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Lec 6: February 6, 2023
MOS Transistor Operating Regions

Part 2, Parasitics
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Today

0 Operating Regions
m Resistive

m Saturation
s Subthreshold

= Velocity Saturation

0 Short Channel Effects

u th

= Drain Induced Barrier Lowering

0 Capacitance
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Velocity Saturation

Penn



Carrier Velocity

0 Model assumes carrier velocity increases with field
= Increases with voltage proportionally to mobility

.VDS_(‘un

L 7

%

DS

v=u

) =
L 7
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Carrier Velocity

0 Model assumes carrier velocity increases with field

= Increases with voltage proportionally to mobility

SPEED ///

LIMIT |
20 N
(3x108 m/sec)
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Preclass 1

0 (a) What is the electrical field in the channel?

L =25nm,V,; =1V

Uniform Field = h

L,

0 Velocity:

v=F-u
a Electron mobility:  u, =500cm?* /(V - s)
a (b) What is the electron velocity?
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Moving Charge

0 I increases
lineatly in V

o What’s I?
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Moving Charge

0 I increases
lineatly in V

0 What's I?
- AQ/ At
= Speed at which charge

moves
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Moving Charge

— VDS

Field=—=,v=u - F
1 Leﬁ”
I= E V
V=xun°VDS = | L Vs
L, \Ly
0 I increases 0 Velocity increases
linearly in V linearly in V
0 What's I? 0 What’s a moving
= AQ/At electron?
= Speed at which charge
moves
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Carrier Velocity

107 __________________

V4 (cm/s)

Electric Field E,, (V/cm)

0 Velocity —

= increases for increasing field with slope of mobility
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Carrier Velocity

V4 (cm/s)

Electric Field E,, (V/cm)

0 Velocity —
= increases for increasing field with slope of mobility

= saturates for increasing field

= More likely to hit the critical field in short channel
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Short Channel

0 Model assumes carrier velocity increases with field

= Increases with voltage proportionally to mobility

0 There 1s a Iimit to how fast carriers can move

= Limited by scattering etfects
m 1O5m/ S

0 Encounter velocity saturation when channel short

= Modern processes, L 1s short enough to reach this region
of operation
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Velocity Saturation (Preclass 1)

0 (c) At what voltage do we hit the speed limit
10°m/s?
| Leff:25ﬂm, Vdszlv

= Vpsat = voltage at which velocity (current) saturates
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Velocity Saturation

I Vgs = Long
Voo > channel
| devices
.| Short
: B channel
; .| devices
, ; a
, V4
Vpsar VsV S
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Velocity Saturation

a Our current model equation:

L

W i
s =1,Cox (_)

a0 Once velocity saturates:

Penn ESE3700 Spring 2023
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Velocity Saturation

a Our current model equation:

L

nCOX (W) (VGS B Vth)VDS B

a0 Once velocity saturates:

DS DSAT DS — n 0).¢

L

V .=V .. .=1 u C (W)
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Velocity Saturation

a Our current model equation:

nCOX (W) (VGS B Vth)VDS B

e

L

a0 Once velocity saturates:

VDS - VDSAT g [DS - ‘unCOX (_
|4
Ihs=| 4, DZAT Cox

Penn ESE3700 Spring 2023
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: Velocity Saturation

a Our current model equation:

4 p2
g =u,Coy (f) (VGS =V )VDS - %S
a0 Once velocity saturates:
/4 v,
VDS - VDSAT g [DS - ‘unCOX (f) (VGS B Vth)VDSAT B DSAT
V ' v
]DS =Y, AL COXW (VGS B Vth)_ P

L _ 2

Is =V CoxW | (Vs =V, )—VDSAT
DS sat — OX G th )
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Velocity Saturation

x 10
Vps=VosVr VG//= 25V
Resistive Saturation
VGS B 2 O V
VGS= 15 V |
Vo= 10V |
0 05 ” 15 2 25

V__ (V)

ps {

(a) Long-channel transistor (L, = 10 um)

a0 Long Channel

Penn ESE3700 Spring 2023
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Quadratic (Xependence

I (A)

25

ps {

(b) Short-channel transistor (L, =0.25 um)

0 Short Channel

x 10
Vog=25V
Ves=20V
Veg=15V |
Veg=10V 1
0 O.‘S 1 1..5 2 2.5
V.. (V)

Linear dependence



Velocity Saturation

x 10
6

quadratic

(a) Long-channel device (L, = 10 um)

a0 Long Channel

Penn ESE3700 Spring 2023

Ip (A)

25

1.5}

0.5}

-4
x10

quadratic

0 0.5 1 1.5 2 25

Vas)

(b) Short-channel device (L, = 0.25 um)

