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INTRODUCTION

PSpice Lite 9.2 is one of the OrCAD family of products, from
Cadence Design Systems, Inc., offering a complete suite of electronic
design tools. Itis free and includes limited versions of OrCAD
Capture, for schematic capture, PSpice for analog circuit simulation
and Pspice A/D for mixed analog and digital circuit simulation.
PSpice Lite 9.2 is limited to 64 nodes, 10 transistors, two operational
amplifiers and 65 primitive digital devices. See page 35 (xxxv) of the
PSpice Users Guide.

LT SPICE — 1s a free SPICE simulator with schematic capture from
Linear Technology. It is quite similar to PSpice Lite but 1s not limited
in the number of devices or nodes. Linear Technology (LT) is one of
the industry leaders in analog and digital integrated circuits. Linear
Technology provides a complete set of SPICE models for LT

components.
© February 6, 2019 Dr. Lynn Fuller HL'_j

Pspice Lite and LT SPICE are the popular free version of SPICE with schematic
capture.




MOSFET DEVICE MODELS

MOSFET Device models used by SPICE (Simulation Program for
Integrated Circuit Engineering) simulators can be divided into three
classes: First Generation Models (Level 1, Level 2, Level 3 Model?,
Second Generation Models (BISM, HSPICE Level 28, BSIM2) an
Third Generation Models (BSIM3, Level 7, Level 8, Level 49, etc.)
The newer generations can do a better job with short channel effects,
local stress, transistors operating in the sub-threshold region, gate
leakage (tunneling), noise calculations, temperature variations and
the equations used are better with respect to convergence during
circuit simulation.

In general first generation models are recommended for MOSFETs
wiés%:ate lengths of 10um or more. If not specified most SPICE
M

ET Models default to level=1 (Shichman and Hodges)

Rochester Institute of Technology
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SPICE LEVEL-1 MOSFET MODEL
G

CGSO CGDO

where ID is a dependent current source using

2 the equations on the next page
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This schematic shows the components in a MOSFET model. The internal resistors
and capacitors and the dependent current source ID.



SPICE LEVEL 1 - SHICHMAN AND HODGES

+Ids

Non Saturation Region

NMOS
Ip., = LW Cox’ (Vg-Vty = I Cox” (Ve VeV 2)Vg
2L
Saturation Region Non SaturationRegion

where p, Cox’and Vt are given in equations on
Rochester Institute of Technology
Microelectronic Engineering the next pages
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These are the equations for current ID in the saturation and non saturation regions
of operation.




(p' ST ) Parameter :;ug‘emc glsm‘sphorous Egrgon
Mobility: B=1 ot e = 1417 1414 4705
7 min N,.r
(cm2/V-s) N

g.ggéuo*ls g.:(lew-'-ls 5.2?5(10' 17
o 711 .7
{1 + (N/Nref) }

Threshold Voltage:
+- VTO = ®ms - q NSS/Cox’+/ -2[DF] +/-2 (q€oErsi NSUB [®F])*5/Cox’
nmos/pmos
[OF] =(KT/q ) In (NSUB/n1) where mi = 1.45E10 and KT/q = 0.026
Absolute value
. PHI =2 [®F
Gate Capacitance [PF]

per unit area Cox’ | Cox’= Erox £0/TOX=3.9€0/TOX

where E€rsi=11.7and€rox=3.9
e €0 = 8.85E-12F/m or 8.8eE-14F/cm

q=1.6E-19
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These equations are the basic Level 1 models for mobility, threshold voltage and
gate oxide capacitance per unit area.




MOBILITY MODEL

1600
2 1200 electrons Electron and hole mobilities
- 41000 in silicon at 300 K as
T 800 functions of the total dopant
= N concentration (N). The
= 600 N values plotted are the results
2 400 - of the curve fitting
= 200 hioles I measurements from several
o P « sources. The mobility curves
= t ! can be generated using the

o P d.f& dla l equation below with the
,‘dA ,d-nP ,d-’\ ,\d. ,d-o PO IS parameters shown:
- ot 3
Total Impurity Concentration (cm) (Myax-Hyin)
“(N) —H mi+
{1+ (N/N.p“}

Parameter Arsenic Phosphorous  Boron
522 68.5 449

From Muller and Kamins, 3 Ed., pg 33 p
B

1417 1414 470.5
Noat 9.68X10°16 9.20X10°16 2.23X10°17
o 0.680 0711 0719

IOCHesTer INSTITUTE 0] 1 eCHNOLOgY
Microelectronic Engineering
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Mobility is shown here as a function of total doping concentration. Mobility is also a
function of temperature, electric field, strain and other parameters. More complex
mobility models are available for advanced MOSFET SPICE analysis.



ino

LONG CHANNEL THRESHOLD VOLTAGE, VT

Xox
Flat-band Voltage Vg = ¢pc - Q. - 1 ) X_ p(x)dx
C C’o 70 Xy

ox

p-type substrate ‘ n-type substrate
(n-channel) (p-channel) Q..=qN,,
Bulk Potential : ¢, =-KT/q In (N,/n) ¢, =+KT/q In (Np/n)
Work Function: Oy s=Om - (X+Eg2q+[Py]) | Pyrs= Py - (X +Eg2q- [P,])

*Maximum Depletion Width: f 48s[¢P] /4ss[¢n]
qNa qNd

NMOS Threshold Voltage: ~ VI =Vg+ 2[Q,] . 4 \/ 2 €s qNa (2[$,)
p-type substrate L

PMOS Threshold Voltage: ~ VI =Vgg- 2[Py] = \/ 2 € q Nd (2[¢,])

/ o -~ b
g n-type substrate o
-_——_ © Fabruary 6,207 Dr. Lyso Faller M’J

These are the equations for MOSFET threshold voltage. The flat band voltage
would be zero if the gate material and the semiconductor material had the same
work function and the value of Qss (surface state density) was zero and no trapped
charge in the oxide (Rho(x) ) in the third term. The work function is a material
property and in semiconductors also depends on the doping concentration. If the
gate was n-type poly and the FET was p-type (n-well) and the doping of the n-type
poly was equal to the doping at the surface of the n-well was the same then the Phi
MS would be zero. Typically Phi MS is not zero. Qss is always positive because
that charge comes from surface states created by the loss of electrons from some
silicon atoms at the surface because silicon dioxide can not covalently bond with all
the silicon atoms available and thus some electrons migrate away from the surface
leaving a positive surface charge. The second term in the equation for threshold
voltage is 2 Phi which is the semiconductor potential at threshold voltage where the
surface is inverted to a concentration equal in magnitude to the concentration in the
bulk. The last term is a voltage Q over C’ox that depends on the doping
concentration at the surface, assuming source and substrate are at the same
voltage. Similar to the semiconductor built-in voltage plus reverse bias voltage in a
uniformly doped pn junction (~0.7 + VR). The body effect comes from this VR.




