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Lecture Outline

oelsiese’s

o MOSFET (Large Signal)
= Physical Device
= Device Models
s 27 order effects
o nMOS Exercise
a Small Signal Model
= Resistive components

= Capacitive Components
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MOSFET

Device and Models

Penn ESE 568 Fall 2017 - Khanna

cnn
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The Operational Basis of a FET

Consider the hypothetical semiconductor below:
(constructed similar to a parallel plate capacitor)

— Electrical contact

Metal \&

Insulator —

«—Dopent ions

o®o
090\
.,

)

°
P-type semiconductor —»

e ° Holes

(majority carries)

OO0
000
000

o

o

_|
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The Operational Basis of a FET

)
— — - N
0 Depletion Region | % |f we apply a voltage v, between electrodes, a
(no majority carrier)

charge @ = C v, will appear on each capacitor

[CXSXeXe) plate.
0000 o The electric field is strongest at the interface with the
®° ©° Oﬂ ®° insulator and charge likes to accumulate there.

v

Holes are pushed away from the insulator
interface forming a “depletion region”.

Depth of depletion region increases with v;

—

v

e =0
M I Inversion layer
— = (“channel”) > If we increase v, above a threshold value (V)),
/ the electric field is strong enough to “pull” free

©,0,0,0] electrons to the insulator interface. As the
©o00006 holes are repelled in this region, a “channel” is
©. 2. 9, ©.|epletion Region formed which contains electrons in the

(no majority carrier) conduction band (“inversion layer”).
> Inversion layer is a “virtual” n-type material.

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD)

v

The Operational Basis of a FET

eelsieeels

> We apply a voltage across the p-type semiconductor:
(Assume current flows only in the n-type material

ignore current flowing in the p-type semiconductor)

i=0

| =0 [
Y Y
l l

No inversion layer (v, < V)): With inversion layer (v, > V)):

> No current will flow > Acurrent will flow in the channel

» Current will be proportional to electron
charge in the channel or (v, — V)

v

Magnitude of Current i, is controlled by
voltage v, (a Transistor!)

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD)




: The Operational Basis of a FET

0

> We need to eliminate currents flowing in the p-type, i.e.,
current flows only in the “channel” which is a virtual n-type.

009 | e Oide (510:) et
- Channel
—<—D— -—
= ]
Eoe JE—
—

Body
® ®

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
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nMOS IV Characteristics

» To ensure that body-source and body-drain junctions are reversed bias, we
assume that Body and Source are connected to each other and vpg > 0.
o We will re-examine this assumption later

v

Without a channel, no current flows (“Cut-off”).
For vgg > V,, a channel is formed. The total
charge in the channel is

10 =CV =C. WL (vosV,,)

c=C WL

v

: Capacitance per unit area

t,, - Thickness of insulator

&, : permitivity of insulator
&, =3.9¢, =3.45x10™" F/m (for Si0,)

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
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nMOS IV Characteristics

» When ujgis increased the channel becomes narrower
near the drain (local depth of the channel depends on
the difference between V,,; and local voltage).

Triode Mode

0 Wi -033]

v

When vpyg is increased further such that ujg = Voy
the channel depth becomes zero at the drain Source | + Drain

(Channel “pinched off”). H :

v

When vy is increased further, vys > Voy , the
location of channel pinch-off remains close to the
drain and i, remains approximately constant.

Saturation Mode

i =051.C. 273,

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
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MOSFET Physical Structure

O
B poiicon s
e
e

din

Sedgeor

gueoxide
deposited source /

bk
o rcopnect

o gne

kg 1 soure diffsion -

e
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nMOS IV Characteristics

» vgs> Vit achannel is formed!

v

Apply a “small” voltage, vj,g between drain & source.