0 Short Channel



Velocity Saturation

0 Once velocity saturates we can still increase current
with parallelism

= Bffectively make a wider device

V
I = v, CoxW [(VGS - Vth) - D;AT ]

G

S H D
) N depletion

region

p-substrate
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Threshold
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Short Channel Effects — V.. Reduction

G

_X_/ - Qé ’\_x; )
pn+ L ¢ pn+
depletion . depletion
region Vs 1ndyced region
depletion
region
ong Channel Device
Long Ch 1D Short

V1, (short channel) = V., - AV,
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Short Channel Effects — V.. Reduction

=/
pn+

depletion
region

| Y

G

Long-channel threshold

a

>

L

Threshold as a function of
the length (for low Vpg)

V1, (short channel) = V., - AV,
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Short Channel Effects - DIBL

0 Drain Induced Barrier Lowering
= [ Reduction with Drain Bias

Long Channel Short Channel

S D S D

L
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Short Channel Effects - DIBL

0 Drain Induced Barrier Lowering
= [ Reduction with Drain Bias

Long Channel Short Channel
S D S D
o | Y & =&
S D S D

Voo N\ a—a O
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Short Channel Effects - DIBL

0 Drain Induced Barrier Lowering y ]\
= [ Reduction with Drain Bias

Vbs
Long Channel Short Channel
S D S D
o\ Y &/ =&
S D S D

Vps>0 M N [ Ve
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Threshold Reduction Impact

Penn.



In a Gate?

0 What does it impact most?
s Which device, has large V,?

s How does this effect operation?

= Speed of switching?
s [eakage?

5

l]‘
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Capacitance
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Simplified Design Flow

a Design a circuit to perform a function with specified
minimum speed and optimized power (minimized
with an upper bound)

s Zero order model to design topology

= First order model to meet speed spec

= Rise/fall times, propagation delay, gate capacitance, output stage
equivalent resistance

m Transistor IV curves

s [terative SPICE simulation — tweak knobs to optimize for power
(switching (dynamic), leakage (static), etc.)
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Capacitance

0 First order: gate input looks like a capacitor

ﬁ ate

channel

D
G
1 SRo 2
1
S
0 Today:

= (Capacitance 1s not constant

= Capacitance not physically to gnd

s Modeled as such

Penn ESE3700 Spring 2023
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Capacitance Setup

Penn



Capacitance

0 Modeled gate with a capacitor to ground

0 ...but ground 1sn’t really one of our terminals

= Don’t connect directly to it

= ...source and body are gffen at ground. .. D
G
1 SRo 2
1
G S
S D

J L depletion

region
p-substrate J
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Capacitance (Preclass 2)

0 Four Terminals

S D

0 How many combinations? ‘

s 4 things taken 2 at a time? G |[—

<

N

S
G
S D

J L depletion

region
p-substrate J
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Capacitances

2 GS, GB, GD, SB, DB, SD

: 4
T e T §os

S D
J L depletion

region

p-substrate
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Capacitance Decomposition
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MOSFET Parasitic Capacitance

.

==l

/ ___CofT, TCes T /
U P, N Xy )
Cise = ‘\_ =T Cjos

0 Any two conductors separated by an insulator form
a parallel-plate capacitor

a0 Two types
= Extrinsic — Outside the box (e.g. junction, overlap)

= [ntrinsic — Inside the box (e.g. gate-to-channel)
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Overlap Capacitance

Penn



Overlap

a What is the capacitive implication of gate/source
and gate/drain overlap?

J L depletion

region
p-substrate J

Penn ESE3700 Spring 2023 B



Overlap

0 Length of overlap?

Ldrawn

Penn ESE3700 Spring 2023 | effective



Overlap Capacitance

Ldrawn

Penn ESE3700 Spring 2023

Leffective

drawn

-L

effective

)/2

[

oxX



Overlap Capacitance

Ldrawn A
C=¢¢,—

d

SOX

COX =
tOX
Leffective
W (L drawn _Leﬁective ) / 2

C =¢

0 oxX

[

oxX

1
C 5 C W (L drawn Leﬁective )
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Overlap Capacitance

Ldrawn A
d

Leffective

—L /2

[

oxX

14 (L effective )

drawn

C =¢

0 oxX

C, = %C 14 (L drawn Leﬁective) = Caso = Cono
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Junction Capacitances
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Junction (diffusion) Capacitance

0 n" contacts are formed by doping = diffusion

0 Depletion under diffusion region (bottom-plate)
= Due to reverse biased PN junction
= Bottom-plate junction capacitance, C;
0 Depletion around perimeter (sidewall) of diffusion
region
= Sidewall junction capacitance, Cig,

G

S D
ﬁJ Lh depletion

region

p-substrate
Penn ESE3700 Spring 2023




Junction (Diftusion) Capacitance

0 C; — Bottom-plate junction capacitance (F/Area)
0 Ci,, — Sidewall junction capacitance (F/Length)
0 Lg — length of diffusion region

N

Cup =C, LW +

diff

Penn ESE3700 Spring 2023



Junction (Diftusion) Capacitance

0 C; — Bottom-plate junction capacitance (F/Area)
0 Ci,, — Sidewall junction capacitance (F/Length)
0 Lg — length of diffusion region

N

Cup =C,LW +C, (2LS+W)

Jsw

diff
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(Gate-to-channel
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MOSFET Parasitic Capacitance

.

