operating in inversion

— Gate — oxide — channel

° Q —
channel
W source| Yos —ng gd | drain
- | -
v Vs channel \Z
t) n+ - -y _— + n+
A L | SiO, gate oxide ds
n+ n+ (good insulator, ¢, = 3.9) p—type body
p-type body
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Channel Charge

* MOS structure looks like parallel plate
capacitor while operating in inversion

— Gate — oxide — channel

* Qchannel =CV
e (=

A L ] SiO, gate oxide
n+ n+ 2
(good insulator, g, = 3.9)

p-type body

Vv

gd | drain

BUHHIM

\Y,

S

source| Yos T g

n+ -

|
channel

\Vds —
p-type body
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Channel Charge

« MOS structure looks like parallel plate capacitor while
operating in inversion

— (QGate — oxide — channel
* Qchannel — CV
.+ C=C,=¢g, WL/, =C, WL Cox = €ox / Tox
e V=

source| Yos —ng gd | drain

- I -
. V, channel Vy
0X n+ - V., —— T n+
A 3 — SiO, gate oxide ds
n+ n+ d insulat =3.9
_ (good insulator, &, = 3.9) p-type body
p-type body
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Channel Charge

« MOS structure looks like parallel plate capacitor while
operating in inversion

— Gate — oxide — channel
* Qchannel =CV

+ C=C,=8&,WLit, = C, WL
¢ V=V, - V,=(V,— V/2) -V,

source| Vos T Cy  Vaa| drain
W - I -
v Vi channel N Vg
+ - +
tox n \ Vds / n
A L B SiO, gate oxide
n+ Lu (good insulator, g = 3.9) p'type bOdy
p-type body
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Carrier velocity

* Charge 1s carried by e-

 Carrier velocity v proportional to lateral E-
field between source and drain

OV:
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Carrier velocity

* Charge 1s carried by e-

 Carrier velocity v proportional to lateral E-
field between source and drain

e V=uE u called mobility

« E=V, /L

 Time for carrier to cross channel:
_t=
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Carrier velocity

* Charge 1s carried by e-

 Carrier velocity v proportional to lateral E-
field between source and drain

e V=uE u called mobility

« E=V, /L

e Time for carrier to cross channel:
—t=L/v=L/nV,/L)=L%uV,)
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nMOS Linear I-V

e Now we know

— How much charge Q 1s 1n the channel

channel

— How much time t each carrier takes to cross

Ids
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nMOS Linear I-V

e Now we know

— How much charge Q 1s 1n the channel

channel

— How much time t each carrier takes to cross

I _ Qchannel
ds
t

9/9/2009 CMOS VLSI Design - CES 522

18



nMOS Linear I-V

e Now we know

— How much charge Q 1s 1n the channel

channel

— How much time t each carrier takes to cross

I _ Qchannel
ds
t

W V
— IUCox T(Vgs _Vt o %jvds
V
— IB(Vgs _Vt - %)Vds

9/9/2009 CMOS VLSI Design - CES 522 19

e
|
=
@
| =

0),¢



nMOS Saturation I-V

* If Vi, <V,, channel pinches ott near drain
— When V>V, . = Vgs -V,
* Now drain voltage no longer increases current

Ids_
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nMOS Saturation I-V

* If Vi, <V,, channel pinches ott near drain
— When V>V, . = Vgs -V,
* Now drain voltage no longer increases current

V
dsat ) jvdsat

Ids — IB(Vgs _Vt -
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nMOS Saturation I-V

* If Vi, <V,, channel pinches ott near drain
— When V>V, . = VgS -V,
* Now drain voltage no longer increases current

V
Ids =p (Vgs _Vt — o ) jvdsat

_ P _yV
- 2(\/95 Vt)
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nMOS I-V Summary

 Shockley 1% order transistor models

-

0 V. <V,  cutoff

| = ,B(Vgs v, Vs jvds V. <V, lincar

saturation

ﬁ(vgs -V,) V, >V

dsat
k 2
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Example

e Consider a 0.6 um process
— From AMI Semiconductor

—t, =100 A 25
— u=2350 cm?V*s 5|
-V, =07V _ 15
* Plot I vs. Vg 5 1l
- V,=0,1,2,3,4,5 05!
— Use W/L=4/2 A 0l
B =uC, WT - (350)[3 .9100862156}80_14 j{WTj - 120\’% LA
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pMOS [-V

« All dopings and voltages are inverted for pMOS

* Mobility p 1s determined by holes
— Typically 2-3x lower than that of electrons
— 120 cm?/V*s in AMI 0.6 um process