A current flow due to the “drift” of electrons in the
n-channel:

v

-

. w
ip = #,Co— (s =V, Vs

L S
. 4
= ﬂncm'f Vor vos p
®
Overdrive Voltage: ¥, = v, -7,
ov =Vos ~Va Vas=Vet Vous
MOS acts as a resistance with its v =V Vv
conductivity controlled by Voy, (or vgg)- o ow
. . w
in= gpsvps With gps=p,C,, A Vor Yos=Vi*t Vo

‘ Ves< Vi / s

Penn ESE 568 Fall 2017 — Khanna (Slides adapted &Y Valid for vy near 0
Najmabadi, UCSD)

nMOS IV Characteristics

in For a given vgg (or Vo)
. I .
<«— Triode —)‘<— Saturation ——————>
(5= Vor) | (s = Vo)
Curve bends because —} } \ )
the channel resistance ‘ (}mvuvl‘ \.mhu;\ 1{»@..\( x]m
increases with 1pg ‘ channel is pinched off at the
drain end, and s no longer
} affects the channel
Almost a straight line |
with slope pmpnll\mm\ |
to Vpy | ves = Vi + Voy
|
|
0 Vossu = Vov s

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
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nMOS IV Characteristics

ip Ups = oy [ =
c Triode g s Ups = Vov S
region 3[ = aturation region
fffffff Vs =Vi+ Vou
n
[l
L) Ups = Vov
U &

vGs = Vi+ Vovs

LY - Ugs =V, + Von

1
/1
k Ugs=Vi+ Von

7

R L

0 Voyi Vova Vovs Vor. Ups
T . S

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
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Body Effect

seseees

» Recall that Drain-Body and Source-Body diodes should be reversed biased.
o We assumed that Source is connected to the body (vgg= 0) and vpg= vpp> 0
> In a chip (same body for all NMOS), it is impossible to connect all sources
to the body

» Thus, the body (for NMOS) is connected to the largest negative voltage
negative terminal of the power supply).

» Doing so, changes the threshold voltage (called “Body Effect”)
Voo (120,475 1-\120r])

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD)

The Operational Basis of a FET

> We apply a voltage across the p-type semiconductor:
(Assume current flows only in the n-type material,
ignore current flowing in the p-type semiconductor)

=0

-

Weak Inversion (v3 < V) Strong Inversion (v > V)):
> No current will flow > Acurrent will flow in the channel
» Current will be proportional to electron
/\ charge in the channel or (v, - V;)

v

Magnitude of Current i, is controlled by
voltage v, (a Transistor!)

Not exactly

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD)

oelsiese’s

Channel Length Modulation

» The expression we derived for saturation region
assumed that the pinch-off point remains at the drain
and thus i;, remains constant.

% In reality, the pinch-off point moves “slightly” away
from the drain: Channel-width Modulation

05C. 273 (1am)

=117,

Define an Early Voltage

V= Ao 51
DN

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
Najmabadi, UCSD)

Triode e

seseees

The Operational Basis of a FET

> We apply a voltage across the p-type semiconductor:
(Assume current flows only in the n-type material,
ignore current flowing in the p-type semiconductor)

With inversion layer (v, > V)
> Acurrent will flow in the channel

No inversion layer (v, < V)):
> No current will flow

charge in the channel or (v, - V;)

voltage v, (a Transistor!)

/ » Current will be proportional to electron

» Magnitude of Current i, is controlled by

Not exactly

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
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Weak Inversion (or Cut-off or Subthreshold)

eelsieeels

0 Transition from insulating to conducting is non-
linear, but not abrupt

a Cutrent does flow
= But exponentially dependent on V¢

0.00012
0.0001

Ids vs. Vgs NMOS

Ids

8e-05

60-05

Ids (Amps)

4005

depletion 20-05
region

0
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oelsiese’s

Weak Inversion (or Cut-off or Subthreshold)

If V<V,

th?

Iy =1 (%)e(‘ﬁ;xg’,) 1- eL”‘;?/Sq] (1 + AVDS)

0 Current is from the parasitic NPN BJT transistor
when gate is unbiased and there is no conducting
channel

Penn ESE 568 Fall 2017 — Khanna

20d Order Effects

seseees

0 Mobility Degradation with Normal Field
= Vertical field
= Triode and saturation region

0 Velocity Saturation
= Lateral field

= Saturation region

o Short Channel Effects

Penn ESE 568 Fall 2017 - Khanna 21

Subthreshold Slope

oelsiese’s

0 Exponent in V¢ determines how steep the turnon is
S= A(E]ln(lo)
q

= Units: V/dec

= Every S Volts, Iy is scaled by factor of 10

1ds vs. Vgs NMOS Ids vs. Vgs NMOS

eelsieeels

Mobility Degradation with Normal Field

o High gate-to-source voltage
1, (eff) = —Lae

1+ H(Vt;x - Vl)

o 6 = mobility modulation factor (empirical)

