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Lecture 16

Devices in Semiconductor Processes

« MOSFETSs



Basic Devices and Device Models

e Resistor

e Diode

e Capacitor
=) \|OSFET

e BJT



n-Channel MOSFET Operation and Model

|VGS | D

— Model in Cutoff Region




n-Channel MOSFET Operation and Model

||
Critical value of Ves ; lID
Vs that creates
Inversion layer
termed threshold
voltage, V-)

Vgg Small)

Increase Vg more
Inversion layer forms in channel IbRcH=Vos
Inversion layer will support current flow from D to S =0
15=0

Channel behaves as thin-film resistor



n-Channel MOSFET Operation and Model

1[Ves ID

Increase Vg
Inversion layer thins near drain D=
» o longer linearly dependent upon Vg G™

Still termed “ohmic” or “triode” region of operation B



n-Channel MOSFET Operation and Model

1[Ves ID

Increase Vg even more

nversion layer disappears near drain D~
ermed “saturation”region of operation G™

Saturation first occurs when Vpc=Vs-V+ B~



Model Summary o
L L Vps
L
VGS T ?IB
VBS =0
0 VGS < VT Cutoff
W V
I, =< uCox T(VGS -V, ——2= jVDS Vos 2 V; Voo < Vo =V, Triode
W 2 |
MCox I(VGS - VT) Vas 2 Vi Vpg 2 Vg =V Sawratior
|.=15=0

This is a piecewise model (not piecewise linear though)

Note: This is the third model we have introduced for the MOSFET

L 1
W (VGS -V ),u Cox

(Deep triode special case of triode where Vg is small Ry =

)



Model Summary

|Dl 0 Vis <V,
W V
I—G> Il_'t —I_ _I_ lD:J”COXT(VGS_VT_%jVDS VGSZVT VDS< VGS_VT
+ \
Vas Ves A 'bs c ﬂ(v —V)2 V.SV, V>V _V
—| B M Ox2L GS T Gs = VTt Vps = Ves T
‘ Ves=0 -
o =1,=0

Observations about this model (developed for Vg¢=0):
ID = fl (VGS’VDS )
IG = f2 (VGS’VDS)
|z =1, (VGS’VDS)

This is a nonlinear model characterized by the functions f;, f,, and f; where
we have assumed that the port voltages V55 and Vg are the independent
variables and the drain currents are the dependent variables



General Nonlinear Model

11

I
_i ?Ia\l—terlminal 1.'% Il = fl (Vl’ V2)
iR V= (VuV)

I, and I, are 3-dimensional relationships which are often difficult to visualize

Two-dimensional representation of 3-dimensional relationships

|1 A Voaq |2
)/\ Voa
V

/ Voo T § Vz_g_ﬁ_____,_,-——-

Voo

—

> > V21
Vi1




Graphical Representation of MOS Model

|D A B W V[fs
l.=uC., —
. D ” OX L 2
1 Triode

VG S4

Vess
Saturation

RDee':p 'gioqe VG 82

VGSl

-
0 Vps

| :<|JCOXVLV(V ~V —VZDSjv V.>V v, _<v_—y Cutoff
Y,
uC, (Ve = V,) V. >V V. >V -V




PMQOS and NMOS Models

D
G
S
ID b= uCOX%VDZS
Triode
Vesa

VG53

Saturation

VGSZ

VGSl

Cutoff

- ﬂs

Vass < Vags < Vg < Vs <0 D

VDS

VGSW

Vesz

Voss L/

Vosa /

* Functional form identical, sign changes and parameter values different
e Will give details about p-channel model later



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V=1V and
MCox=100pAV?

5V
10K
I l
_ Vour
M;
W=10u
L=2u
3V .

N

Solution:

Since Vs>V, M, is operating in either saturation or triode region
Strategy will be to guess region of operation, solve, and then verify region



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V=1V and
MCox=100pAV?

5V
10K
IDl
-~ Vour
M1
_ { W=10u
L=2u
3V —
: 4
Solution:
Guess M, in saturation
SV=Ip10K+VpouT Required verification: Vpg>Vgs-Vy

LJ(:())(\AV 2
I =—2—(3-V-
o =00 (3.vy)

Can eliminate I between these 2 equations to obtain Vg1



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V=1V and
MCox=100pAV?

oV
Guess M. in saturati o 10K
uess i, In saturation Required verification: Vps>Vg-Vy IDl
I Vour
5V:|D10K+VOUT M;
_BCOXW (5, 12 —
° 2L ! 3V

100pAV 2104
2024

VOUT = 5V-10K

(zvﬂ

100pAV 2104
202U

VOUT = 5V-1OK|:

(2v>2}
Vout = -9V

Verification: Vps=Voyr
-5>? 2V --0 No! So verification fails and Guess of region is invalid



Example: Determine the output voltage for the following circuit using
the square-law model of the MOSFET. Assume V=1V and

MCox=100pAV-2 5V
Guess |\/|1 in triode Required verification: Vps<Vgs-Vr I l 10K
D
5V=Ip10K+VouT o [ Vour
1
CoxW V ~10u
i = HCoxW 3-vT—ﬁ]vDS — [ v
L 2 3V
I 2
100pAV 210 V,
VouT = 5V-10K > ”(2v-%)vow} i

LV
VouT = SV{S(ZV- OZUTJVOUT}
Solving for V1, obtain

VOUT = 0.515V

Verification: Vps=Voyr
0.515<? 2V --0 Yes! So verification succeeds and triode region is valid

VOUT = 0.515V




Model Extensions

v
VAt
;= / >
== / v
cry
v V
2 DS

Projections intersect —V4 axis at same point, termed Early Voltage

Typical values from -20V to -200V

Usually use parameter A instead of V, in MOS model



Limitations of Existing Models

VDD
<.
Vin Vout
-
v
Logic Gate
VDD
»i
VOUT
—L_Vgias |
.>
VIN
v

Voltage Amplifier

Switch-Level Models

Switch-Level Models }

Simple square-law Model

A VOUT
Vpp ]

Simple square-law Model

Voltage Gain
Input/Output Relationship =



Model Extensions

v
VAt
;= / >
== / v
cry
v V
2 DS

Projections intersect —V4 axis at same point, termed Early Voltage

Typical values from -20V to -200V

Usually use parameter A instead of V, in MOS model



®)

Model Extencinnc

300

250 A

200 A

S 150 ~ 1‘

100 ~

50

0

Vds

Existing Model
300

Slope is not O

Actual Device
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										uCox		1.00E-04

										VT		0.7

										lambda		0

										W		0.9

										L		0.6

										Vgs		1										Vgs		1.5										Vgs		2										Vgs		2.5										Vgs		1.75										Vgs		2.25

				Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds

				0.00E+00		6.75E-06		0		0						0.00E+00		4.80E-05		0		0						0.00E+00		1.27E-04		0		0						0.00E+00		2.43E-04		0		0						0.00E+00		8.27E-05		0		0						0.00E+00		1.80E-04		0		0

				3.75E-06		6.75E-06		3.75		0.1						1.13E-05		4.80E-05		11.25		0.1						1.88E-05		1.27E-04		18.75		0.1						2.63E-05		2.43E-04		26.25		0.1						1.50E-05		8.27E-05		15		0.1						2.25E-05		1.80E-04		22.5		0.1

				6.00E-06		6.75E-06		6		0.2						2.10E-05		4.80E-05		21		0.2						3.60E-05		1.27E-04		36		0.2						5.10E-05		2.43E-04		51		0.2						2.85E-05		8.27E-05		28.5		0.2						4.35E-05		1.80E-04		43.5		0.2