DISCUSSION OF MOSFET VT EQUATIONS

These are the equations for MOSFET threshold voltage. The flat band voltage
would be zero if the gate material and the semiconductor material had the same
work function and the value of Qss (surface state density) was zero and no
trapped charge in the oxide (Rho(x) ) in the third term. The work functionis a
material property and in semiconductors also depends on the dopin
concentration. If the gate was n-type poly and the FET was p-type %n-well) and
the doping of the n-type poly was equal to the doping at the surface of the n-well
was the same then the Phu MS would be zero. Typically Phi MS 1s not zero. Qss
1s always positive because that charge comes from surface states created by the
loss of electrons from some silicon atoms at the surface because silicon dioxide
can not covalently bond with all the silicon atoms available and thus some
electrons migrate away from the surface leaving a positive surface charge. The
second term 1n the equation for threshold voltage 1s 2 Phi which is the
semiconductor potential at threshold voltage where the surface is inverted to a
concentration equal in magnitude to the concentration in the bulk. The last term
1s a voltage Q over C’ox that depends on the doping concentrationat the surface,
assuming source and substrate are at the same voltage. Similar to the
semiconductor built-in voltage plus reverse bias voltage in a uniformly doped pn
junction (~0.7+ VR). The body effect comes from this term.
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BACK-BIASING EFFECTS — GAMMA

Body Effect coefficient GAMMA or y: C Vb 4+
| VSB=0 VSB=1V
of Veg=2V
p
1
Y -V 2qe5N sub
V Vgs ox
TO ss
Vi =@y _g—- +20F +Yy2¢5 +Vp

ox

where ersi=11.7and erox =39
g0 = 8.8eE-14F/cm
q=1.6E-19
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Body effect coefficient Gamma comes from the equations for threshold voltage on
the previous page. It is a function of gate oxide thickness TOX and substrate
doping NSUB. The body effect causes a shift in the threshold voltage for non zero
voltages from source to substrate. VSB is positive for NMOSFETSs.



VT ADJUST IMPLANT

The threshold voltage can be adjusted with an ion implant. If total
implant dose is shallow (within W ..) then the change in Vt is:

+/- AVt = q Dose*/Cox’

_ ) where Dose* is the dose that is added to the Si
Boron gives + shift Cox’ is gate oxide capacitance/cm?
Phosphorous gives - shift Cox’ = goer / Xox

Maximum Depletion Width:

Wdmax= /4 8s[¢|3]
gN

Rochester Institute of Technology

Microelectronic Engineering
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When using ion implant to adjust the threshold voltage of a transistor. The implant
needs to be shallow enough so that all the implanted ions are in the depletion region
under the gate. The shift is given in the equation in the box. Boron gives a positive
shift. Phosphorous gives a negative shift. If a threshold adjust implant exists
SPICE does not calculate the effect on VTO. (enter VTO as a SPICE model

parameter rather than letting SPICE calculate VTO from TOX, NSS, NSUB and type
of gate)




CHANNEL LENGTH MODULATION - LAMBDA

Channel Length Modulation

Parameter A NMOS
.= Slope/ Idsat Slope *lds __, Saturation Region
S Vg )
L vd
- PR RR ‘
P
— o L-AL
L l——Vd1
Ipe = UW Cox’ (Vg-Vt)? (1+ AVds) NMOS Transistor
2L DC Model, A is the channel length modulation
parameter and is different for each channel

Saturation Region length, L. Typical value might be 0.02
Ip=puW Cox’ (Vg-Vt-V/2)V, (1+ AVds)
L

Non Saturation Region

© February 6, 2019 Dr. Lynn Fuller Page 14

Channel length modulation is a result of the change in the drain space charge layer
as a function of the reverse bias voltage of the drain to substrate junction. As the
drain voltage increses the space chare layer increases making the effective channel
length shorter. Thus the charge transit time is shorter resulting in an increase in
current. The parameter Lambda in the (1+ lambda Vds) expression models this
increase in current.

The (1 + AauBda Vds) term in both equations model the increase in Id as Vds
increases seen as slope in the saturation region. (but also increases Id in the non
saturation region)

11



TRANSISTOR PROPERTIES OR ATTRIBUTES

v
': :’://// 2u
T i9.0.8.0 I 444 -
=2u
% T W= 8u
aaduadl Py /7 | Ad=8ux10u=80p
- | ﬁj/ As = Ad = 80p
DA // Pd = 8u+10u+8u+10u=36u
Ps =Pd=36u
AT | Nrs=1
7/5:31“":2 ; Nrd = 1
s
NMOS 2/8

Rochester Institute of Technology
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Properties such as Length, Width, Area of Drain, Area of Source, Perimeter of
Drain, Perimeter of Source, Number of squares between drain contact and channel,
number of squares between source contact and channel and other attributes such
as package type, etc. are also given for each transistor. These properties are
combined with SPICE model parameters to give values for internal capacitors,
internal resistors, etc.

15



LTSPICE MOSFET ATTRIBUTES

MOSFETS are four terminal devices (Drain, Gate, Source and
Substrate). L and W are channel length and width in meters, Ad and
As are area of drain and source in square meters. If not specified
default values are used. (see next page) Perimeter of Drain and source
(PD and PS) in meters is used to calculate drain and source side wall
capacitance. If PD and PS are not given the default is zero. NRD and
NRS are multiplied by the drain and source sheet resistance to give
series resistance RD and RS. The default value for NRD and NRS is

one.

