ESE370: Circuit-Level Modeling, Design,
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Lec 9: September 24, 2021
MOS Transistor Details

Capacitance
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Threshold
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Short Channel Effects — V.. Reduction

G

_X_/‘ Qé

_I_
b Legr
depletion .
region Vs 1ndpced
depletion
region
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n+

p
depletion

region

Long Channel Device

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

Vps>0 M N [ Ve
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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

L) L}
.
S Ienn.
Penn ESE370 Fall 2021 — Khanna



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?
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Simplified Design Flow

0 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 tOday

= Rise/fall times, propagation delay, gatutput stage

equivalent resistance

m Transistor IV curves

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

Penn ESE 370 Fall 2021 - Khanna
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Capacitance

0 First order: gate input looks like a capacitor

b %ate
G lf drain source
CG__IL Ron ¥ channel
S
0 Today:

= (Capacitance 1s not constant

= Capacitance not physically to gnd
s Modeled as such

O ——

Penn ESE 370 Fall 2021 - Khanna GB 11



Capacitance Setup

SR 4N
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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 1)

0 Four Terminals

0 How many combinations?

s 4 things taken 2 at a time?

__ N

p-substrate

Penn ESE 370 Fall 2021 - Khanna B
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Capacitances

a 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

SR 4N
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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)

Penn ESE 370 Fall 2021 — Khanna
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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
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Overlap

0 Length of overlap?

Ldrawn

Penn ESE 370 Fall 2021 - Khanna

Leffective
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Overlap Capacitance

Ldrawn

Leffective

Penn ESE 370 Fall 2021 - Khanna
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oxX

21



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

SR 4N
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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 ESE 370 Fall 2021 - Khanna 25




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
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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)

Penn ESE 370 Fall 2021 — Khanna

29



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 ESE 370 Fall 2021 - Khanna
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region
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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

s Csep=0 CGC = CoxWL

effective

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
D

J L depletion

region
p-substrate <

Penn ESE 370 Fall 2021 - Khanna
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Gate-to-Source Capacitance

a Channel + Overlap

Penn ESE 370 Fall 2021 - Khanna

CGS =Lges T CGSO

-y

S H D
J . depletion

p-substrate

region
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Gate-to-Source Capacitance

a Channel + Overlap

1

CGS =3 COX W(Ldmwn o Leﬁective) +

2

CGS = CGCS + CGSO
1
2

1
CGS = E COX WLdmwn

G

Penn ESE 370 Fall 2021 - Khanna
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S H D
AJ . depletion

p-substrate

region

effective
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Gate-to-Drain Capacitance

a Channel + Overlap

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

S H D
AJ . depletion

p-substrate
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Channel Evolution: Weak Inversion

G G
S H D
p-substrate p-substrate
G G
: : ﬂ
—ﬁzpletion ﬂ depletion
region region
p-substrate p-substrate J

Penn ESE 370 Fall 2021 - Khanna 37



Channel Evolution: Weak Inversion

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

G G
S H D
p-substrate p-substrate
G G
: : ﬂ
—ﬁzpletion ﬂ depletion
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
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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
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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?

=) N

p-substrate

Penn ESE 370 Fall 2021 - Khanna
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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 ESE 370 Fall 202] - Khanna ~ P=SU bstrate

depletion
region
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Saturation Capacitance

WI“COX =

O.SWIJCOX =

VDS/ <VGS ‘VT)

G

= =

Penn ESE 370 Fall 2021

- Khanna
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Saturation Capacitance

WLCHx — Coce

- (2/3)WLCox

0.5WLCx Caes (Tsividis 1987)
N

0 1
Vps/(Ves-Vr)

G

J L depletion

Penn ESE 370 Fall 2021

region
-Khanna  p—Substrate )
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Capacitance Roundup

Css=CsestCaso
Cop=CoepTCopo

Cos=Caes
Csp=Cluifr

Cps=Cuais

C O O O O

Penn ESE 370 Fall 2021 - Khanna
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First Order Capacitance Summary

Operation

Region Cocn

CGCS

CGCD

CGC

Subthreshold
Linear

Saturation

Penn ESE 370 Fall 2021 - Khanna
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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

Penn ESE 370 Fall 2021 - Khanna
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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 ESE 370 Fall 2021 - Khanna
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First Order Capacitance Summary

Rt Cocn Cacs Cecn Cac Ce
Subthreshold CoxWL 0 0
Linear 0 CoxWL/2 CoxWL/2
Saturation 0 2/3)Cox WL 0
WLCHx — Coe
(2/3)WLCox

0.5WLCHx Caes
N

0

Penn ESE 370 Fall 2021 - Khanna
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First Order Capacitance Summary

Coen + Coes + Coecp == Cgc

Operation

Region

Subthreshold CoxWL
Linear 0
Saturation 0

0
CoxWL/2
(2/3)Cox WL

0
CoxWL/2
0

Cox WL
Cox WL
(2/3)Cox WL

Penn ESE 370 Fall 2021 - Khanna
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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

0 oxX
2

(L drawn _Leﬁective) = C’GSO = CGDO

Penn ESE 370 Fall 2021 - Khanna
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One Implication

Feedback Capacitance Cq

SR 4N
Penn ESE 370 Fall 2021 - Khanna ‘ I lI 13



Step Response? (Preclass 2)

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

-
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Step Response

Voltage peaking!

1.4

1.2

0.8

0.6

0.4

0.2

0
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Impact of Cp

0 What does Cgp do to the switching response here?

sV,
m V

out

Penn ESE 370 Fall 2021 - Khanna

Vin

Vdd

I

i

H

*

T T &

Vout
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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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Big Idea

0 Capacitance

= To every terminal

= Voltage dependent

— Y { »
WLC oy —— Coc T “ebl T (DB
0.5WLChx Coes=Coep D
|
I Cien |
V Vs e
th
WLCOX ] CGC
(2/3)WLChx
0.5WLCHx Caes
\
0 1

Vps/(Vas-Vr)
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Admin

a0 HW 3
= Due Monday

0 Midterm 1 Friday 10/1 (next week)
= 7-9pm in Towne 309

= No Lecture, virtual office hours

= Midterms from 2010-2019 (and Project 1 from 2020)

= All online with and without answers

s Midterm 1 Review virtual session next week

= See Piazza for poll coming soon

s Conflicts must let me know ASAP

Penn ESE 370 Fall 2021 - Khanna
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Midterm 1 - Content

alecl1-9

Identify CMOS/non-CMOS
Identity CMOS function

Any logic function = CMOS gate
Noise Margins / Restoration

Circuit first order switching rise/fall times

= Output equivalent resistance

= [oad capacitance

MOS Model
Identity transistor region of operation
Analysis with transistor IV models

MOS capacitance models

Penn ESE 370 Fall 2021 - Khanna
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