				6.75E-06		6.75E-06		6.75		0.3						2.93E-05		4.80E-05		29.25		0.3						5.18E-05		1.27E-04		51.75		0.3						7.43E-05		2.43E-04		74.25		0.3						4.05E-05		8.27E-05		40.5		0.3						6.30E-05		1.80E-04		63		0.3

				6.00E-06		6.75E-06		6.75		0.4						3.60E-05		4.80E-05		36		0.4						6.60E-05		1.27E-04		66		0.4						9.60E-05		2.43E-04		96		0.4						5.10E-05		8.27E-05		51		0.4						8.10E-05		1.80E-04		81		0.4

				3.75E-06		6.75E-06		6.75		0.5						4.13E-05		4.80E-05		41.25		0.5						7.88E-05		1.27E-04		78.75		0.5						1.16E-04		2.43E-04		116.25		0.5						6.00E-05		8.27E-05		60		0.5						9.75E-05		1.80E-04		97.5		0.5

				5.00E-21		6.75E-06		6.75		0.6						4.50E-05		4.80E-05		45		0.6						9.00E-05		1.27E-04		90		0.6						1.35E-04		2.43E-04		135		0.6						6.75E-05		8.27E-05		67.5		0.6						1.13E-04		1.80E-04		112.5		0.6

				-5.25E-06		6.75E-06		6.75		0.7						4.73E-05		4.80E-05		47.25		0.7						9.98E-05		1.27E-04		99.75		0.7						1.52E-04		2.43E-04		152.25		0.7						7.35E-05		8.27E-05		73.5		0.7						1.26E-04		1.80E-04		126		0.7

				-1.20E-05		6.75E-06		6.75		0.8						4.80E-05		4.80E-05		48		0.8						1.08E-04		1.27E-04		108		0.8						1.68E-04		2.43E-04		168		0.8						7.80E-05		8.27E-05		78		0.8						1.38E-04		1.80E-04		138		0.8

				-2.03E-05		6.75E-06		6.75		0.9						4.73E-05		4.80E-05		48		0.9						1.15E-04		1.27E-04		114.75		0.9						1.82E-04		2.43E-04		182.25		0.9						8.10E-05		8.27E-05		81		0.9						1.49E-04		1.80E-04		148.5		0.9

				-3.00E-05		6.75E-06		6.75		1						4.50E-05		4.80E-05		48		1						1.20E-04		1.27E-04		120		1						1.95E-04		2.43E-04		195		1						8.25E-05		8.27E-05		82.5		1						1.58E-04		1.80E-04		157.5		1

				-4.13E-05		6.75E-06		6.75		1.1						4.13E-05		4.80E-05		48		1.1						1.24E-04		1.27E-04		123.75		1.1						2.06E-04		2.43E-04		206.25		1.1						8.25E-05		8.27E-05		82.6875		1.1						1.65E-04		1.80E-04		165		1.1

				-5.40E-05		6.75E-06		6.75		1.2						3.60E-05		4.80E-05		48		1.2						1.26E-04		1.27E-04		126		1.2						2.16E-04		2.43E-04		216		1.2						8.10E-05		8.27E-05		82.6875		1.2						1.71E-04		1.80E-04		171		1.2

				-6.83E-05		6.75E-06		6.75		1.3						2.93E-05		4.80E-05		48		1.3						1.27E-04		1.27E-04		126.75		1.3						2.24E-04		2.43E-04		224.25		1.3						7.80E-05		8.27E-05		82.6875		1.3						1.76E-04		1.80E-04		175.5		1.3

				-8.40E-05		6.75E-06		6.75		1.4						2.10E-05		4.80E-05		48		1.4						1.26E-04		1.27E-04		126.75		1.4						2.31E-04		2.43E-04		231		1.4						7.35E-05		8.27E-05		82.6875		1.4						1.79E-04		1.80E-04		178.5		1.4

				-1.01E-04		6.75E-06		6.75		1.5						1.13E-05		4.80E-05		48		1.5						1.24E-04		1.27E-04		126.75		1.5						2.36E-04		2.43E-04		236.25		1.5						6.75E-05		8.27E-05		82.6875		1.5						1.80E-04		1.80E-04		180		1.5

				-1.20E-04		6.75E-06		6.75		1.6						0.00E+00		4.80E-05		48		1.6						1.20E-04		1.27E-04		126.75		1.6						2.40E-04		2.43E-04		240		1.6						6.00E-05		8.27E-05		82.6875		1.6						1.80E-04		1.80E-04		180.1875		1.6

				-1.40E-04		6.75E-06		6.75		1.7						-1.28E-05		4.80E-05		48		1.7						1.15E-04		1.27E-04		126.75		1.7						2.42E-04		2.43E-04		242.25		1.7						5.10E-05		8.27E-05		82.6875		1.7						1.79E-04		1.80E-04		180.1875		1.7

				-1.62E-04		6.75E-06		6.75		1.8						-2.70E-05		4.80E-05		48		1.8						1.08E-04		1.27E-04		126.75		1.8						2.43E-04		2.43E-04		243		1.8						4.05E-05		8.27E-05		82.6875		1.8						1.76E-04		1.80E-04		180.1875		1.8

				-1.85E-04		6.75E-06		6.75		1.9						-4.28E-05		4.80E-05		48		1.9						9.98E-05		1.27E-04		126.75		1.9						2.42E-04		2.43E-04		243		1.9						2.85E-05		8.27E-05		82.6875		1.9						1.71E-04		1.80E-04		180.1875		1.9
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Sheet1

		

										uCox		1.00E-04

										VT		0.7

										lambda		0.03

										W		0.9

										L		0.6

										Vgs		1										Vgs		1.5										Vgs		2										Vgs		2.5										Vgs		1.75										Vgs		2.25

				Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds

				0.00E+00		6.75E-06		0		0						0.00E+00		4.80E-05		0		0						0.00E+00		1.27E-04		0		0						0.00E+00		2.43E-04		0		0						0.00E+00		8.27E-05		0		0						0.00E+00		1.80E-04		0		0

				3.76E-06		6.77E-06		3.76125		0.1						1.13E-05		4.81E-05		11.28375		0.1						1.88E-05		1.27E-04		18.80625		0.1						2.63E-05		2.44E-04		26.32875		0.1						1.50E-05		8.29E-05		15.045		0.1						2.26E-05		1.81E-04		22.5675		0.1

				6.04E-06		6.79E-06		6.036		0.2						2.11E-05		4.83E-05		21.126		0.2						3.62E-05		1.28E-04		36.216		0.2						5.13E-05		2.44E-04		51.306		0.2						2.87E-05		8.32E-05		28.671		0.2						4.38E-05		1.81E-04		43.761		0.2

				6.81E-06		6.81E-06		6.81075		0.3						2.95E-05		4.84E-05		29.51325		0.3						5.22E-05		1.28E-04		52.21575		0.3						7.49E-05		2.45E-04		74.91825		0.3						4.09E-05		8.34E-05		40.8645		0.3						6.36E-05		1.82E-04		63.567		0.3

				6.07E-06		6.83E-06		6.831		0.4						3.64E-05		4.86E-05		36.432		0.4						6.68E-05		1.28E-04		66.792		0.4						9.72E-05		2.46E-04		97.152		0.4						5.16E-05		8.37E-05		51.612		0.4						8.20E-05		1.82E-04		81.972		0.4

				3.81E-06		6.85E-06		6.85125		0.5						4.19E-05		4.87E-05		41.86875		0.5						7.99E-05		1.29E-04		79.93125		0.5						1.18E-04		2.47E-04		117.99375		0.5						6.09E-05		8.39E-05		60.9		0.5						9.90E-05		1.83E-04		98.9625		0.5