® February 6, 2019 Dr. Lynn Fuller Page 16

MOSFET attributes
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EFFECT OF SERIES RESISTANCE

“ From Sub-micron CMOS Manufactur‘ing Classes in Microe ~ lum Technology

.MODEL RITSUBN7 NMOS (LEVEL=7
+VER510N-3 1 CAPMOD=2 MOBMOD=1

+TOX=1. 56-8 XJ=1.B84E-7 NCH=1.435E17 NSUB=5.33E1l6 XT=B.66E-B

+VTHO=1. NT=2.0E-7 LINT=1E-7

0 uQ
+NGATE=SE2Q"RSH=1082 Yp=3.23E-8 ISw=3.23E-8 CI=6.8E-4 MI=0.5 PB=0.95
(R SRR R ID-MI versus VD

+C)Sw=1. 26| P
+CGSO-3 4E-10 CGDO=3.4E-10 CGBO=5.75E-10)

4.0mA

w
o I(Hi:d)

® February 6, 2019 Dr. Lynn Fuller
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EFFECT OF SERIES RESISTANCE

| S——— —— P ——— o P —— g g ———
* From Sub-Micron cMos Manufacturing Classes in MicroE ~ lum Technology
.MODEL RITSUBN7 NMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=1,5E-8 XJ=1,84E-7 NCH=1.45E17 NSUB=5.33E16 XT=8.66E-8

+VTHO=1.0 UQ=_600 WINT=2.0E-7 LINT=1E-7
+NGATE=5E20C RSH=1082 ¥5=3.23E-8 JSw=3.23E-8 CJ=6.8E-4 MI=0.5 PB=0.95
+CJSw=1.26E-TO Sw=0.5 PBSw=0.95 PCLM=5

+CGS0=3.4E-10 CGDO=3.4E-10 CGBO=5.75E-10)

w

Series resistance Rd and Rs
Rd=Rs =NRD x RSH
NRD is a property=a/b
RSH 1s a SPICE parameter

Note: if a=b then NRD = a/b =1
if a=luand b=10uthen NRD = 0.1

Rochester Institute of Technology

T

Microelectronic Engineering w_ 1 Ou
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1

™ 1~
v2 RITSUBN7 |
ovde

M1, |

L=1u
W=

10Vde==

V1

J

default value.

~—
=0 NRD =0.125
NRS =0.125

Rochester Institute of Technology

Microelectronic Engineering

Note: LTSPICE and PSPICE have
tytpical default value for NRD =NRS
of one. It is best not to use the

T
2 H hy [ s 1w

1
H v

Also the voltages used change

' appearance (slopes) of curves.
(LAMBDA does not model this)
® February 6, 2019 Dr. Lynn Fuller Page 19
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LTSPICE MOSFET ATTRIBUTE DEFAULT VALUES

Nrd
Nrs

Nrg
Nrb
Lmin

Default Length
Default Width
Default drain area
Default source area

Default drain perimeter

Default source perimeter

Default drain squares

Default source squares

Default gate squares
Default bulk squares
Bin length lower limit
Bin length upper limit
Bin width lower limit
Bin width upper limit

m2
m2

S5 3 =B

defl 100u
defw 100u
defad 1000p
defas 1000p
0 200u
0 200u
1 1
1 1
0 1
0 1
0 10u
0 20u
0 10u

20u

© February 6, 2019 Dr. Lynn Fuller
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Some of the attributes for a MOSFET are shown here.

20



MOSFET DEFINITION - LTSPICE

For example:

* SPICE Input File

* MOSFET names start with M.... M1 is the name for the MOSFET below and its drain, gate, source
* and substrate is connected to nodes 3.2.0.0 respectively. The model name is RITSUBN7.

* The parameters/attributes is everything after that.

M1 32 00RITSUBN7 L=2U W=16U ad=96e-12 as=96e-12 pd=44e-6 ps=44e-6 nrd=1.0 nrs=1.0

*

e g
N

*

JNC C:\SPICEIRIT_Models_For_LTSPICE.txt

v [ies

Disnmesld} [

Souce AesAS} L= M- 7 Tvel
OwanPoimeted?O} [ o X
sl o —

Spmcelre,

’R—Il;-aﬂ o1 B we T o) 03 =0 03

LTSPICE schematic showing .Include and .dc sweep commands. Properties
dialog box to define L and W values. Note: attributes with no entry field nrs

and nrd are typed in bottom box. Attribute Editor (CTRL R-click on the
transistor) allows attributes with Vis.=X to be displayed on the schematic.
© February 6, 2019 Dr. Lynn Fuller Page 21

MOSFET M1 is defined by the RITSUBN7 SPICE model located as given in the
.Include statement on the schematic and the attributes (or properties) shown in the
attribute editor dialog box.




MOSFET DEFINITION - PSPICE
For example: RiewPropey..] (oo | Dipey..| (Deete Popery) Pt | )
* SPICE Input File
*+  MOSFET names start with M.... M1 is the name for the I—ml
*  MOSFET below and its drain, gate, source +:
« and substrate is connected to nodes 3,2,0.0 respectively. ? Dot
+ The model name is RITSUBN7. Orsohic Moreakdi Norma!
* The parameters/attributes is everything after that. m Woreakh _I M1
M1 32 00RITSUBN7 L=2U W=16U ad=96e-12 as=96e-12 [ implementation Type | PSpice Model | |—‘
+pd=44e-6 ps=44e-6 nrd=1.0 nrs=1.0 m 2 1 Lt ‘{ ’(—‘
* [ Cocaion -Cooramst| 1 =
M 4
: — —— :
In PSPICE the Attribute Editor (R-click | riTsuen7
on the transistor and edit properties) e s s I
allows attributes values to be set, new I — W= 16u
attribute columns to be created, and i
attributes can be selected to be displayed — .= —
on the schematic.. [ Paeestempui | irgReroes vy %a
[ Source Librery [ G2 i
SonruPl:E | |
Microelectronic Engineering hn::::m ;Jm'.w 2
w 16u
© February 6, 2019 Dr. Lynn Fuller Page 22

This is the attribute editor in PSPICE. Attributes include L, W, Ad, As, Pd, Ps, etc.
PSPICE also has attributes such as package type and other properties used with
other Cadence software such as circuit board layout.



MOSFET DEFINITION - PSPICE

In SPICE a transistor is defined by its name and associated properties
or attributes and its model. MOSFET names start with M, attributes
(L, W, Ad, As, etc.) are specified by the user and shown in the input file
net list. Some attributes can be displayed on the schematic. The model
1s specified in a file in a given location or is defined in a library.

name
‘ attributes

model name M1 I—, /

Rochester Institute of Technology
Microelectronic Engineering
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Attributes can be selected to be displayed on the schematic by clicking on an
attribute, display and apply in the attribute editor. Changing the model name should
change the implementation value otherwise change it in the attribute editor.