==l

/ ___CofT, TCes T /
U P, N Xy )
Cise = ‘\_ =T Cjos

0 Any two conductors separated by an insulator form
a parallel-plate capacitor

a0 Two types
= Extrinsic — Outside the box (e.g. junction, overlap)

= [ntrinsic — Inside the box (e.g. gate-to-channel)
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Gate-to-Bulk Capacitance

0 Looks like parallel plate capacitance

0 Two components:
s What is Cge? (Coes. Coep)
m What is CGCB?

p-substrate

Penn ESE3700 Spring 2023

depletion
region



Gate-to-Channel Capacitance

0 Looks like parallel plate capacitance

0 Two components: Case: Strong [nversion (small Vds)

| CGC

u CGCB

J L depletion

region
p-substrate <
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Gate-to-Channel Capacitance

0 Looks like parallel plate capacitance

0 Two components: Case: Strong Inversion

| CGC
= Coep=0 CGC = CoxWLeﬁ”ective
G
n_
J L depletion
region

p-substrate
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Gate-to-Channel Capacitance

0 Looks like parallel plate capacitance

0 Two components: Case: Strong Inversion
s Cge— Split evenly between S and D

" CGB:O C(}'F = CHYWLPﬁPPﬁVP
|
CGCS = CGCD = 5 CoxWLeﬁ”ective
—G

J L depletion

region
p-substrate 9
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Gate-to-Source Capacitance

a Channel + Overlap

CGS =Lges T CGSO

-y

S H D
J . depletion

region

p-substrate
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Gate-to-Source Capacitance

a Channel + Overlap

CGS = CGCS + CGSO

| |
CGS = 5 COX W(Ldmwn o Leﬁective) + E COX WLeﬁective
1
CGS = X COX WLdmwn
2
G
S H D
AJ . depletion

region

p-substrate
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Gate-to-Drain Capacitance

a Channel + Overlap

CGD = CGCD + CGDO

| 1
CG = E OX W(Ldmwn o Leﬁective) + 5 COX WLeﬁective
1
CGD = COX WLdrawn
2
G

S H D

AJ . depletion

region

p-substrate
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Channel Evolution: Weak Inversion

G G
S H D
p-substrate p-substrate
G G
depletion Y/ | Gepletion
region region
p-substrate p-substrate J
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Channel Evolution: Weak Inversion

O VGS: 0 9 CGC:O) CGCB:WLCOX

G G
S H D
p-substrate p-substrate
G G
depletion Y/ | Gepletion
region region
p-substrate p-substrate J
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Channel Evolution: Weak Inversion

0 What happens to capacitance here as Vg increases?

m Capacitor plate distance?

ﬂ;

p-substrate

G

S D

region
p-substrate J

B
Penn ESE3700 Spring 2023



Channel Evolution: Weak Inversion

0 Capacitance is initially dominated by Gate-to-bulk
capacitance (Cges p=0)

0 Gate-to-bulk capacitance drops as Vg increases

toward V,
G
p-substrate

Penn ESE3700 Spring 2023



Capacitance vs Vg (Vpg=0)

WIJCOX —_ - CGC

0.5WLCHx—1m Coes=Caep

G G G
S H D s H D s H D s % D
p-substrate p-substrate p-substrate p-substrate

Increasing Vgg —>
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Saturation Capacitance?

J L depletion

region
p-substrate J
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Saturation Capacitance?