				5.09E-21		6.87E-06		6.8715		0.6						4.58E-05		4.89E-05		45.81		0.6						9.16E-05		1.29E-04		91.62		0.6						1.37E-04		2.47E-04		137.43		0.6						6.87E-05		8.42E-05		68.715		0.6						1.15E-04		1.83E-04		114.525		0.6

				-5.36E-06		6.89E-06		6.89175		0.7						4.82E-05		4.90E-05		48.24225		0.7						1.02E-04		1.29E-04		101.84475		0.7						1.55E-04		2.48E-04		155.44725		0.7						7.50E-05		8.44E-05		75.0435		0.7						1.29E-04		1.84E-04		128.646		0.7

				-1.23E-05		6.91E-06		6.912		0.8						4.92E-05		4.92E-05		49.152		0.8						1.11E-04		1.30E-04		110.592		0.8						1.72E-04		2.49E-04		172.032		0.8						7.99E-05		8.47E-05		79.872		0.8						1.41E-04		1.85E-04		141.312		0.8

				-2.08E-05		6.93E-06		6.93225		0.9						4.85E-05		4.93E-05		49.296		0.9						1.18E-04		1.30E-04		117.84825		0.9						1.87E-04		2.50E-04		187.17075		0.9						8.32E-05		8.49E-05		83.187		0.9						1.53E-04		1.85E-04		152.5095		0.9

				-3.09E-05		6.95E-06		6.9525		1						4.64E-05		4.94E-05		49.44		1						1.24E-04		1.31E-04		123.6		1						2.01E-04		2.50E-04		200.85		1						8.50E-05		8.52E-05		84.975		1						1.62E-04		1.86E-04		162.225		1

				-4.26E-05		6.97E-06		6.97275		1.1						4.26E-05		4.96E-05		49.584		1.1						1.28E-04		1.31E-04		127.83375		1.1						2.13E-04		2.51E-04		213.05625		1.1						8.52E-05		8.54E-05		85.4161875		1.1						1.70E-04		1.86E-04		170.445		1.1

				-5.59E-05		6.99E-06		6.993		1.2						3.73E-05		4.97E-05		49.728		1.2						1.31E-04		1.31E-04		130.536		1.2						2.24E-04		2.52E-04		223.776		1.2						8.39E-05		8.57E-05		85.66425		1.2						1.77E-04		1.87E-04		177.156		1.2

				-7.09E-05		7.01E-06		7.01325		1.3						3.04E-05		4.99E-05		49.872		1.3						1.32E-04		1.32E-04		131.69325		1.3						2.33E-04		2.52E-04		232.99575		1.3						8.10E-05		8.59E-05		85.9123125		1.3						1.82E-04		1.87E-04		182.3445		1.3

				-8.75E-05		7.03E-06		7.0335		1.4						2.19E-05		5.00E-05		50.016		1.4						1.31E-04		1.32E-04		132.0735		1.4						2.41E-04		2.53E-04		240.702		1.4						7.66E-05		8.62E-05		86.160375		1.4						1.86E-04		1.88E-04		185.997		1.4

				-1.06E-04		7.05E-06		7.05375		1.5						1.18E-05		5.02E-05		50.16		1.5						1.29E-04		1.32E-04		132.45375		1.5						2.47E-04		2.54E-04		246.88125		1.5						7.05E-05		8.64E-05		86.4084375		1.5						1.88E-04		1.88E-04		188.1		1.5

				-1.26E-04		7.07E-06		7.074		1.6						0.00E+00		5.03E-05		50.304		1.6						1.26E-04		1.33E-04		132.834		1.6						2.52E-04		2.55E-04		251.52		1.6						6.29E-05		8.67E-05		86.6565		1.6						1.89E-04		1.89E-04		188.8365		1.6

				-1.47E-04		7.09E-06		7.09425		1.7						-1.34E-05		5.04E-05		50.448		1.7						1.21E-04		1.33E-04		133.21425		1.7						2.55E-04		2.55E-04		254.60475		1.7						5.36E-05		8.69E-05		86.9045625		1.7						1.88E-04		1.89E-04		189.3770625		1.7

				-1.71E-04		7.11E-06		7.1145		1.8						-2.85E-05		5.06E-05		50.592		1.8						1.14E-04		1.34E-04		133.5945		1.8						2.56E-04		2.56E-04		256.122		1.8						4.27E-05		8.72E-05		87.152625		1.8						1.85E-04		1.90E-04		189.917625		1.8

				-1.96E-04		7.13E-06		7.13475		1.9						-4.52E-05		5.07E-05		50.736		1.9						1.05E-04		1.34E-04		133.97475		1.9						2.56E-04		2.57E-04		256.851		1.9						3.01E-05		8.74E-05		87.4006875		1.9						1.81E-04		1.90E-04		190.4581875		1.9

				-2.23E-04		7.16E-06		7.155		2						-6.36E-05		5.09E-05		50.88		2						9.54E-05		1.34E-04		134.355		2						2.54E-04		2.58E-04		257.58		2						1.59E-05		8.76E-05		87.64875		2						1.75E-04		1.91E-04		190.99875		2

				-2.51E-04		7.18E-06		7.17525		2.1						-8.37E-05		5.10E-05		51.024		2.1						8.37E-05		1.35E-04		134.73525		2.1						2.51E-04		2.58E-04		258.309		2.1						0.00E+00		8.79E-05		87.8968125		2.1						1.67E-04		1.92E-04		191.5393125		2.1

				-2.81E-04		7.20E-06		7.1955		2.2						-1.06E-04		5.12E-05		51.168		2.2						7.04E-05		1.35E-04		135.1155		2.2						2.46E-04		2.59E-04		259.038		2.2						-1.76E-05		8.81E-05		88.144875		2.2						1.58E-04		1.92E-04		192.079875		2.2

				-3.13E-04		7.22E-06		7.21575		2.3						-1.29E-04		5.13E-05		51.312		2.3						5.53E-05		1.35E-04		135.49575		2.3						2.40E-04		2.60E-04		259.767		2.3						-3.69E-05		8.84E-05		88.3929375		2.3						1.48E-04		1.93E-04		192.6204375		2.3

				-3.47E-04		7.24E-06		7.236		2.4						-1.54E-04		5.15E-05		51.456		2.4						3.86E-05		1.36E-04		135.876		2.4						2.32E-04		2.60E-04		260.496		2.4						-5.79E-05		8.86E-05		88.641		2.4						1.35E-04		1.93E-04		193.161		2.4

				-3.83E-04		7.26E-06		7.25625		2.5						-1.81E-04		5.16E-05		51.6		2.5						2.02E-05		1.36E-04		136.25625		2.5						2.22E-04		2.61E-04		261.225		2.5						-8.06E-05		8.89E-05		88.8890625		2.5						1.21E-04		1.94E-04		193.7015625		2.5

				-4.20E-04		7.28E-06		7.2765		2.6						-2.10E-04		5.17E-05		51.744		2.6						0.00E+00		1.37E-04		136.6365		2.6						2.10E-04		2.62E-04		261.954		2.6						-1.05E-04		8.91E-05		89.137125		2.6						1.05E-04		1.94E-04		194.242125		2.6

				-4.60E-04		7.30E-06		7.29675		2.7						-2.41E-04		5.19E-05		51.888		2.7						-2.19E-05		1.37E-04		137.01675		2.7						1.97E-04		2.63E-04		262.683		2.7						-1.31E-04		8.94E-05		89.3851875		2.7						8.76E-05		1.95E-04		194.7826875		2.7

				-5.01E-04		7.32E-06		7.317		2.8						-2.73E-04		5.20E-05		52.032		2.8						-4.55E-05		1.37E-04		137.397		2.8						1.82E-04		2.63E-04		263.412		2.8						-1.59E-04		8.96E-05		89.63325		2.8						6.83E-05		1.95E-04		195.32325		2.8