Penn ESE 568 Fall 2017 — Khanna 23

000012 o 0.001 as
0.0001 0.0001 =
5 8e05 & 1e05! /"
£ 6e05 £ 1e0s - ~
B o 2 oo /
20-05 - 1e-08
0 // /
o 02 o¥ 06 08 1 P 02 04 05 08
v v
Penn ESE 568 Fall 2017 — Khanna 20
: Mobility Degradation with Normal Field
Usually Modeled Empirically
Affects both saturation and triode regions,
strong inversion only
I /
u Fall Off
\
Vpg Small GS
Penn ESE 568 Fall 2017 - Khanna 22

Velocity Saturation

eelsieeels

Affects saturation region in strong inversion

Normally, v=pE butif £ > E,, Thenv=vsr

Penn ESE 568 Fall 2017 - Khanna
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Velocity Saturation

oelsiese’s

0 Once velocity saturates:
Mobility degradaion due to lateral electric field (Vpo/Lesr)

Vy (cmis)

Electric Field E, (V/cm)

Velocity Saturation

oelsiese’s

Affects saturation region in strong inversion

Normally, v=pE butif E> E_,, Thenv=vsr
Qualitatively
Ip=WQOnv
Below Critical Field (Long Channel) For Vs> Vg,

Oy <Vos —Vr
v ExVgs —Vr

Thus Ip < (VGS —Vr)z

Penn ESE 568 Fall 2017 - Khanna
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Short Channel Effects — V.. Reduction

seseees

G

Penn ESE 568 Fall 2017 — Khanna 25
¢ Velocity Saturation
Affects saturation region in strong inversion
Normally, v=pE butif £ > E,, Thenv=vsur
Qualitatively
Ip = WQOnv
Below Critical Field (Long Channel) For Vs> Vg,
Oy Vs —Vr
voe Ecc Vs =Vp
Thus Ip < (Ves ~Vr )2
High Field (Short Channel)
If v > vsr then v is constant
Ip e (Vos — VT)
Penn ESE 568 Fall 2017 - Khanna 27
¢ Short Channel Effects — V. Reduction
G G
|S n i ’
- Long-channel threshold & +
. Leff QBU(SC)
depletion
region
L
Threshold as a function of
L the length (for low Vppg) Short
V., (short channel) = V., - AV,
Penn ESE 568 Fall 2017 — Khanna 29

~ X
QHU ’
pn+ Loy pn+
depletion V. induced depletion
H GS u .
region depleﬁon region
region
Long Channel Device
Vi, (short channel) = V. - AV,
Penn ESE 568 Fall 2017 — Khanna 28
¢ Short Channel Effects - DIBL
0 Drain Induced Barrier Lowering
= |7 Reduction with Drain Bias
Long Channel Short Channel

S D N m D

S D S m D
- W i

Penn ESE 568 Fall 2017 - Khanna
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oelsiese’s

pMOS Device

» A PMOS can be constructed analogous to an NMOS: (n-type body),
heavily doped p-type source and drain.

> Avirtual “p-type” channel is formed in a P-MOS (holes are carriers in
the channel) by applying a negative vgg.

» i-v characteristic equations of a PMOS is similar to the NMOS with the

oelsiese’s

MOS Circuit Symbols

| L
(:4“72 NMOS Fgﬁ PMOS

exception:

use vgg instead of vgg).

o Voltages are negative (we switch the terminals to have positive voltages:

o Use mobility of holes, 4, , instead of 4, in the expression for ij,

N0

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.

Najmabadi, UCSD)
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Jre R LA (1

Doy
ig=0 M
G o—I Ybs

+

Yes |7
RIEEN

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
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Dot

i
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MOS 1V Characteristic Equations

Not exactly, subT current flows

Cut-Off: V7, <0

o=

Triode : Vor 20 and v, <V,

Saturation: V,, 20 andv,s 2V,,

NMOS (Voy = vgs— Vi 2= 1/ V)

i,=0
. w

i =0.5u, m% V2 (144 ps= Vo)