CHANGING THE MOSFET SPICE MODEL IN LTSPICE

There a several ways to change the MOSFET SPICE model. A good way to do it
1s create a text file on your computer and put your models in that text file and save
it in some folder. You can copy models from Dr. Fuller’s webpage to start your
collection of models.

See: http://people.rit.eduw/1ffeee/CMOS.htm

Example contents of that file 1s shown on the page below.

Next you change the model name for your transistor by right click on the model
name shown in your schematic and typing the model name used in the model file.
(for example: RITSUBN7)

Finally you placea SPICE directive on your schematic by clicking on the .op icon
on the top banner and type the following command:
.nclude Drive:\path\folder\filename

For example anclude C:ASPICE\RIT Models For LTSPICE.txt

® February 6, 2019 Dr. Lynn Fuller Page 24

Please Read



CHANGING THE MOSFET SPICE MODEL IN PSPICE

B e e e p
*Used in Electronics II for CD4007 inverter chip Simulation Settings - ID-VGS-SWEEP o
*Note: Properties L=10u W=170u Ad=8500p As=8500p Pd=440u Ps=4 —

.MODEL RIT4007N7 NMOS (LEVEL=7 General | Analyss | Configuraton Fles | Options | Data Collection | Prabe Window
+VERSION=3.1 CAPMOD=2 MOBMOD=1 o Detais

+TOX=4E-8 XJ=2.9E-7 NCH=4E15 NSUB=5.33E15 XT=8.66E-8 S Flariame:

+VTHO=1.4 UO= 1300 WINT=2.0E-7 LINT=1E-7 Sk Browse
+NGATE=5E20 RSH=300 J5=3.23-8 JSw=3.23E-8 C1=6.86-8 M1=0.5 P |EF

+C1SW=1.26E-10 MISW=0.5 PBSW=0.95 PCLM=5 Corbigured Fies X2+

+CG50=3.4E-10 CGDO=3.4E-10 CGBO=5.75E-10) |D\SPICE EXAMPLES\RIT_Models_For_LTSPICED | [ acd ae Gacbal |

* Include fies are

*Used in Electronics II for CD4007 inverter chip Iaaded before the Add to Design
*Note: Properties L=10u W=360u Ad=18000p As=18000p Pd=820u Ps| ©°* mf:‘d

.MODEL RIT4007P7 PMOS (LEVEL=7 PSoce Add to Profie

+VERSION=3.1 CAPMOD=2 MOBMOD=1 commands much =
+TOX=5E-8 XJ=2.26E-7 NCH=1E15 NSUB=BEl4 XT=8.66E-8 a8 PARAM and

+VTHO=-1.65 UO= 400 WINT=1.0E-6 LINT=1E-6 FUNC defiribons Change
+NGATE=5E20 RSH=1347 35=3.51E-8 JSw=3.51E-8 CJ=5.28E-8 M1=0.5 ‘i = T
+C1SwW=1.19E-10 MISwW=0.5 PBSW=0,94 pCLM=5
+CG50=4. SE-10 CGDO=4.5E-10 CGBO=5.75E-10)
H

(o [ ][ = e

L

In PSPICE models saved in a text file can be included as
a configuration file in the Simulation Settings dialog
box as shown above. Change the component model
name to the model name in the text file.

Microelectronic Engineering
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If you want to use your own MOSFET SPICE models just create a text file and store
it in some location on your computer. Then link that file (Add to Design) to the
schematic in the Simulation Settings dialog box as shown.



COMPARISON OF MOSFET CHARACTERISTICS

The circuit shown can be used to see the transistor family of Ids-Vds curves, Ids-
Vgs plotand Ids-Vgs (Ids on log scale) Subthreshold plot. We can mnvestigate the
effect of changing attributes, SPICE model and model parameters.

V1 1s steped to get | v

family otp curves or is 01 —

swept to get Ids-Vgs T .

and Sub-Vt plots M1, | V2i1s sweptto get

]I family of curves or is
w=2u held constant to get
wa:'—_—w EECMOSN | L=.2u Ids-Ves plots
T |

» oy
Microelectronic Engineering
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This circuit can be used to simulate transistor characteristics including 1d-Vds, Id-
Vgs, and LOG Id vs. Vgs.




MOSFET MODELS USED BY LTSPICE

LTSPICE uses several different types of MOSFET models including simple, deep
submicrometer, Silicon On Insulator (SOI), Vertical double diffused Power
MOSFET. Level =1 is the defaultif a model level is not specified.

14 BSIM4.6.1, UC Berkeley 2007 models

more....

Levell I dHod

1 Shichman and Hodges 15t ati

2 MOS2, Vladimirescu and Liu, UC Berkeley, October 1980 i?ggﬁslon

3 MOS3, a semi-emperical model, UC Berkeley

4 BSIM UC Berkeley, May 1985 )

5 BSIM2, UC Berkeley, October 1990 21 generation models

6 MOS6, UC Berkeley, March 1990

8 BSIM3V3.3.0, UC Berkeley 2005 ]

9 BSIMSOI3.2, Silicon on Insulator (SOI), UC Berkeley 2004 3+ generation

Microelectronic Engineering
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MOSFET models used by LTSPICE.
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THREE DIFFERENT NMOS SPICE MODELS

* From Sub-Micron CMOS Manufacturing Classes in MicroE ~ lum Technology
.MODEL RITSUBN7 NMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD-=1

+TOX=1.5E-8 XJ=1.84E-7NCH=1.45E17NSUB=5.33E16 XT=8.66E-8
+VTHO0=1.0 U0= 600 WINT=2.0E-7 LINT=1E-7

+NGATE=5E20 RSH=1082 JS=3.23E-8 JSW=3.23E-8 C]J=6.8E-4 MJ=0.5 PB=0.95
+CISW=1.26E-10 MISW=0.5 PBSW=0.95 PCLM=5

ICGSO:Z% AE-10CGDO=3.4E-10 CGBO=5.75E-10)

* From Electronics I EEEE482 FOR ~100nm Technology - Deep Sub-Micron
.model EECMOSN NMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=5E-9 XJ=1.84E-7TNCH=1E17NSUB=5E16 XT=5E-8