				-5.44E-04		7.34E-06		7.33725		2.9						-3.07E-04		5.22E-05		52.176		2.9						-7.09E-05		1.38E-04		137.77725		2.9						1.65E-04		2.64E-04		264.141		2.9						-1.89E-04		8.99E-05		89.8813125		2.9						4.73E-05		1.96E-04		195.8638125		2.9

				-5.89E-04		7.36E-06		7.3575		3						-3.43E-04		5.23E-05		52.32		3						-9.81E-05		1.38E-04		138.1575		3						1.47E-04		2.65E-04		264.87		3						-2.21E-04		9.01E-05		90.129375		3						2.45E-05		1.96E-04		196.404375		3

				-6.35E-04		7.38E-06		7.37775		3.1						-3.81E-04		5.25E-05		52.464		3.1						-1.27E-04		1.39E-04		138.53775		3.1						1.27E-04		2.66E-04		265.599		3.1						-2.54E-04		9.04E-05		90.3774375		3.1						0.00E+00		1.97E-04		196.9449375		3.1

				-6.84E-04		7.40E-06		7.398		3.2						-4.21E-04		5.26E-05		52.608		3.2						-1.58E-04		1.39E-04		138.918		3.2						1.05E-04		2.66E-04		266.328		3.2						-2.89E-04		9.06E-05		90.6255		3.2						-2.63E-05		1.97E-04		197.4855		3.2

				-7.34E-04		7.42E-06		7.41825		3.3						-4.62E-04		5.28E-05		52.752		3.3						-1.90E-04		1.39E-04		139.29825		3.3						8.16E-05		2.67E-04		267.057		3.3						-3.26E-04		9.09E-05		90.8735625		3.3						-5.44E-05		1.98E-04		198.0260625		3.3

				-7.87E-04		7.44E-06		7.4385		3.4						-5.06E-04		5.29E-05		52.896		3.4						-2.25E-04		1.40E-04		139.6785		3.4						5.62E-05		2.68E-04		267.786		3.4						-3.65E-04		9.11E-05		91.121625		3.4						-8.43E-05		1.99E-04		198.566625		3.4

				-8.41E-04		7.46E-06		7.45875		3.5						-5.51E-04		5.30E-05		53.04		3.5						-2.61E-04		1.40E-04		140.05875		3.5						2.90E-05		2.69E-04		268.515		3.5						-4.06E-04		9.14E-05		91.3696875		3.5						-1.16E-04		1.99E-04		199.1071875		3.5

				-8.97E-04		7.48E-06		7.479		3.6						-5.98E-04		5.32E-05		53.184		3.6						-2.99E-04		1.40E-04		140.439		3.6						0.00E+00		2.69E-04		269.244		3.6						-4.49E-04		9.16E-05		91.61775		3.6						-1.50E-04		2.00E-04		199.64775		3.6

				-9.56E-04		7.50E-06		7.49925		3.7						-6.47E-04		5.33E-05		53.328		3.7						-3.39E-04		1.41E-04		140.81925		3.7						-3.08E-05		2.70E-04		269.973		3.7						-4.93E-04		9.19E-05		91.8658125		3.7						-1.85E-04		2.00E-04		200.1883125		3.7

				-1.02E-03		7.52E-06		7.5195		3.8						-6.98E-04		5.35E-05		53.472		3.8						-3.81E-04		1.41E-04		141.1995		3.8						-6.35E-05		2.71E-04		270.702		3.8						-5.40E-04		9.21E-05		92.113875		3.8						-2.22E-04		2.01E-04		200.728875		3.8

				-1.08E-03		7.54E-06		7.53975		3.9						-7.51E-04		5.36E-05		53.616		3.9						-4.25E-04		1.42E-04		141.57975		3.9						-9.80E-05		2.71E-04		271.431		3.9						-5.88E-04		9.24E-05		92.3619375		3.9						-2.61E-04		2.01E-04		201.2694375		3.9

				-1.14E-03		7.56E-06		7.56		4						-8.06E-04		5.38E-05		53.76		4						-4.70E-04		1.42E-04		141.96		4						-1.34E-04		2.72E-04		272.16		4						-6.38E-04		9.26E-05		92.61		4						-3.02E-04		2.02E-04		201.81		4

				-1.21E-03		7.58E-06		7.58025		4.1						-8.63E-04		5.39E-05		53.904		4.1						-5.18E-04		1.42E-04		142.34025		4.1						-1.73E-04		2.73E-04		272.889		4.1						-6.91E-04		9.29E-05		92.8580625		4.1						-3.45E-04		2.02E-04		202.3505625		4.1

				-1.28E-03		7.60E-06		7.6005		4.2						-9.22E-04		5.40E-05		54.048		4.2						-5.68E-04		1.43E-04		142.7205		4.2						-2.13E-04		2.74E-04		273.618		4.2						-7.45E-04		9.31E-05		93.106125		4.2						-3.90E-04		2.03E-04		202.891125		4.2

				-1.35E-03		7.62E-06		7.62075		4.3						-9.83E-04		5.42E-05		54.192		4.3						-6.19E-04		1.43E-04		143.10075		4.3						-2.55E-04		2.74E-04		274.347		4.3						-8.01E-04		9.34E-05		93.3541875		4.3						-4.37E-04		2.03E-04		203.4316875		4.3

				-1.42E-03		7.64E-06		7.641		4.4						-1.05E-03		5.43E-05		54.336		4.4						-6.72E-04		1.43E-04		143.481		4.4						-2.99E-04		2.75E-04		275.076		4.4						-8.59E-04		9.36E-05		93.60225		4.4						-4.86E-04		2.04E-04		203.97225		4.4

				-1.49E-03		7.66E-06		7.66125		4.5						-1.11E-03		5.45E-05		54.48		4.5						-7.28E-04		1.44E-04		143.86125		4.5						-3.45E-04		2.76E-04		275.805		4.5						-9.19E-04		9.39E-05		93.8503125		4.5						-5.36E-04		2.05E-04		204.5128125		4.5

				-1.57E-03		7.68E-06		7.6815		4.6						-1.18E-03		5.46E-05		54.624		4.6						-7.85E-04		1.44E-04		144.2415		4.6						-3.93E-04		2.77E-04		276.534		4.6						-9.82E-04		9.41E-05		94.098375		4.6						-5.89E-04		2.05E-04		205.053375		4.6

				-1.65E-03		7.70E-06		7.70175		4.7						-1.25E-03		5.48E-05		54.768		4.7						-8.45E-04		1.45E-04		144.62175		4.7						-4.42E-04		2.77E-04		277.263		4.7						-1.05E-03		9.43E-05		94.3464375		4.7						-6.44E-04		2.06E-04		205.5939375		4.7

				-1.73E-03		7.72E-06		7.722		4.8						-1.32E-03		5.49E-05		54.912		4.8						-9.06E-04		1.45E-04		145.002		4.8						-4.94E-04		2.78E-04		277.992		4.8						-1.11E-03		9.46E-05		94.5945		4.8						-7.00E-04		2.06E-04		206.1345		4.8

				-1.81E-03		7.74E-06		7.74225		4.9						-1.39E-03		5.51E-05		55.056		4.9						-9.70E-04		1.45E-04		145.38225		4.9						-5.48E-04		2.79E-04		278.721		4.9						-1.18E-03		9.48E-05		94.8425625		4.9						-7.59E-04		2.07E-04		206.6750625		4.9

				-1.90E-03		7.76E-06		7.7625		5						-1.47E-03		5.52E-05		55.2		5						-1.04E-03		1.46E-04		145.7625		5						-6.04E-04		2.79E-04		279.45		5						-1.25E-03		9.51E-05		95.090625		5						-8.19E-04		2.07E-04		207.215625		5
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										uCox		1.00E-04