Cut-Off:  V,, <0

Triode : Vop 20 andvg, <V,

Saturation: V,, 20 andvg, 2V,

PMOS  (Voy=vsg— |V, 1, A=1/V, | )*

i =0
. w
1 =051,C. "y BV orvio 3]

w
i,=05u,C, T V3, [1+4(vps=Voy)l

Penn ESE 568 Fall 2017 — Khanna (Slides ’Sxmnuﬁled for ha nd a na |y5|s

Najmabadi, UCSD)

nMOS Exercise

seseees

o http://www-g.eng.cam.ac.uk/mmg/teaching/

linearcircuits/mosfet.html

Small Signal Models

&Penn

Penn ESE 568 Fall 2017 - Khanna 34
¢ Formal Derivation of Small Signal Model
» Signal + Bias for element A (i4, v,) : iy =f(y
> Bias for element A (I, V) : Ii=f(Vy
» Signal for element A (i, v,) : i, = & (V)
Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD) 36




Formal Derivation of Small Signal Model

> Signal + Bias for element A (i, v,) ig=f(vy)
> Bias for element A (I, V) : Li=f(Vy)
> Signal for element A (i, v,) : i, =8 (V)
i = )

SO+ 100 - LD ‘Z;(.V”)-(w ¥} +.. (TavlorSeries

Expansion)
@
AN

SO O+ I
(AT AR

Q=i+ 1, =1,+fOW,)y, Small signal means:
(2)
- ‘f“J(VA)'V,,‘>> M.Vaz
&) =0, 2
O,)
vl << 2+ 4
AR
Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD) 37

MOS Small Signal Model

oelsiese’s

MOS iv equations: i = f (Vg Upg)

ig=

» Signal + Bias for MOS (ip, Ugs, Ups) :  ip=f (Vgs Upg), ig=0
> Bias for MOS (I, Vgg, Vpg) : Ip=f(Vgs Vpg), Io=0

> Signal for MOS (i, Ugq » Vg : ig=8 (Vgs» Vag)y 5g=0

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E

MOS Small Signal Model

MOS iv equations: ip, = f (Ugg, Upg)
ic=0

> Signal + Bias for MOS (ip, Ugs, Ups) 1 ip=f (Vgs, Upg)s ig=0
» Bias for MOS (I, Vgs, Vps) : Ip=f(Vgs Vpg), Ig=0

> Signal for MOS (ig, U5 , Ugs) ig=8 (Vg5 Vgs)s G, =0

Iy +iy =iy = f(VssVps) (Taylor Series Expansion in 2 variables)

s s
= fVas:Vos)+ “(Vos =Vos)+ (s =Vis) +-oe
0v05 VasVos aVD‘S Vas¥os
1, +l XV + s XV
V65 s
-2 2]
Was vy P05 by
Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD) 39

MOS Small Signal Model

. w
iy =0.514,C,, - (Vas = V) (14 Ay5) = f (Vs Ving)

o]
P A
BVUS Vas Vos 6‘}”‘5 Was Vs
of w
=2x0.5u,C,, — -V)(1+4
v, 2O O ) boores

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD) 41

Najmabadi, UCSD) 38
: MOS Small Signal Model
:
; w 2
iy = 05,C, - (v =V (14 ) = F0isv)
¥ o
i, == vt = v,
! av";s Was¥os ’ (?V,,S Vas Vs ¢
Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
Najmabadi, UCSD) 40
¢ MOS Small Signal Model
:
) w ,
i =050,C, . (=P Y U ) = S 0sv)
id’i Vet A Vas
avG: WasVos av"‘s Vas¥os
o w
o TPOMC L G B |,
w
050 C L Ve 2000)
cgu il Ve IR
Fo ) Vor
Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
42
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MOS Small Signal Model

oelsiese’s

. w
iy =0.514,C,, — (Vas =V,) 1+ Wy5) = f (Vs Vis)

K

aVDS Wes.

=2x051,C,, % (a5 =V))*

Fos Vo Vos

051,C Y (o -1y
« L

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
Najmabadi, UCSD) 45

MOS Small Signal Model

oelsiese’s

w
0.51,C, ~ Wos =V (14 Aps) = f (Vs Vs)

9
G 05,0 -1
6\1,)5 Was Vs L VasVos
054,C, Y (os ¥+ )
=Ax L 7 N
1+ AV,5) 1+ AVy)

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
Najmabadi, UCSD) 44

seseees

MOS Small Signal Model

. w
i = 054,Coc ™ (Ves = V) (U Avys) = f (Vs Vs)

o - a,
P65y D5 Wes Vs
o 4 A
E‘Tw\,ym = 250,54,y (Vs =V )1+ A7) o
W >
054,Co = Vs =V (1+2V5)  op
[ PR A
Vs~V Vor
T axosuce, Y -y
avm Wes Vos L orlos
w 2
05u,Coo=Vas =V U+ 4Vps) 4 1
=ix L - IR
REST%) (1+ 2V p5) 7