* Thus pMOS must be wider to provide same current
— In this class, assume p, / p, =2

— *** plot I-V here
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Capacitance

* Any two conductors separated by an insulator
have capacitance

* Gate to channel capacitor 1s very important
— Creates channel charge necessary for operation

* Source and drain have capacitance to body
— Across reverse-biased diodes

— Called diffusion capacitance because it 1s
associated with source/drain diffusion
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Gate Capacitance

* Approximate channel as connected to source

* Cgs — SOXWL/ tox — COXWL — Cpermicronw
* Cpermicron 18 typicallv about 2 fF/pum
W
tOX+
i< L B SiO, gate oxide
n+ O+ (good insulator, ¢, = 3.9¢,)
p-type body
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Diffusion Capacitance

* Co Cap
» Undesirable, called parasitic capacitance
» Capacitance depends on area and perimeter

— Use small diffusion nodes

m
— Comparable to C, : =

SSSSSS

for contacted diff o

Transistor 1

— 1 Cg for uncontacted = = -

— Varies with process
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Secondary effects

e Short-channel effects:

— Short channel device has channel length
comparable to depth of drain and source junctions
and depletion width

— Causes threshold voltage and I/V curve variations
 Narrow-channel effects:
— Narrow channel device has small channel width

» Subthreshold conduction (leakage current)

9/9/2009 CMOS VLSI Design - CES 522 29



Secondary effects

 Short-channel device: channel length 1s comparable
to depth of drain and source junctions and depletion

width
— In general, effects are visible when L ~ 1um and
below

* Short-channel effects:
— Carrier velocity saturation
— Mobility degradation
— Threshold voltage variation

9/9/2009 CMOS VLSI Design - CES 522
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Carrier velocity saturation

N+
source

* Electric field E, exists along channel

— As channel length 1s reduced, electric field increases (if voltage is
constant)

 Electron drift velocity v, 1s proportional to electric field
— only for small field values

— for large electric field, velocity saturates
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Effects of High fields

* Vertical field - The vertical field occurs 1n the
y-direction from the gate to the channel

(Ey=Vpp/tox)

 Horizontal field - The horizontal field occurs
in the x-direction from the drain to the source

(Ey=Vps/L)
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Carrier velocity saturation

« Effect of velocity saturation:
— Current saturates before “saturation region”
— Vpgat = voltage at which saturation occurs

— Drain current is reduced:
| D (Sat) — WVd (Sat)Cox (\/GS _VT - %VDSAT )

(no longer quadratic function of V)

— Saturation region 1s extended:
Vpsar < Vags-Vr
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Velocity Saturation Effects

Long For short channel devices

Ves = Vop channel
Jevices and large enough Vg — V;

Vbsar < Vgs = V180
the device enters
saturation Vs
reaches V4 — Vyand
operates more often 1n
saturation

VbSAT VGS_VT

Ipgar has a wrt Vg so a reduced
amount of current 1s delivered for a given control voltage
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Short Channel I-V Plot (NMOS)

X 104

\
2 4
< =
~ 15 + 2
= N Y A , S turation > qq)
. o Vgg = 1.5V 2.
1+ o
05 Vgs = 1.0V
J
0 I |
0 05 1 1.5 2 2.5
Vbs (V)
NMOS transistor, 0.25um, , WL=1.5,V,=2.5V, V. =04V

9/9/2009 CMOS VLSI Design - CES 522 35



MOS I,-V ¢ Characteristics

b, X107 Linear (short-channel)
versus quadratic (long-
channel) dependence of [,
on V¢ 1n saturation

Velocity-saturation
causes the short-channel
short-channel  device to saturate at
0 - | | hneﬁ‘r - substantially smaller values

of V.« resulting in a
T DS 8

Ve (Vj Zliibvsetantml drop 1n current

(for Vpg=2.5V, W/L = 1.5)
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Mobility degradation

 MOS I/V equations depend on surface mobility p
(or p,)
* In short-channel devices, p, and p, are not constant

— As vertical electric field Ey increases, surface
mobility decreases

— 1, = low-field mobility, n 1s empirical constant
— As V4 Increases, surface mobility decreases

_ Hy
1+ 77(VGS -V, )
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Threshold voltage variation

9/9/2009

Until now, threshold voltage assumed constant
— V., changed only by substrate bias Vg

In threshold voltage equations, channel depletion
region assumed to be created by gate voltage only

Depletion regions around source and drain
neglected: valid if channel length 1s much larger
than depletion region depths

In short-channel devices, depletion regions from
drain and source extend into channel
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V., Roll Off