										VT		0.7

										lambda		0.03

										W		0.9

										L		0.6

										Vgs		1										Vgs		1.5										Vgs		2										Vgs		2.5										Vgs		1.75										Vgs		2.25

				Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds						Ohmic		Sat				Vds

				0.00E+00		6.75E-06		0		0						0.00E+00		4.80E-05		0		0						0.00E+00		1.27E-04		0		0						0.00E+00		2.43E-04		0		0						0.00E+00		8.27E-05		0		0						0.00E+00		1.80E-04		0		0

				3.76E-06		6.77E-06		3.76125		0.1						1.13E-05		4.81E-05		11.28375		0.1						1.88E-05		1.27E-04		18.80625		0.1						2.63E-05		2.44E-04		26.32875		0.1						1.50E-05		8.29E-05		15.045		0.1						2.26E-05		1.81E-04		22.5675		0.1

				6.04E-06		6.79E-06		6.036		0.2						2.11E-05		4.83E-05		21.126		0.2						3.62E-05		1.28E-04		36.216		0.2						5.13E-05		2.44E-04		51.306		0.2						2.87E-05		8.32E-05		28.671		0.2						4.38E-05		1.81E-04		43.761		0.2

				6.81E-06		6.81E-06		6.81075		0.3						2.95E-05		4.84E-05		29.51325		0.3						5.22E-05		1.28E-04		52.21575		0.3						7.49E-05		2.45E-04		74.91825		0.3						4.09E-05		8.34E-05		40.8645		0.3						6.36E-05		1.82E-04		63.567		0.3

				6.07E-06		6.83E-06		6.831		0.4						3.64E-05		4.86E-05		36.432		0.4						6.68E-05		1.28E-04		66.792		0.4						9.72E-05		2.46E-04		97.152		0.4						5.16E-05		8.37E-05		51.612		0.4						8.20E-05		1.82E-04		81.972		0.4

				3.81E-06		6.85E-06		6.85125		0.5						4.19E-05		4.87E-05		41.86875		0.5						7.99E-05		1.29E-04		79.93125		0.5						1.18E-04		2.47E-04		117.99375		0.5						6.09E-05		8.39E-05		60.9		0.5						9.90E-05		1.83E-04		98.9625		0.5

				5.09E-21		6.87E-06		6.8715		0.6						4.58E-05		4.89E-05		45.81		0.6						9.16E-05		1.29E-04		91.62		0.6						1.37E-04		2.47E-04		137.43		0.6						6.87E-05		8.42E-05		68.715		0.6						1.15E-04		1.83E-04		114.525		0.6

				-5.36E-06		6.89E-06		6.89175		0.7						4.82E-05		4.90E-05		48.24225		0.7						1.02E-04		1.29E-04		101.84475		0.7						1.55E-04		2.48E-04		155.44725		0.7						7.50E-05		8.44E-05		75.0435		0.7						1.29E-04		1.84E-04		128.646		0.7

				-1.23E-05		6.91E-06		6.912		0.8						4.92E-05		4.92E-05		49.152		0.8						1.11E-04		1.30E-04		110.592		0.8						1.72E-04		2.49E-04		172.032		0.8						7.99E-05		8.47E-05		79.872		0.8						1.41E-04		1.85E-04		141.312		0.8

				-2.08E-05		6.93E-06		6.93225		0.9						4.85E-05		4.93E-05		49.296		0.9						1.18E-04		1.30E-04		117.84825		0.9						1.87E-04		2.50E-04		187.17075		0.9						8.32E-05		8.49E-05		83.187		0.9						1.53E-04		1.85E-04		152.5095		0.9

				-3.09E-05		6.95E-06		6.9525		1						4.64E-05		4.94E-05		49.44		1						1.24E-04		1.31E-04		123.6		1						2.01E-04		2.50E-04		200.85		1						8.50E-05		8.52E-05		84.975		1						1.62E-04		1.86E-04		162.225		1

				-4.26E-05		6.97E-06		6.97275		1.1						4.26E-05		4.96E-05		49.584		1.1						1.28E-04		1.31E-04		127.83375		1.1						2.13E-04		2.51E-04		213.05625		1.1						8.52E-05		8.54E-05		85.4161875		1.1						1.70E-04		1.86E-04		170.445		1.1

				-5.59E-05		6.99E-06		6.993		1.2						3.73E-05		4.97E-05		49.728		1.2						1.31E-04		1.31E-04		130.536		1.2						2.24E-04		2.52E-04		223.776		1.2						8.39E-05		8.57E-05		85.66425		1.2						1.77E-04		1.87E-04		177.156		1.2

				-7.09E-05		7.01E-06		7.01325		1.3						3.04E-05		4.99E-05		49.872		1.3						1.32E-04		1.32E-04		131.69325		1.3						2.33E-04		2.52E-04		232.99575		1.3						8.10E-05		8.59E-05		85.9123125		1.3						1.82E-04		1.87E-04		182.3445		1.3

				-8.75E-05		7.03E-06		7.0335		1.4						2.19E-05		5.00E-05		50.016		1.4						1.31E-04		1.32E-04		132.0735		1.4						2.41E-04		2.53E-04		240.702		1.4						7.66E-05		8.62E-05		86.160375		1.4						1.86E-04		1.88E-04		185.997		1.4

				-1.06E-04		7.05E-06		7.05375		1.5						1.18E-05		5.02E-05		50.16		1.5						1.29E-04		1.32E-04		132.45375		1.5						2.47E-04		2.54E-04		246.88125		1.5						7.05E-05		8.64E-05		86.4084375		1.5						1.88E-04		1.88E-04		188.1		1.5

				-1.26E-04		7.07E-06		7.074		1.6						0.00E+00		5.03E-05		50.304		1.6						1.26E-04		1.33E-04		132.834		1.6						2.52E-04		2.55E-04		251.52		1.6						6.29E-05		8.67E-05		86.6565		1.6						1.89E-04		1.89E-04		188.8365		1.6

				-1.47E-04		7.09E-06		7.09425		1.7						-1.34E-05		5.04E-05		50.448		1.7						1.21E-04		1.33E-04		133.21425		1.7						2.55E-04		2.55E-04		254.60475		1.7						5.36E-05		8.69E-05		86.9045625		1.7						1.88E-04		1.89E-04		189.3770625		1.7

				-1.71E-04		7.11E-06		7.1145		1.8						-2.85E-05		5.06E-05		50.592		1.8						1.14E-04		1.34E-04		133.5945		1.8						2.56E-04		2.56E-04		256.122		1.8						4.27E-05		8.72E-05		87.152625		1.8						1.85E-04		1.90E-04		189.917625		1.8

				-1.96E-04		7.13E-06		7.13475		1.9						-4.52E-05		5.07E-05		50.736		1.9						1.05E-04		1.34E-04		133.97475		1.9						2.56E-04		2.57E-04		256.851		1.9						3.01E-05		8.74E-05		87.4006875		1.9						1.81E-04		1.90E-04		190.4581875		1.9

				-2.23E-04		7.16E-06		7.155		2						-6.36E-05		5.09E-05		50.88		2						9.54E-05		1.34E-04		134.355		2						2.54E-04		2.58E-04		257.58		2						1.59E-05		8.76E-05		87.64875		2						1.75E-04		1.91E-04		190.99875		2

				-2.51E-04		7.18E-06		7.17525		2.1						-8.37E-05		5.10E-05		51.024		2.1						8.37E-05		1.35E-04		134.73525		2.1						2.51E-04		2.58E-04		258.309		2.1						0.00E+00		8.79E-05		87.8968125		2.1						1.67E-04		1.92E-04		191.5393125		2.1