+VTHO0=0.4 U0O= 200 WINT=1E-8 LINT=1E-8

+NGATE=5E20 RSH=1000 JS=3.23E-8 ]SW=3.23E-8 CJ=6.8E-4 MJ=0.5 PB=0.95
+CISW=1.26E-10 MISW=0.5 PBSW=0.95 PCLM=5
+CGSO=3.4E-10CGDO=3.4E-10 CGBO=5.75E-10)

P

* From Electronics II EEEE482 SIMPLE MODEL using textbook equations

g .model EENMOSNMOS (VTO=0.4 KP=432E-6 GAMMA=0.2 PHI=.88)
® February 6, 2019 Dr. Lynn Fuller M'_j

These are the spice models used.
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PSPICE MOSFET MODEL PARAMETERS

95 mosfet model parameters used by 31 mosfet model parameters
cadence PSPICE for Level 7 BSIM used by cadence PSPICE for
i % o Level 1 Shichman and Hodges

..... T v

© February 6, 2019 Dr. Lynn Fuller Page 29

To see the MOSFET SPICE parameters used in a simulation select view output file
and scroll to the bottom. Note both level 1 and level 8 show default values of L and
W at 100um. These are overridden if L and W are specified by the user.




LTSPICE CIRCUIT SCHEMATIC

JINC CASPICEWRIT_Models_For_LTSPICE.txt

— 5 J —
M2 M3
= =
AeV2010 4110 "'J | EENMOS w_,J RITSUBN7 Vie__li_ EECMOSN
i L-pu W-16 L=Pu W-16u L=2u W=16u
5

M1
El
v.

DEEP
SIMPLE RIT SUB-MICRON  SUB-MICRON

Three transistor all the same L=2u and W=16u but with different SPICE
models. (SIMPLE, RIT SUB-MICRON and 100nm DEEP SUB-MICRON

or Tiisti . 2y
Microelectronic Engineering
® February 6, 2019 Dr. Lynn Fuller Page 30

This circuit is used to investigate the transistor characteristics for different SPICE

models.
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LTSPICE OUTPUT FOR ID-VDS AND ID-VG

14M3) dflgMI))

gm * Model is EECMOSN
L=2u W=16u

- 5.0mA

" Model not good.
Current low and only
good out to 3 volts.

14[M2) d1dM2))

Model is RITSUBN7
gm L=2u W=16u

el ~r Model good for RIT
Sub-Micron MOSFETs

didM1])

UTTE0mA

Model is EENMOS
L=2u W=16u

Model not good current
too large

© February 6, 2019 Dr. Lynn Fuller H_pmsl—'J

This is the simulated Id-Vds family of Vgs curves and the 1d-Vgs and gm=d(ld)/dv
curve. The three different models give very different results.




MEASURED MOSFET ID-VDS AND ID-VGS

NMOS 2M8 conet NMOS ID VS VGS conts
Con SHU1
Vet 01000V
0:4500m
Swp: BMU2
BNt 0.0000Y
0.1000m 8 op: 80000V
B9 0.0500V
0,000 Pis: 101
Core MUY
Vat 00000V
0000 1000 2000 3000 4060 8§00
) Conc MU
' ' ! Ve Vat 00000V
I_’?’;E' pam st ne: mez cuereX Y
M:ﬂ: = 520 Twe: Urear 72000 Joniosm
mezios | 8ip:0.1888m 14000 |0.0s3m
cs PP Yelnt-0.1847m 1.4000 0160
02042008 Xint1.0008
— PR INA

Imax = 9.5mA

Rochester Institute of Technology
Microelectronic Engineering

® February 6, 2019 Dr. Lynn Fuller Page 32

Comparing the measured results to the simulated results shows which models
should be used.




LTSPICE OUTPUT FOR SUBTHRESHOLD ID-VGS

. Model is EECMOSN
1 L=2u W=16u

Model not good MOSFET does not turn off, Vt too
low

;“____ Model is RITSUBN7

= 1

Oo i L=2u W=16u
%E : Model d
8 3 odel goo

Model is EENMOS
L=2u W=16u

Model incorrect in subthreshold region.
Subthreshold slope not possible.

© February 6, 2019 Dr. Lynn Fuller Page 33

Comparison of sub threshold characteristics using different models.
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DEEP SUB-MICRON TRANSISTOR MODELS

1d[M3) d{id(M3))

T am """ Model is EECMOSN
L=0.25u W=1.6u

440UA

el ' ~" Model good for Deep
Sub-Micron MOSFETs

19[M2) d(ld[M2)

660uA em Model is RITSUBN7
: L=0.25u W=1.6u

e e e A

Model not good too
much short channel
effects

|

dlid[m1])

T 3600UA “' Model is EENMOS
gm 2 L=0.250 W=1.6u

el i i ~et Model not good current

too large does not show
T .3 %) 13 "I e e v -

mobility degradation
® February 6, 2019 Dr. Lynn Fuller Page 34

T s

This shows simulated results for deep submicron transistors. We see that the
EECMOSN model is the best model for L=0.25u transistors.
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Model is EECMOSN
L=0.25u W=1.6u

Model good for Deep Sub-Micron MOSFETs

ek b ) SN W G dh VA

Model is RITSUBN7
L=0.25u W=1.6u

(O D R

Model not good too much DIBL

Log;,(Id)

Model is EENMOS
T T — L=0.25u W=1.6u

Model incorrect in subthreshold region

‘ <2V )
© February 6, 2019 Dr. Lynn Fuller Page 35

Again EECMOSN model best for deep submicron transistors.
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Deep sub-micron transistors show punch
J/ p P

through at drain voltages over 3.3 volts.
Which is correct.

Problem 1s worse in the sub-micron

transistor because the channelis lighter
doped.

Simple model is incorrect.