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
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MOS Small Signal Model

seseees

. . Vg
| i,=0 and i, =g, v, +—%

7 \
Wt Statement of KCL
Input open circuit G D Two elements in parallel
T s 2
Ves o Z
t
S
2-1 1 2 2V,
|gm === |r,, = 8.7, = 4>>1
Vor A1y or  Vor
Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
Najmabadi, UCSD) 46

eelsieeels

MOS Small Signal Model

. . Vg
i,=0 and i, =g, v, +-%

’ %
Statement of KCL

Input open circuit G D Two elements in parallel
. g
W e k=
8Em :#CEX7;UQB‘V}) _
1

zwz,”erL D s

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from F.
Najmabadi, UCSD) 47

¢ Back Gate Small Signal Model
— dDS dDS WT
s = ==D5 =L ato.p.
T Wy Ny Wi
o w , w ,
&mp = WT#CZGX Z(VGS -7 7; = HCox I(Vos - VT);?V;
WT
=g,
WSB
Since 77 =V + 7l 2|+ Veo —20))
Py 1
Vs 22y, |+ Vs
S z wherey = V2424
22081, | + Vs ox
Penn ESE 568 Fall 2017 - Khanna 48




Back Gate Small Signal Model

oelsiese’s

Penn ESE 568 Fall 2017 - Khanna

d, s W,
G =25 ="DS "L at0p.
Vs Ny Vs
G uCox W Py L aa
=G Wy Vi e, W -1) 2T
&y & 2 L(Gs T)ZWBS l‘oxL(Gs T)Wsﬂ
- 243
=8n Xy
Since V; =V, +7(M’MJ i‘,=g,,,'vxs+v‘/" + 8w Ve
Wy ro 1
Vg 2 2‘¢F1p Vs
2geN,
g =g 4 where y = 4584
mb = &m
2|+ Vn Cor

49

seseees

Weak Inversion Small Signal Model

(Vs 7z )/nkT
I,xce

dDS dDS

N, < X,
" WBS WT WBS " WBS
243 7

8]

Hs 2,2y, + Vs
7

8y N8y ————
T 22|+ Ve

as in strong inversion

same as in strong inversion

Penn ESE 568 Fall 2017 - Khanna

oelsiese’s

Weak Inversion Small Signal Model

G, /KT
I, e

Cox AVss s .
= - .
Recall A¥ CooiC AVgg ; capacitive voltage divider

_Cox+Cs . _dQs _ [gaN,
n Cg=—"5=1—4
Cox ¥ 2%

] oc g97as/mT

Typical n ~1.5-1.6

whichleads to 7, = Iye?" 65" (14 1)

ap _dalp
Hs kT

m =

; similar to BJT

&
7, ~( ap ] ~ 1 ;same as in strong inv.
© \Pps Al

Penn ESE 568 Fall 2017 - Khanna

pMOS Small Signal Model

seseees

PMOS* NMOS

G D G D

Ve J s

.t
o

S S

» PMOS small-signal circuit model is identical to NMOS
o We will use NMOS circuit model for both!

o For both NMOS and PMOS, while i, > 0 and I, > 0, signal quantities: i,
g,y and vg, , can be negative!

Penn ESE 568 Fall 2017 — Khanna (Slides adapted from E
Najmabadi, UCSD)
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MOSFET Parasitic Capacitance

Q . J | 51 J
Cjss % = Cjos

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

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

= Intrinsic — Inside the box (e.g. gate-to-channel)

Penn ESE 568 Fall 2017 — Khanna

Capacitance Roundup

eelsieeels

0 Ci=CestCaso
0 Cy=CopitCopo
0 Cy=Capo . Caa
0 Cy,=Cy ol O A
- ImbUbs
0 Cy,=Cyigr ) T
Ubs=Csb
¥
o Cao
intrinsic
extrinsic