				-2.81E-04		7.20E-06		7.1955		2.2						-1.06E-04		5.12E-05		51.168		2.2						7.04E-05		1.35E-04		135.1155		2.2						2.46E-04		2.59E-04		259.038		2.2						-1.76E-05		8.81E-05		88.144875		2.2						1.58E-04		1.92E-04		192.079875		2.2

				-3.13E-04		7.22E-06		7.21575		2.3						-1.29E-04		5.13E-05		51.312		2.3						5.53E-05		1.35E-04		135.49575		2.3						2.40E-04		2.60E-04		259.767		2.3						-3.69E-05		8.84E-05		88.3929375		2.3						1.48E-04		1.93E-04		192.6204375		2.3

				-3.47E-04		7.24E-06		7.236		2.4						-1.54E-04		5.15E-05		51.456		2.4						3.86E-05		1.36E-04		135.876		2.4						2.32E-04		2.60E-04		260.496		2.4						-5.79E-05		8.86E-05		88.641		2.4						1.35E-04		1.93E-04		193.161		2.4

				-3.83E-04		7.26E-06		7.25625		2.5						-1.81E-04		5.16E-05		51.6		2.5						2.02E-05		1.36E-04		136.25625		2.5						2.22E-04		2.61E-04		261.225		2.5						-8.06E-05		8.89E-05		88.8890625		2.5						1.21E-04		1.94E-04		193.7015625		2.5

				-4.20E-04		7.28E-06		7.2765		2.6						-2.10E-04		5.17E-05		51.744		2.6						0.00E+00		1.37E-04		136.6365		2.6						2.10E-04		2.62E-04		261.954		2.6						-1.05E-04		8.91E-05		89.137125		2.6						1.05E-04		1.94E-04		194.242125		2.6

				-4.60E-04		7.30E-06		7.29675		2.7						-2.41E-04		5.19E-05		51.888		2.7						-2.19E-05		1.37E-04		137.01675		2.7						1.97E-04		2.63E-04		262.683		2.7						-1.31E-04		8.94E-05		89.3851875		2.7						8.76E-05		1.95E-04		194.7826875		2.7

				-5.01E-04		7.32E-06		7.317		2.8						-2.73E-04		5.20E-05		52.032		2.8						-4.55E-05		1.37E-04		137.397		2.8						1.82E-04		2.63E-04		263.412		2.8						-1.59E-04		8.96E-05		89.63325		2.8						6.83E-05		1.95E-04		195.32325		2.8

				-5.44E-04		7.34E-06		7.33725		2.9						-3.07E-04		5.22E-05		52.176		2.9						-7.09E-05		1.38E-04		137.77725		2.9						1.65E-04		2.64E-04		264.141		2.9						-1.89E-04		8.99E-05		89.8813125		2.9						4.73E-05		1.96E-04		195.8638125		2.9

				-5.89E-04		7.36E-06		7.3575		3						-3.43E-04		5.23E-05		52.32		3						-9.81E-05		1.38E-04		138.1575		3						1.47E-04		2.65E-04		264.87		3						-2.21E-04		9.01E-05		90.129375		3						2.45E-05		1.96E-04		196.404375		3

				-6.35E-04		7.38E-06		7.37775		3.1						-3.81E-04		5.25E-05		52.464		3.1						-1.27E-04		1.39E-04		138.53775		3.1						1.27E-04		2.66E-04		265.599		3.1						-2.54E-04		9.04E-05		90.3774375		3.1						0.00E+00		1.97E-04		196.9449375		3.1

				-6.84E-04		7.40E-06		7.398		3.2						-4.21E-04		5.26E-05		52.608		3.2						-1.58E-04		1.39E-04		138.918		3.2						1.05E-04		2.66E-04		266.328		3.2						-2.89E-04		9.06E-05		90.6255		3.2						-2.63E-05		1.97E-04		197.4855		3.2

				-7.34E-04		7.42E-06		7.41825		3.3						-4.62E-04		5.28E-05		52.752		3.3						-1.90E-04		1.39E-04		139.29825		3.3						8.16E-05		2.67E-04		267.057		3.3						-3.26E-04		9.09E-05		90.8735625		3.3						-5.44E-05		1.98E-04		198.0260625		3.3

				-7.87E-04		7.44E-06		7.4385		3.4						-5.06E-04		5.29E-05		52.896		3.4						-2.25E-04		1.40E-04		139.6785		3.4						5.62E-05		2.68E-04		267.786		3.4						-3.65E-04		9.11E-05		91.121625		3.4						-8.43E-05		1.99E-04		198.566625		3.4

				-8.41E-04		7.46E-06		7.45875		3.5						-5.51E-04		5.30E-05		53.04		3.5						-2.61E-04		1.40E-04		140.05875		3.5						2.90E-05		2.69E-04		268.515		3.5						-4.06E-04		9.14E-05		91.3696875		3.5						-1.16E-04		1.99E-04		199.1071875		3.5

				-8.97E-04		7.48E-06		7.479		3.6						-5.98E-04		5.32E-05		53.184		3.6						-2.99E-04		1.40E-04		140.439		3.6						0.00E+00		2.69E-04		269.244		3.6						-4.49E-04		9.16E-05		91.61775		3.6						-1.50E-04		2.00E-04		199.64775		3.6

				-9.56E-04		7.50E-06		7.49925		3.7						-6.47E-04		5.33E-05		53.328		3.7						-3.39E-04		1.41E-04		140.81925		3.7						-3.08E-05		2.70E-04		269.973		3.7						-4.93E-04		9.19E-05		91.8658125		3.7						-1.85E-04		2.00E-04		200.1883125		3.7

				-1.02E-03		7.52E-06		7.5195		3.8						-6.98E-04		5.35E-05		53.472		3.8						-3.81E-04		1.41E-04		141.1995		3.8						-6.35E-05		2.71E-04		270.702		3.8						-5.40E-04		9.21E-05		92.113875		3.8						-2.22E-04		2.01E-04		200.728875		3.8

				-1.08E-03		7.54E-06		7.53975		3.9						-7.51E-04		5.36E-05		53.616		3.9						-4.25E-04		1.42E-04		141.57975		3.9						-9.80E-05		2.71E-04		271.431		3.9						-5.88E-04		9.24E-05		92.3619375		3.9						-2.61E-04		2.01E-04		201.2694375		3.9

				-1.14E-03		7.56E-06		7.56		4						-8.06E-04		5.38E-05		53.76		4						-4.70E-04		1.42E-04		141.96		4						-1.34E-04		2.72E-04		272.16		4						-6.38E-04		9.26E-05		92.61		4						-3.02E-04		2.02E-04		201.81		4

				-1.21E-03		7.58E-06		7.58025		4.1						-8.63E-04		5.39E-05		53.904		4.1						-5.18E-04		1.42E-04		142.34025		4.1						-1.73E-04		2.73E-04		272.889		4.1						-6.91E-04		9.29E-05		92.8580625		4.1						-3.45E-04		2.02E-04		202.3505625		4.1

				-1.28E-03		7.60E-06		7.6005		4.2						-9.22E-04		5.40E-05		54.048		4.2						-5.68E-04		1.43E-04		142.7205		4.2						-2.13E-04		2.74E-04		273.618		4.2						-7.45E-04		9.31E-05		93.106125		4.2						-3.90E-04		2.03E-04		202.891125		4.2

				-1.35E-03		7.62E-06		7.62075		4.3						-9.83E-04		5.42E-05		54.192		4.3						-6.19E-04		1.43E-04		143.10075		4.3						-2.55E-04		2.74E-04		274.347		4.3						-8.01E-04		9.34E-05		93.3541875		4.3						-4.37E-04		2.03E-04		203.4316875		4.3