N+ I ! Drain
Source UGS J drain depletion
depletion ‘ k — | region
region Gate-induced
depletion region

» Even with V=0, part of channel 1s already depleted

* Bulk depletion charge 1s smaller in short-channel
device — V. 1s smaller
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Threshold voltage variation

Short-channel effects cause threshold voltage variation:

* V,roll off
— As channel length L decreases, threshold voltage decreases
* Drain-induced barrier lowering

— As drain voltage V4 increases, threshold voltage
decreases

* Hot-carrier effect
— Threshold voltages drift over time

9/9/2009 CMOS VLSI Design - CES 522 40



Drain-induced barrier lowering

(DIBL)

* Drain-induced barrier lowering (DIBL)
— Drain voltage V¢ causes change in threshold voltage
— As Vi 18 Increased, threshold voltage decreases

» (Cause: depletion region around drain

— Depletion region depth around drain depends on drain
voltage

— As Vg 1s Increased, drain depletion region gets deeper
and extends further into channel

— For very large V|, source and drain depletion regions
can meet — punch-through!

 Issue: results in uncertainty in circuit design

9/9/2009 CMOS VLSI Design - CES 522
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Hot Carrier Effects

 Hot-carrier effect

9/9/2009

— 1ncreased electric fields causes increased
electron velocity

— high-energy electrons can tunnel into gate oxide

— This changes the threshold voltage (increases
V. for NMOS)

— Can lead to long-term reliability problems

CMOS VLSI Design - CES 522

42



Impact Ionization

 Hot electrons

— High-velocity electrons can also impact the drain,
dislodging holes

— Holes are swept towards negatively-charged
substrate — cause substrate current-
— Called impact ionization

— This 1s another factor which limits the process
scaling — voltage must scale down as length
scales
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Threshold voltage variation

 Summary of threshold variations in short-
channel devices

— V., roll off: threshold voltage reduces as
channel length L reduces

— DIBL: threshold voltage reduces as V¢
Increases

— Hot-carrier effect: threshold voltage drifts
over time as electrons tunnel into oxide
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Narrow-channel effects

e Narrow-channel device:

— Channel width W 1s comparable to
maximum depletion region thickness x;

 Narrow-channel effect:

— Threshold voltage of narrow-channel device
is larger than threshold of conventional
device
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Narrow-channel effect

e (Cause of narrow-channel effect

— Edges of gate metal are over field oxide (FOX)
— This field oxide causes a small depletion region

— Gate voltage must support this additional depletion region
Charge DRAIN DIFFUSION (n*)

\ GATE

THIN GATE OXIDE

Que s - Qne
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Narrow-channel effect

* Change 1n threshold voltage:
V., (narrow channel) =V; , + AV;,

1 KXy

AV;, = C—ox\/zngi NA‘2¢F‘ ° V\;

— K 1s empirical parameter: depends on shape of the
fringe depletion region

— Change 1n V, proportional to (x4,,/W)

9/9/2009 CMOS VLSI Design - CES 522
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Subthreshold conduction

 When V¢ <V, transistor 1s “off”
— However, small drain current I still flows
— Called subthreshold leakage current

« Model for subthreshold current:

: (AVGS +BVpg )

|, (subthreshold) = | We*T

— Increases as V4 Increases (potential barrier lowered)
— Increases as V4 increases (DIBL)
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Subthreshold Channel Conduction: Physical
Origin

e Subthreshold current conduction is mainly caused by carrier diffusion,
while above-threshold is mostly carrier drift.

* This transport mechanism is actually similar to BJT, and the channel
current has an exponential dependence on V.

» The slope of log,,(lp) vs. Vs, or required V¢ to reduce |5 for one
decade, is called the subthreshold slope S, which i1s larger than 60mV for
classical devices.

log,(Ip) -

Vpe=0.1V

/
diffusiox}’

V
GS
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Leakage current (subthreshold)

« Effect of leakage current

— “Wasted” power: power consumed even when circuit 1s
inactive

— Leakage power raises temperature of chip

— Can cause functionality problem in some circuits: memory,
dynamic logic, etc.

« Reducing transistor leakage
— Long-channel devices
— Small drain voltage

— Large threshold voltage V;
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Leakage current issues

* Leakage vs. performance trade-off:
— For high-speed, need small V and L

— For low leakage, need high V; and large L (to reduce
DIBL and V roll-ofY)

* Process scaling

— V., reduces with each new generation technology
(historically)

— Leakage increases ~10X!
* One solution: dual-V process
— Low-V transistors: use 1n critical paths for high speed

— High-V transistors: use to reduce power
9/9/2009 CMOS VLSI Design - CES 522
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