0 Source end of channel in inversion

0 Voltage at drain end of channel at or below

threshold

0 Capacitance shifts to source

= Total capacitance reduced

= =

Penn ESE3700 Spring 4023 p-su bstrate

depletion
region



Saturation Capacitance

WI“COX =

O.SWIJCOX =

VDS/ <VGS ‘VT)

G

= =

Penn ESE3700 Spring 2

023

p-substrate

(2/3)WLCox

depletion
region



Saturation Capacitance

WLCHx — Coce
‘ - (2/3)WLCox
0.5WLCx Cacs (Tsividis 1987)
N
0 1
Vps/(Vas-Vr)
G

J L depletion

Penn ESE3700 Spring 2

023
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p-substrate 9




Capacitance Roundup

Css=CoestCaso
Cop=CsenptCopo S

Cos=Caes
Csp=Cluifr

Cps=Cuais

C O O O O

Penn ESE3700 Spring 2023



First Order Capacitance Summary

Operation

Region Cocn

CGCS

CGCD

CGC

Subthreshold
Linear

Saturation
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First Order Capacitance Summary

Operation
ngion Cocn Cocs Cocp Cac Cq
Subthreshold
Linear 0 COXWL/ 2 COXWL / 2
Saturation
CGCS = CGCD = E CoxWLeﬁective
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First Order Capacitance Summary

Operation
Region Cacs Cacs Cacp Cac Ca
SllbtthShOld COXWL O O
Linear 0 COXWL/ 2 COXWL / 2
Saturation
WLCox __| Cace
0.5WLCHx— Coes=Caep
CGCB
Vas

Penn ESE3700 Spring 2023
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First Order Capacitance Summary

Operation
Region Cacs Cacs Cacp Cac Ca
SllbtthShOld COXWL 0 0
Linear 0 COXWL/ 2 COXWL / 2
Saturation 0 2/3)Cox WL 0
WLCHx — Coe
‘ 2/3)WLCyx
0.5WLCHx Caes
N
0 1

VDS/ (VGS‘VT>
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First Order Capacitance Summary

gf; lr 2 rtllon Cces + Cacs + Cecp == Cqe
Subthreshold CoxWL 0 0 CoxWL
Linear 0 CoxWL/2 CoxWL/2 CoxWL
Saturation 0 (2/3)Cox WL 0 (2/3)Cox WL
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First Order Capacitance Summary

Rt Cocs Cacs Cecn Cac Ce
Subthreshold ~ CoxWI 0 0 CoxaWL | CoxWILA2C,
Linear 0 CoxWL/2  CoxaWL/2 | CoxWL | CoxWL+2Co
Saturation 0 (2/3)Cox WL 0 2/3)CoxWL | (2/3)CoxWL
+2Cq

C,= 5 W (L drawn _Leﬁective) =Cgs0 = Copo
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Big Idea

0 3+ Reglons of operation for MOSFET

Ids vs. Vgs NMOS

s Subthreshold 0.00012 —
. 0.0001
s Linear
- 8e-05 ,/
. Q.
= Saturation £ 6e05
= Pinch Off 2 40 V4
. . 2e-05
s Velocity Saturation, DIBL 4
0 0.2 04 0.6 0.8
Short channel v
_ lds vs. Vgs NMOS
Vgs = Long
Vbp channel 0.001 ¢ lds |
' devices i ]
0.0001 | e
Short -~ 1e-05}
channel g I
devices < 1e-06 |
S 1e-07 |
0 L © /
VDSAT VGS-VT 1e-08 /

1e-09
Penn ESE3700 Spring 2023 ' y



Big Idea

0 Capacitance

= To every terminal

= Voltage dependent

— Y { »
WLCox —— Coc T ~“cbl T (o8
0.5WLCh¢ Coes=Caep D
|
I Cien |
V Vs e
th
WLCOX ] CGC
(2/3)WLCox
0.5WLCHx Caes
\
0 1

Vps/(Vas-Vr)
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Admin

o HW3 out now — due 2/10 (Friday)

= Takes time! Learning curve for how to debug
= Don’t forget the demo/video of SPICE workflow

0 Monday Lecture Cancelled 2/13

a0 Midterm 1 Postponed to Wednesday 2/15
= 1:30pm-3:30pm (Tentative) in LRSM 112B

s See Ed Discussion

= Midterm 1 Review session 2/8

s See Ed Discussion
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One Implication (Optional)

Feedback Capacitance Cq

Penn.



Step Response? (Preclass 3)

0 Vin steps from 0 to 1, what does Vout look like as a

function of time
s Initial voltager n
s Steady state voltage? - DC 1 ACO

10f 100§
Vin ii » Vout
£) .
1000

Penn ESE3700 Spring 2023



Step Response

Voltage peaking!

| | I I

V7R S N— pulse

12 SRS SO S S —_—

) EN B —
0.6 e e I .

O . 4 ............

0.2 SRS S S S

0 1e-11 2e-11 3e-11 4e-11 Se-11
time (s)
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Impact of Cp

0 What does Cgp do to the switching response here?

I

YV
Vin —HC—Gsz
a2

T

Vdd

out

Vout

T T &
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Impact of Cp

*** spice deck for cell flat_inv{sch} from library test

vz
Vout
>

0 S5e-11 1e-10 1.5e-10 2e-10

S
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