				-1.42E-03		7.64E-06		7.641		4.4						-1.05E-03		5.43E-05		54.336		4.4						-6.72E-04		1.43E-04		143.481		4.4						-2.99E-04		2.75E-04		275.076		4.4						-8.59E-04		9.36E-05		93.60225		4.4						-4.86E-04		2.04E-04		203.97225		4.4

				-1.49E-03		7.66E-06		7.66125		4.5						-1.11E-03		5.45E-05		54.48		4.5						-7.28E-04		1.44E-04		143.86125		4.5						-3.45E-04		2.76E-04		275.805		4.5						-9.19E-04		9.39E-05		93.8503125		4.5						-5.36E-04		2.05E-04		204.5128125		4.5

				-1.57E-03		7.68E-06		7.6815		4.6						-1.18E-03		5.46E-05		54.624		4.6						-7.85E-04		1.44E-04		144.2415		4.6						-3.93E-04		2.77E-04		276.534		4.6						-9.82E-04		9.41E-05		94.098375		4.6						-5.89E-04		2.05E-04		205.053375		4.6

				-1.65E-03		7.70E-06		7.70175		4.7						-1.25E-03		5.48E-05		54.768		4.7						-8.45E-04		1.45E-04		144.62175		4.7						-4.42E-04		2.77E-04		277.263		4.7						-1.05E-03		9.43E-05		94.3464375		4.7						-6.44E-04		2.06E-04		205.5939375		4.7

				-1.73E-03		7.72E-06		7.722		4.8						-1.32E-03		5.49E-05		54.912		4.8						-9.06E-04		1.45E-04		145.002		4.8						-4.94E-04		2.78E-04		277.992		4.8						-1.11E-03		9.46E-05		94.5945		4.8						-7.00E-04		2.06E-04		206.1345		4.8

				-1.81E-03		7.74E-06		7.74225		4.9						-1.39E-03		5.51E-05		55.056		4.9						-9.70E-04		1.45E-04		145.38225		4.9						-5.48E-04		2.79E-04		278.721		4.9						-1.18E-03		9.48E-05		94.8425625		4.9						-7.59E-04		2.07E-04		206.6750625		4.9

				-1.90E-03		7.76E-06		7.7625		5						-1.47E-03		5.52E-05		55.2		5						-1.04E-03		1.46E-04		145.7625		5						-6.04E-04		2.79E-04		279.45		5						-1.25E-03		9.51E-05		95.090625		5						-8.19E-04		2.07E-04		207.215625		5
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Further Model Extensions

Existing model does not depend upon the bulk voltage !
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Observe that changing the bulk voltage will change the electric field in the

channel region ! Vs
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Further Model Extensions

Existing model does not depend upon the bulk voltage !

Observe that changing the bulk voltage will change the electric field in the
channel region !

Changing the bulk voltage will change the thickness of the inversion layer
Changing the bulk voltage will change the threshold voltage of the device

Vi :VTDJF?'( ¢ — Vi _\/5)



Typical Bulk Effects on Threshold Voltage for n-channel Devices

Vin=VaetY (\/ #-Vas '\/g)

y=0.4v"  $=0.6V

—

: > VBS

-5V

» Bulk-Diffusion Generally Reverse Biased (vgs<0 or at least Vg<0.3v ) for n-channel
« Shift in threshold voltage with bulk voltage can be substantial
« Often Vzs=0



Typical Bulk Effects on Threshold Voltage for n-channel Devices

Vin=VaetY (\/ #-Vas '\/g)

y=0.4v"  $=0.6V

—

AV =7

: > VBS

-5V
AV:VTH _VTHO =Y (\/M'\/g)

AV = 0.4(\/0.6V——5V-\/0.6) ~0.64V




Typical Bulk Effects on Threshold Voltage for p-channel Devices

Vin=VaetY (\/ #-Vas '\/g)

~ 0.4V Y2 ~ 0.6V
4 ? +5V

VTH

» Bulk-Diffusion Generally Reverse Biased (vgs>0 or at least Vgs>-0.3v ) fOor p-channel
« Same functional form as for n-channel but V;,,<0
« Magnitude of threshold voltage increases with magnitude of reverse bias



Model Extension Summary
0=0 -

5 =0 %

0 V. <V
ID - < lJCOX %(VGS o VT o %j VDS VGS 2 VT VDS < VGS o VT
W :
“COX I(VGS o VT) ¢ (1 + ﬂ‘VDS) VGS Z VT VDS 2 VGS o VT

Vi =V +7(\/¢_V53 —\/5)
Model Parameters : {4,Cqy,V10:P,Y,A}

Design Parameters : {W,L} but only one degree of freedom W/L



#ﬁ Operation Regions by Applications

| A Analog
D Triod Circuits
riode
Region '/
Saturation
Region
Cutoff
_Region
= v _— >
0 V
Digital
Circuits

Most analog circuits operate in the saturation region

(basic VVR operates in triode and is an exception)

Most digital circuits operate in triode and cutoff regions and switch
between these two with Boolean inputs



Model Extension (short devices)

0 V., <V
ID = “COX W(VGS - VT - \/DS) VDS VGS Z VT VDS < VGS - VT
L 2
W :
IJCOX 2|_(VGS - VT) VGS Z VT VDS 2 VGS - VT

As the channel length becomes very short, velocity saturation will occur in
the channel and this will occur with electric fields around 2V/u. So, if a
gate length is around 1u, then voltages up to 2V can be applied without

velocity saturation. But, if gate length decreases and voltages are kept
high, velocity saturation will occur

0 V. <V
ID = ZZIJCOX \ﬁ/(ves - VT )% VDS VGS 2 VT VDS < 91 (VGS _VT )%
W . «
ezucox L(VGS o VT) Ves > VT VDS > 01 (Ves _VT )2

a is the velocity saturation index, 2=2a =1



Model Extension (short devices)

0 V. <V

ID = ZZI“ICOX \ﬁ/(ves - VT )% VDS VGS 2 VT VDS < 91 (VGS _VT )%
W . «

ezucox L(VGS o VT) Ves > VT VDS > 01 (Ves _VT )2

a is the velocity saturation index, 2=za=1

No longer a square-law model (some term it an a-power model)

For long devices, a=2

Channel length modulation (A) and bulk effects can be added to the velocity
Saturation as well

Degrading of a is not an attractive limitation of the MOSFET



Model Extension (BSIM model)

.MODEL CMOSN NMOS ( LEVEL = 49

+VERSION = 3.1 TNOM = 27 TOX = 1.42E-8
+XJ = 1.5E-7 NCH = 1.7E17 VTHO = 0.629035
+K1 = 0.8976376 K2 = -0.09255 K3 = 24.0984767
+K3B = -8.2369696 WO = 1.041146E-8 NLX = 1E-9
4DVTOW = 0 DVTIW = O DVT2ZW = O

+DVTO = 2.7123969 DVT1 = 0.4232931 DVT2 = -0.1403765
+00 = 451.2322004 UA = 3.091785E-13 UB = 1.702517E-18
+0C = 1.22401E-11 VSAT = 1.715884E5 AD = 0.6580918
+AGS = 0.130484 BO = 2.446405E-6 Bl = 5E-6

+KETA = -3.043349E-3 A1l = B.1B8159E-7 A2 = 0.3363058
+RDSW = 1.367055E3 ERWG = 0.0328586 ERWE = 0.0104806
+WR =1 WINT = 2.44367TE-T LINT = 6.999776E-8
+XL = 1E-7 XW =0 DWG = -1.256454E-8
+DWB = 3.676235E-8 VOFF = -1.493503E-4 NFACTOR = 1.0354201
+CIT =0 CDSC = 2.4E-4 CDSCD = 0