© February 6, 2019 Dr. Lynn Fuller H_lLr_/

Deep sub-micron transistors are normally operated at 3.3 volts or less.
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LTapice IV - CMO05._inverter 1 00nm.anc
T (& Mewdy Yeu Gmide lok Wrdo te

PE AT A QUARE . BB 0PN 08 L4+®2+3 20000 i~k
[ 05 e 10 e [ 0405 vt 1000w 10m |

VIC
.gg v201.5.001
| "\ .include c:\SPICE\RIT_Models_For_LTSPICE.txt
[1\ L=0.1u W=.7u
M\ lJ

Level = 1 model

© February 6, 2019 Dr. Lynn Fuller

Page 37

LEVEL=1 model Voltage Transfer Curve and Current.
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CMOS INVERTER WITH LEVEL 8 SPICE MODEL

Be [ Mewdy fem Smise [ok wrdw bep

PEF AT F QR E. BRY LfN 88 L+®P2+)IX0D0D

[ 005 ety ke 0205wt 1000010 |

ECP0S,_inverter_| Moo

i= i da oy

Vivout)

.dcv201.5.001
-op

.include c:\SPICE\RIT_Models_For_LTSPICE.txt

Level =

,L=01uw=7u
M2
=

EECMOSP
}m

M1

8 model

® February 6, 2019 Dr. Lynn Fuller

w

LEVEL= 8 model Voltage Transfer Curve and Current.
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Microelectronic Engineering

MEASURED VTC L=2um W=40um CMOS INVERTER
£.6000 Am) 1.0000m Condiang
Con: BNU3
Val: 6.0000V
0.7600m
= - Bp: SUT
8 o.so00m &2 ;’:m:
> 2 | g 00800
i Pis: 101
Can: BMUZ
0.0000 Val: 1.0800 A
0008 1000 2000 2000 4000 6.000
VI1P
PRO1: FREZ Cursare: X Y
[Nons Mone |E 21000  |1.3200
joae [reee 18600 | 35600
g gl |§ 14800 46370
joor = 24000 | 04360
(] 143849 4| 20600 [
OADB/2006 A
Rochester Institute of Technology

© February 6, 2019 Dr. Lynn Fuller

L=2u and W=40u
Page 39

Measured VTC and ID vs Vin for L=2u and W=40u CMOS Inverter
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TEXAS
INSTRUMEN
ST R,

CD4007UB Types

CMOs Features.
(7 Y - "t 3
Dual Comp y . -qu St H
Pair Plus Inverter stiov s e
= 100% tested for quiescent current at 20 V 3a ¢ ’

High-Voltage Types (20-Voit Rating) ® Meets all requirements of JEDEC Tentative ‘9 §

® CD4007UB types are comprised of for Oosaription of ‘?
three n-channel and thres p-channel enhance.  ® MIXImuUm input current of 1 A ot 18 V W e
menttype MOS transistors. The transistor Over full package-temperature range; oot
elements are accessible through the package 100 nA ot 18 V and 25°C

Torminet 0. 14 = Voo

Drovide & convenient mesns for Tormnet ¥o. 7 - Vg

FUNCTIONAL DIAGRAM

More complex functions are possible using

multiple packages. Numbers shown  paren RECOMMENDED OPERATING CONDITIONS

:nn::\?:-'-; ::.::: l: :;:;";K:: For maximum reliability, nominal opersting conditions should be selected 1o that

toons " operation i slways within the following ranges .
n

The CO4007UB types are suppliedin 14-lead CHARACTERISTIC Lnrs J uNITS

hermetic  dual-in-line ceramic MIN MAX

(F3A suffix), 14dead dualin-ine plastio

packages (E suffix), 14-lead small-outiine Supply Voltage Range

packages (M, MT, M96, and NSR suffixes). (For Tp = Full Package l

and 14lead thin shrink small-outline Temperature Range) 3 8 v

30-58
(1.270-1473)

Vss*7

92CS- 25033
Vpp*i4

~(0.108-0284) I Terminal No.14 — VDO
: wi-lin e Terminal No. 7 — Vgg

DIMENSIONS AND PAD LAYOUT FOR CD400TUSH

T ——— FUNCTIONAL DIAGRAM
T e e




DZ

H
e

* cas0s INPUT
PROTECTION PITWRN

ety

S -

i
:AHASI TIC AND (:b

o1« ntTO P wELL

-
CMOS OUTPUT PROTECTION nz oz D2- P*TO SUBSTRATE
NETWORK BETWEEN TERMINAL ouTRUT Ri= -5 kQ
NOS l 2,4,5,8,9,0,12,13 4 A A2 15-304
AND THE CORRESPON
DRAINS AND/OR ;gtt:l.:":l ol ot P2Cm- 20632
vss

Fig 1 — Datailed schematic diagrem of CD4007UB showing input. output. and parasitic diodes.

This figure shows the parasitic diodes in the CD4007 chip. Each reverse biased diode

represents a capacitance that should be included when doing SPICE transient analysis.

The resistors along with the reverse biased diodes provide electrostatic discharge
protection (ESD).
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Measured Id-Vds Family of Curves for 5, 10 and 20 volt Operation
These measurement made using HP4145 Semiconductor Parameter Analyzer

:
|

HIHHT
[T

&

NMOS at 5Volts

3

<-i

]
&
it “giit it

i i

LRI
LR
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*SPICE MODELS FOR RIT DEVICES AND LABS - DR. LYNN FULLER 8-17-2015
*LOCATION DR.FULLER'S COMPUTER

*and also at: http://people.rit.edu/lffeee

*

*

*Used in Electronics II for CD4007 inverter chip

*Note: Properties L=10u W=170u Ad=8500p As=8500p Pd=440u Ps=440u NRD=0.1 NRS=0.1
MODEL RIT4007N7 NMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=4E-8 XJ=2.9E-7 NCH=4E15 NSUB=5.33E15 XT=8.66E-8

+VTHO=1.4 U0= 1300 WINT=2.0E-7 LINT=1E-7

+NGATE=5E20 RSH=300 JS=3.23E-8 JSW=3.23E-8 CJ=6.8E-8 MJ=0.5 PB=0.95
+CISW=1.26E-10 MJISW=0.5 PBSW=0.95 PCLM=5

ICGSO:3.4E-10 CGDO=3.4E-10 CGBO=5.75E-10)

*Used m Electronics II for CD4007 inverter chip

*Note: Properties L=10u W=360u Ad=18000p As=18000p Pd=820u Ps=820u NRS=0.54
NRD=0.54

.MODEL RIT4007P7 PMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=5E-8 XJ=2.26E-7 NCH=1E15 NSUB=8E14 XT=8.66E-8

+VTHO0=-1.65 U0= 400 WINT=1.0E-6 LINT=1E-6

+NGATE=5E20 RSH=1347 JS=3.51E-8 JSW=3.51E-8 CJ=5.28E-8 MJ=0.5 PB=0.94
+CISW=1.19E-10 MJSW=0.5 PBSW=0.94 PCLM=5

ICGSO=4.5E-10 CGDO=4.5E-10 CGBO=5.75E-10)
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SUMMARY

All of these examples are for DC characteristics but similar results would be shown
for examples that depend on internal capacitors and resistors such as a study of rise-
time, fall time, gate delay, oscillators, multi-vibrators, etc.