Penn ESE 568 Fall 2017 — Khanna




oelsiese’s

Extrinsic Capacitance Roundup

Cgs: CGS()
Coi=Capo

— Cou iy
Csb_cdiff v Il s

— +
C db_cdiff Coo TF Vge s gsv;é [ cdb%

[ R S

extrinsic

Penn ESE 568 Fall 2017 — Khanna 55

Extrinsic Capacaitors

&Penn

Penn ESE 568 Fall 2017 - Khanna

seseees

MOSFET Parasitic Capacitance

(o o T

T Ce T CoL
.
Cise =F

—)
eV

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

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

= Intrinsic — Inside the box (e.g. gate-to-channel)

Penn ESE 568 Fall 2017 — Khanna 57

seseees

MOSFET Parasitic Capacitance

nction, overlap)

-to-channel)

Penn ESE 568 Fall 2017 — Khanna 58

Extrinsic

Overlap Capacitance

& Penn

Penn ESE 568 Fall 2017 — Khanna

Overlap

eelsieeels

0 gate/source and gate/drain overlap

G
S D
depletion
region
p-substrate g
Penn ESE 568 Fall 2017 — Khanna B 60

10



Overlap

o Length of overlap

= off
Ly="Y_"a

Penn ESE 568 Fall 2017 — Khanna Leff 61
Overlap Capacitance
L A
. ko C=¢¢,—
8 d
S D
T £
C _ J0X
ox — t
Ler ox
C WL,
o = g()}(
ox
Ca = C{)XWLD
Penn ESE 568 Fall 2017 — Khanna 63

Overlap Capacitance

oelsiese’s

L

r

A
ko C=ssoz

Penn ESE 568 Fall 2017 — Khanna

Use Measured Values

Gate to drain and gate to source overlap capacitance

Fringing field

N+ ¥~ Directoveriap _—" N+

Copo((or Cgs0) =WCy,

For best results, use measured value of Cgso.

Penn ESE 568 Fall 2017 - Khanna
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: .
¢ Overlap Capacitance
3
L A
M L
J C=¢g,
"Td
S D
C Eox
ox —
(0.4
Lm
C =¢ ﬁ
o ox
ox
C{) - C()x LD - CGSO - CGDO
Penn ESE 568 Fall 2017 — Khanna 64
: .
¢ Overlap Capacitance
:
Name Model Parameters Units
LEVEL Model type (1, 2, or 3)
CBD Bulk-drain zero-b -n (not us: F
CBS Bulk-source s p-n cap (not u F
cJ Bulk p-n zero: bottom cap/area F/m**2
CJISW Bulk p-n zero-bias perimeter cap/length F/m
MJ Bulk p-n bottom grading coefficient
MJISW Bulk p-n sidewall grading coefficient
Empirical bulk p-n forward-bias cap coefficient
CGSO Gate-source overlap cap/channel width F/m
CGDO Gate-drain overlap cap/channel width F/m
CGBO Gate-bulk overlap cap/channel width F/m
NSUB Substate doping density 1/cm**3
NSS Surface-state density 1/cm**2
NFS Fast surface-state density 1/cm**2
TOX Oxide thickness m
PG e material t
0 = aluminu
XJ Metallurgical junction depth m
Scales with Width (W)
Penn ESE 568 Fall 2017 — Khanna 66
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Extrinsic

Junction Capacitance

Penn ESE 568 Fall 2017 — Khanna

cnn

Diode Capacitance

Q

When a reverse voltage is applied to a PN junction, a
depletion region containing almost no charge carriers is
generated and acts similarly to the dielectric of a capacitor.
The depletion region increases in width as the reverse voltage
across it increases.

If we imagine that the diode capacitance can be likened to a
parallel plate capacitor, then as the plate spacing (i.e. the
depletion region width) increases, the capacitance should
decrease.

Increasing the reverse bias voltage across the PN junction
therefore decreases the diode capacitance.