4CDSCB = 0 ETAQ = 2.342963E-3 ETAB = -1.5324E-4
+DSUB = 0.0764123 ECLM = 2.5941582 EDIBLC1 = 0.B8187825
+PDIBLC2 = 2.366707E-3 PDIBLCE = -0.0431505 DROUT = 0.9919348
+PSCBE1 = 6.611774E8 PSCBE2 = 3.238266E-4 PVAG =0

+PRT =0 UTE = -1.5 KT1 = -0.11

+KT1L =0 KT2 = 0.022 UAl = 4.31E-9
+UB1 = -7.61E-18 ucl = -5.6E-11 AT = 3.3E4

+WL =0 WLN =1 WW =0

+WWN =1 WWL =0 LL =0

+LLN =1 LW =0 LWHN =1

+LWL =0 CAPMOD = 2 XPART = 0.5

+CEDO = 2.32E-10 CGESO = 2.32E-10 CGBO = 1E-9

+CJ = 4.282017E-4 EB = 0.9317787 MJ = 0.4495867
+CISW = 3.034055E-10 PBSW = 0.8 MJISW = 0.1713852
+CISWE = 1.64E-10 PESWG = 0.8 MJSWE = 0.1713852
+CF =0 EVTHO = 0.0520855 PRDSW = 112.8B75B816

+FEK2 = -0.028%03¢6 WEETA = -0.0237483 LEETA = 1.728324E-3 )
*



Model Errors with Different W/L Values

Actual
Modeled with one value of L, W
Modeled with another value of L, W

I

Ves3

VGSZ

Ves1

Binning models can improve model accuracy



BSIM Binning Model

- Bin on device sizes
- multiple BSIM models !

MODEL CMOSN HMOS ( LEVEL = 49

+VERSION = 3.1 THOM = 27 TOX = 1.42E-8
+XJ = 1.5E-7 NCH = 1.7E17 WVTHO = 0.629035
+EK1 = 0.897637¢6 K2 = -0.09255 E3 = 24.0984767
+EK3B = -8.236969¢6 WO = 1.041146E-8 NLX = 1E-9
+DVTOW =0 DVTI1W =0 DVTZW =0

+DWTO = 2.7123969 DVT1 = 0.4232931 DVT2 = -0.1403765
+00 = 431.2322004 oA = 3.0817685E-13 B = 1.702517E-18
+0C = 1.22401E-11 VSAT = 1.71568G4E5 AD = 0.65809186
+AGS = 0.130484 BO = 2.448405E-6 B1 = 5E-6

+EETA = -3.043343%E-3 a1 = B.1B8159E-7 A2 = 0.3363058
+BD5W = 1.367033E3 FEWG = 0.0328586 FEWB = 0.0104806
+WE =1 WIHNT = 2.443877E-7 LINT = 6.999776E-8
+XL = 1E-7 XW =0 DWG = -1.256454E-6
+DWB = 3.676233E-8 VOFF = -1.493503E-4 NFACTOR = 1.0354201
+CIT =0 CDSC = 2.4E-4 CDSCD =0

+CD5CE =0 ETAD = 2.342963E-3 ETAB = -1.5324E-4
+D5TUB = 0.0764123 FCLM = 2.5941582 FDIBLC1 = 0.8187825
+PDIBLC2 = 2.366707E-3 FDIBLCE = -0.0431505 DROUT = 0.9915348
+P5CBE1 = 6.611774ES8 FSCBE2 = 3.238266E-4 EVAG =0

+PRT =0 UTE = -1.5 ET1 = -0.11

+ET1L =0 ET2 = 0.022 oAl = 4.31E-9
+UB1 = -7.61E-18 ocl = -5.6E-11 AT = 3.3E4

+WL =0 WLN =1 WW =0

+WWH =1 WWL =0 LL =0

+L1LH =1 LW =0 LWH =1

+LWL =0 CAPMOD = 2 XEART = 0.5

+CGDO = 2.32E-10 CGS50 = 2.32E-10 CGBO = 1E-%

+CJ = 4 ,282017E-4 FB = 0.9317787 MJ = 0.4495867
+CJISW = 3.034033E-10 FBSW = 0.8 MISW = 0.1713852
+CJISWG = 1.64E-10 FBSWG = 0.8 MISHG = 0.1713852
+CF =0 EVTHO = 0.0520855 FEDSW = 112.8875816
+FEK2 = -0.028%03¢6 WEETA = -0.0237483 LEETA = 1.728324E-3

" With 32 bins, this model has 3040 model parameters !



Model Changes with Process Variations

(n-ch characteristics shown)
Ip TT
FS or FF (Fast n, slow p or Fastn, fastp)
SS or SF (Slow n, slow p or Slow n, fast p)

VGS3

Vs

VGSl

Vbs

Corner models can improve model accuracy



BSIM Corner Models with Binning

- Often 4 corners in addition to nominal TT, FF, FS, SF, and SS

- bin on device sizes

MODEL CMOSN HMOS (

+VERSIOHN
+XJ

+EK1

+EK3B

+D
+D

+00
+0C
+AGS
+EETA
+BD5W
+WE
+XL

+D

+CIT
+CD5CE

+D

+PDIBLCZ
+P5CEBE1

+T

VIOW
VIO

Wb

SUB

b I O e e T

ET.TA

+FPRT
+ET1L
+0B1
+WL
+WWH
+LLH
+LWL
+CGD0O
+CJ
+CT5W
+CISWHG
+CF
+FPK2

*

3.1

1.5E-7
0.8976376
-8.236969¢6
0

2.7123969
431 .2322004
1.22401E-11
0.130484
-3.043343%E-3
1.367053E3
1

1E-7
3.676235E-8
0

0764123
.366707E-3
.611774E8
-n1

. 32E-10
L282017E-4
3.034055E-10
1.654E-10

0

= -0.028%036

THOM
NCH
K2
WO
DVTI1W
DVT1
oA
VSAT
BO
a1
FEWG
WIHNT
XW
VOFF
CDSC
ETAD
FCLM
FDIBLCB
FSCBEZ2
RSH
UTE
KTz
oc1
WLHN
WWL
LW
CAFMOD
CE50
FB
FBSW
FBSWG
FVTHO
WEETA

(| (| | | | [
(=T I = - R R U =

27

1.7E17
-0.09255
.041146E-6

=

4232931
L091785E-13
. T158684E5
.445405E-6
LA1B159E-7
.0328586
LA436TTE-T

-1.493503E-4
2.4E-4
2.342963E-3
2.5941582
-0.0431505
3.238266E-4

= R3_.AK

-1.5
n.o0z2z2
-5.6E-11

LB31T7T787

.8

.8

.0520855
-0.0237483

1
0
0
2
2.32E-10
0
0
0
0

LEVEL
TOX
WVTHO
E3
NLX
DVTZW
DVT2
B
AD
B1
A2
FEWB
LINT
DWG
NFACTOR
CDSCD
ETAB
FDIBLC1
DROUT
EVAG
MORMON
ET1
oAl
AT
WW
LL
LWH
XPART
CGEBO
M
MISW
MISHG
FRDSW
LEETA

49

1.42E-8
0.629035
24.0984767
1E-9

0

-0.1403765
1.702517E-18
0.65680916
5E-6
0.33630586
0.0104806
6.999776E-8
-1.256454E-8
1.0354201

0

-1.5324E-4
0.8187625
0.9915348

0

= 1

-0.11
4.31E-9
3.3E4

0

0

1

0.5

1E-9
0.4495867
0.1713652
0.1713852
112.8875816
1.728324E-3

With 32 size bins and 4 corners, this model has 15,200

model parameters !
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