In general the third generation SPICE models for MOSFETS give betterresults.
Level=1 models are not good for MOSFETS with L less than 10um.

Large MOSFETS, SUB-MICRON MOSFETS and DEEP SUB MICRON MOSFET
models have been introduced.

Models should be verified by comparing measured ID-VDS, ID-VGS, and Ring
Oscillator outputwith SPICE simulated results.

Microelectronic Engineering

© February 6, 2019 Dr. Lynn Fuller HL'_J

Please read.
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RING OSCILLATOR, td, THEORY

Seven stage ring oscillator

with two output buffers I: DO—DO_DO
td=T/2N
td = gate delay

N = number of stages I>07 ~ Vout
T = period of oscillation Buffer

AVAVAN

T = period of oscillation

Vout

Rochester Institute of Technology
Microelectronic Engineering

® February 6, 2019 Dr. Lynn Fuller HL'=//}

Aring oscillator is an odd number of inverters in series with the output
connected back to the input. It is used to measure the individual inverter gate
delay by measuring the oscillator period and dividing by 2 times the number of
stages in the ring oscillator. Today's fastest CMOS room temperature ring
oscillators have gate delay of less than 10 ps.
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CH1 Se8nu™ A 2005 ~62.5nU7 VERT

184.80ns

‘ MEASURED RING OSCILLATOR OUTPUT

N
N

CHI FREQ = 9.5@57MHz

73 Stage Ring at 5V

Rochester Institute of Technology

0 0 O o o ([
1 1 ) [0 o )|

(EeE 1N
Iy _

[
L1

| 5] ) ] ] )] ] ) ) ] ]
| 5] = =1 8] 8] =] 0 0 5 O] 51 1) )]

td=104.8ns/2(73)=0.718ns

maodtm;l'cEnp‘ang

© February 6, 2019 Dr. Lynn Fuller

HL'_/

Picture of a 73 stage ring oscillator and an oscilloscope capture of the output

voltage.
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AC MODEL FOR MOSFETS

RS.RS

RSH
CGSO0.CGDO
CGBO

CJ

CISW

M1

MISW

LW
AS.AD
PS.PD
NRS.NRD

The parameters that effect the AC response of a MOSFET are the resistance
and capacitance values.

These are combined with the transistors

Source/Drain Series Resistance, ohms

Sheet Resistance of Drain/Source, ohms

Zero Bias Gate-Source/Draim Capacitance, F/m of width
Zero Bias Gate-Substrate Capacitance, F/m of length
DS Bottom Junction Capacitance, F/m2

DS Side Wall Junction Capacitance, F/m of perimeter
Junction Grading Coefficient, 0.5

Side Wall Grading Coefficient, 0.5

Length and Width
Area of the Source/Drain
Perimeter of the Source/Drain

Number of squares Contact to Channel
@© February 6, 2019 Dr. Lynn Fuller HL'_ﬁ/

To do a SPICE simulation these parameters need to be determined.
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RING OSCILLATOR LAYOUTS

17 Stage Un-buffered Output L/W=2/30 Buffered Output

.
®

&2 b [B) (B 5 3

(B = = & B | 2ee: 52
"L/WS8/16

Jel3 5| ) (8 &5 2R SR
- 4/16 "2/16 73 Stage 37 Stage

S

A T L] LR

Rochester Instibg g gHis (G 72 o R £
Microelectroni g . v G 3 A i B
© February 6, 2019 Dr. Lynn Fuller Page 48

The 73 stage ring oscillator is one of the five different ring oscillators on the CMOS
test chip.




MOSFETS IN THE INVERTER OF 73 RING OSCILLATOR

nmosfet pmosfet

Ml
?

i

v
>

i8

R e Tl e el el

1]

73 Stage Ring Oscillator

Rochester Institute of Technology
Microelectronic Engineering
© February 6, 2019 Dr. Lynn Fuller Page 49

Measurements of the NMOS and PMOS transistor layouts can be determined from
these pictures.
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FIND DIMENSIONS OF THE TRANSISTORS

73 Stage

NMOS PMOS
L 2u 2u
12u 30u
AD 12ux12u=144p 12ux30u=360p
AS 12ux12u=144p 12ux30u=360p
PD 2x(12u+12u)=48u | 2x(12u+30u)=84u
PS 2x(12u+12u)=48u 2x(12u+30u)=84u
NRS 1 0.3
NRD 1 0.3

Use Ctrl Click on all NMOS on OrCad Schematic
Use Ctrl Click on all PMOS on OrCad Schematic
Then Enter Dimensions

© February 6, 2019 Dr. Lynn Fuller

These dimensions were obtained from measurements made on the layouts given on

the previous page.
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6.
o — N — S L U L T
SVde—— M1 M2‘ M3, ke B
T | oy | > | b
1= N
RITSUEPT RITSUBP] RITSUEPT | \ f!

AS = 360p AS = 360p AS = 128p .
AD = 360pp AD = 360p | AD=128p i ] f i

1 L=2u L=2u L=2u IS O O S [N R NN OO O O OO O O O [ A

t  teo=ew | TPo=gau | PD = 84u [ |
PS = B4u PS = B4u PS = B4u - -
NRD = 3 RD = 3 NRD = 3 “ J E ‘\
M | NRS=3 |Ms_| NRS=3 |Ms_| NRS=3
w=au || w=3ou [ we=30u ] \ |
- ; - | 2. :
RITSUBNY RITSUBNT RITSUBNT _— - j, . - ..\.. X i \ "
AD = 144p AD = 144p D = 144p } ; \
PS = 48u Ps=18u PS = 48u
= 144u S = 144p AS = 144p

1 =2u T L= N et f

PD = d48u PD = 48u PD = d8u \ /
0 W= 12 W= 12u W= 12u
NRS = 1 NRS = 1 NRS =1
NRD = 1 NRD =1 NRD = 1 % wn - - e o
Time

Three Stage Ring Oscillator with Transistor Parameters for 73 Stage Ring
Oscillator and Supply of 5 volts

td=T/2N=5.5nsec/2/3
Measured td = 0.718 nsec @5V td=092nsec

® February 6, 2019 Dr. Lynn Fuller HL'_J

The transistor attributes were changed to reflect the dimensions found from the
previous pages. The simulated oscillator output voltage is measured to get the
period and the individual gate delay, td.
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CONCLUSION

Since the measured and the simulated gate delays. td are close to correct, then the
SPICE model must be close to correct. The inverter gate delay depends on the
values of the internal capacitors and resistances of the transistor.