Worst case is in zero-bias case

Penn ESE 568 Fall 2017 — Khanna 68

Junction Capacitance

%’_ﬂhamel

Source Drain

Juntion Capacitance

C, - _Ciw
Cp= —— Cpow = —22— AL, NaNp
- 2

Vss 1+\ﬁ ve q
D, D,

1+ ny

Csb = Ascjs+Ps

1. Source-substrate bottom wall 4s*C;
2. Source-substrate side wall P xCj,

3. Channel-substrate: too complicated for hand
calculation- ignore

Penn ESE 568 Fall 2017 - Khanna 70
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Juntion Capacitance
o) Cp C. = _CI&
jd = irsw _kI. N4Np
V, Vss vo=" 3
14 28 1+= i
@, ,
Cap= Adcjd+Pde-sw
1. Drain-substrate bottom wall 4, xc,
2. Drain-substrate side wall p,xcC,,
Penn ESE 568 Fall 2017 - Khanna 7

Junction Capacitance

Model Parameters Units
Model type (1, 2, or 3)

CBD Bulk-drain zero-bias p-n cap (not used)
Bulk p-n zero-bias bottom cap/area F/m**2
CISW Bulk p-n zero-bias perimeter cap/length F/m
v At ol ALt I
MISW Bulk p-n sidewall grading coefficient
FC Empirical bulk p-n forward-bias cap coefficient
CGSO Gate-source overlap cap/channel width F/m
CGDO Gate-drain overlap cap/channel width F/m
CGBO Gate-bulk overlap cap/channel width F/m
NSUB Substate doping density 1/cm**3
NSS Surface-state density 1/cm**2
NFS Fast surface-state density 1/cm**2
TOX Oxide thickness m
TPG Gate material type:
+ 1= ite of substrate,
-1= as substrate,
0 = aluminum
XJ Metallurgical junction depth m
Scales with Junction area or width
Penn ESE 568 Fall 2017 — Khanna 72
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Extrinsic Capacitance Roundup

Cgs: CGS()
Coi=Capo

— Cou iy
Cop=Cairr v it a

— +
C db_cdiff Coo TF Vge s gsv;é [ cdb%

[ R S

extrinsic

Penn ESE 568 Fall 2017 — Khanna 73

oelsiese’s

Intrinsic Capacitance Roundup

0 G, =Cgs
0 Cy=Cop
o C,=C. Cqd
gb™ “GBO . i .
+ ImUgs
Cgs T Vgs C b o
FCdb
Uhs_== Csb
T
it
. . . Cab
intrinsic
Penn ESE 568 Fall 2017 — Khanna 74

Intrinsic Capacitances

& Penn

Penn ESE 568 Fall 2017 — Khanna

seseees

Gate-to-Bulk Capacitance

0 When talking about gate capacitance, we must
distinguish several operating regions
= Transistor on
= Triode and saturation regions
= Transistor “off”

= Subthreshold operation

Penn ESE 568 Fall 2017 - Khanna 76

Gate-to-Bulk Capacitance — Subthreshold

eelsieeels

—0

( J e J
N J

0 There is no conductive channel

= Gate sees a capacitor to substrate, equivalent to the
series combination of the gate oxide capacitor and the
depletion capacitance

= Cie=WLC,

Penn ESE 568 Fall 2017 - Khanna 77

Gate-to-Bulk Capacitance — Triode

eelsieeels

G

o
TS s |L oD

o Gate terminal and conductive channel form a
parallel plate capacitor across gate oxide Cg =
WLC,, (lumped into Cgg and Cgpy)

ox

a The depletion capacitance Cgj; adds extra
capacitance from drain and source to substrate

= Usually negligible

Penn ESE 568 Fall 2017 - Khanna 78
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Capacitance vs Vg (Vps=0)

WLC - Coc

0.5WLCy: Coes=Cacp

CGCB

|
I
Vin

¢ s o
s o s o s s o
@ h é h é h é h deplet
p-substrate p-substrate p-substrate regen)

3
3
sop
p-substrate e
.
Increasing Vg —>
Penn ESE 568 Fall 2017 — Khanna S i

7
\’GS

: Intrinsic C
. gs
.
Cos = 55;
L
Or= WCOXI(VGS —V; =V (y))dy: total integrated inversion charge
0
We do not know V(y) as a function of y. Instead, from Lecture 1;
WuCox Vss ~Vr -V (W)AV (y) = Ipdy
Rearranging,
dy=dV(y) WuCox (Vssl— Ve =V ()
Wi, 2y Ve
0 =" (Vo Ve VOV ()
Ip o
2
=WLCox 3 Ves V1) C _ C +C
Penn ESE 568 Fall 2017 - Khanna 81

eelsieeels

First Order Capacitance Summary

Opearation
ng‘il)n CGCB CGCS CGCD CGC CG

Subthreshold
Linear

Saturation

Penn ESE 370 Fall 2016 - Khanna 83

¢ Gate-to-Bulk Capacitance — Saturation
TG
oS D
z L f
e
T -GC
& P e e y
a The "bottom plate” of the capacitor does
not change uniformly
0 Analysis shows that in this case C;5=2/3WLCox
Penn ESE 568 Fall 2017 - Khanna 80
i Saturation Capacitance