Specifically:

RS, RS, RSH

CGSO. CGDO, CGBO

CJ. CISW

These are combined with the transistors

L.W Length and Width

AS.AD Area of the Source/Drain

PS.PD Perimeter of the Source/Drain
NRS.NRD Number of squares Contact to Channel

Microelectronic Engineering

® February 6, 2019 Dr. Lynn Fuller HL'_J

Conclusion
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Use the CD4007 SPICE model | | CD4007 ot
on next page. - s: sy
1. Use SPICE to generate the ID - 2 : sz
— VDS family of curves for 0 Y o o
10 volts on the drain. | .- ;;f//’k ot
Compare to the measured - % e
shown here. 0
2. Repeat for 20 volts o e e e -
3. Use SPICE to generate a plot VD
of ID versus VGS, show both | «= e
ID and gm. e
s 10W17 tal

Rochester Institute of Technology

Microelectronic Engineering

© February 6, 2019 Dr. Lynn Fuller

This homework is due one week after this topic is presented in class.
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SPICE MODELS FOR CD4007 MOSFETS

*Used in Analog Electronics for CD4007 inverter chip

*Note: Properties L=5u W=170u Ad=8500p As=8500p Pd=440u Ps=440uNRD=0.1 NRS=0.1
.MODEL RIT4007N7 NMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=6E-8 XJ=2.9E-7 NCH=4E15 NSUB=5.33E15 XT=8.66E-8

+VTHO0=1.4 U0= 925 WINT=2.0E-7 LINT=1E-7

+NGATE=5E20 RSH=200 J$=3.23E-8 JSW=3.23E-8 CJ=6.8E-8 MJ=0.5 PB=0.95
+CJISW=1.26E-10 MISW=0.5 PBSW=0.95 PCLM=5

+CGSO=3.4E-10 CGDO=3 4E-10 CGBO=5.75E-10)

*

*Used in Analog Electronics for CD4007 inverter chip

*Note: Properties L=5u W=360u Ad=18000p As=18000p Pd=820u Ps=820u NRS=0.54 NRD=0.54

.MODEL RIT4007P7 PMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=6E-8 XJ=2.26E-7 NCH=3E15 NSUB=8E14 XT=8.66E-8

+VTHO0=-1.65 U0= 225 WINT=1.0E-6 LINT=1E-6

+NGATE=5E20 RSH=800 JS=3.51E-8 JSW=3.51E-8 CJ=5.28E-8 MJ=0.5 PB=0.94
+CJSW=1.19E-10 MISW=0.5 PBSW=0.94 PCLM=5

+CGSO=4.5E-10 CGDO=4.5E-10 CGBO=5.75E-10)

Microelectronic Engineering
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SPICE MODELS FOR MOSFETS

* From Sub-Micron CMOS Manufacturing Classes in MicroE ~ lum Technology
.MODEL RITSUBN7 NMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=1.5E-8 XJ=1.84E-7 NCH=1.45E17 NSUB=5.33E16 XT=8.66E-8
+VTHO0=1.0 U0O= 600 WINT=2.0E-7 LINT=1E-7

+NGATE=5E20 RSH=1082 J$=3.23E-8 JSW=3.23E-8 CJ=6.8E-4 MJ=0.5 PB=0.95
+CISW=1.26E-10 MJISW=0.5 PBSW=0.95 PCLM=5

+CGSO=3.4E-10 CGDO=3.4E-10 CGBO=5.75E-10)

E3

*From Sub-Micron CMOS Manufacturing Classes in MicroE ~ Ium Technology
.MODEL RITSUBP7 PMOS (LEVEL=7

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=1.5E-8 XJ=2.26E-7 NCH=7.12E16 NSUB=3.16E16 XT=8.66E-8
+VTHO0=-1.0 U0= 376.72 WINT=2.0E-7 LINT=2.26E-7

+NGATE=5E20 RSH=1347 JS=3.51E-8 JSW=3.51E-8 CJ=5.28E-4 MJ=0.5 PB=0.94
+CJSW=1.19E-10 MJISW=0.5 PBSW=0.94

+CGSO=4.5E-10 CGDO=4.5E-10 CGBO=5.75E-10)

Microelectronic Engineering ;
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SPICE MODELS FOR MOSFETS

*4-4-2013 LTSPICE uses Level=8

* From Electronics II EEEE482 FOR ~100nm Technology

.model EECMOSN NMOS (LEVEL=8

+VERSION=3.1 CAPMOD=2 MOBMOD=1

+TOX=5E-9 XJ=1.84E-7 NCH=1E17 NSUB=5E16 XT=5E-8

+VTH0=0.4 U0= 200 WINT=1E-8 LINT=1E-8

+NGATE=5E20 RSH=1000 JS=3.23E-8 JSW=3.23E-8 CJ=6.8E-4 MJ=0.5 PB=0.95
+CISW=1.26E-10 MJSW=0.5 PBSW=0.95 PCLM=5

+CGSO=3.4E-10 CGDO=3.4E-10 CGBO=5.75E-10)

*

*4-4-2013 LTSPICE uses Level=8

* From Electronics I EEEE482 FOR ~100nm Technology

.model EECMOSP PMOS (LEVEL=8

+TOX=5E-9 XJ=0.05E-6 NCH=1E17 NSUB=5E16 XT=5E-8

+VTH0=-0.4 U0= 100 WINT=1E-8 LINT=1E-8

+NGATE=5E20 RSH=1000 JS=3.51E-8 JSW=3.51E-8 CJ=5.28E-4 MJ=0.5 PB=0.94
+CJISW=1.19E-10 MJISW=0.5 PBSW=0.94 PCLM=5

+CGSO=4.5E-10 CGDO=4.5E-10 CGBO=5.75E-10)
*

Rochester Institute of Technology
Microelectronic Engineering
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