WLCox
o (2/3)WLCoy
0.5WLCox

depletion
region

Penn ESE 568 Fall 2017 -Khanna ~ p—SUbstrate 82
¢ First Order Capacitance Summary
:
Opearation
ngion CGCB CGCS CGCD CGC CG
Subthreshold
Linear 0 CoxWL/2  Co WL/2
Saturation
CGCS = CGCD = ECOXWLeﬁ’mive
Penn ESE 370 Fall 2016 - Khanna 84
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First Order Capacitance Summary

Opearation

Region Cocn Cocs Cocp Coc

Subthreshold CoxWL 0 0

Linear 0 CoxWL/2  CoWL/2

Saturation

WLCOX

0.5WLC,,

CGCB

VGS

< -
5

Penn ESE 370 Fall 2016 - Khanna

= CGC

Caes=Cocp

85

¢ First Order Capacitance Summary

:

Opearation e

RSgion Coc + Cacs + Cocp = Coc Ce
Subthreshold ~ Co WL 0 0 CoxWIL

Lincar 0 CoxWL/2  CoxWL/2 | CoxWL

Saturation 0 (2/3)Cox WL 0 (2/3)Cox WL

Penn ESE 370 Fall 2016 - Khanna 87
¢ Small Signal Capacitance Roundup
:
0 Textbook pgs 41 and 42
Cgs
VO I I O Vy
e 1
Vgs T IV g IV B T CGDI
o
Cop = Vs _
b I ‘ Con = ngchme“ Cya = WL Cox
N Cur = (A + WLIC, +P.Ci, 6. G
" Ve,
Coo = Ao+ PuCian 6o Cu
W1+ Voa/ @y
Penn ESE 568 Fall 2017 - Khanna 89

¢ First Order Capacitance Summary
P
Region  Coen Cacs Coen Cac Ce
Subthreshold ~ Co WL 0 0
Linear 0 CoxWL/2  CogWL/2
Saturation 0 (2/3)Cox WL 0
WLCox
(2/3)WILCox
0.5WILC g
0 1
VDS/(VGS_VT)
Penn ESE 370 Fall 2016 - Khanna 86
¢ First Order Capacitance Summary
pa—
Repgeiaor:tlon CGCB CGCS CGCD CGC CG
Subthteshold CoxWL 0 0 CoxWL | CoxWILA2C,
Lincar 0 CoxWL/2  CoWL/2 | Co WL | CoxWLA2C,,
Saturation 0 (2/3)CoxWL 0 (2/3)CoxWL | (2/3)CoxWL
+2C,
Co = ECOXW (Ldrawn _Leffective) = CGSO = CGDO
Penn ESE 370 Fall 2016 - Khanna 88
¢ Small Signal Capacitance Roundup
0 Textbook pgs 41 and 42 .
Assumes Saturation
»
Vg O |i 0 Vg
+Jen 1
Vgs T IV (O Vs B T CGDI
1 L
£ A
C.bI ‘ Cpr = ichmewcm ‘ Cys = WLo,Cox
Cus = (A + WLYC, +P.Cpoe P
ST+ Vee/ D,
Cun = ACia+ PeCraw G
" 1+ Vos/ D
Penn ESE 568 Fall 2017 - Khanna 90
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Lecture Outline

0 MOSFET has modes of operation
= Subthreshold
= Triode

= Saturation

o Small Signal Model

= Enables hand analysis ’ v_+l°-- ';
= Resistive components 1
" gt T

= Capacitive Components

= Dependent on modes of operation, but well defined model for
saturation, which is where we want to design our transistors to be

Penn ESE 568 Fall 2017 - Khanna 91

Admin

oelsiese’s

0 HW 1 due Friday at midnight in Canvas
= You should be able to do it all now

= Sets up the Cadence environment and gets you familiar
with Cadence basics

Penn ESE 568 Fall 2017 — Khanna
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