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History of model and documentation

History of the model

April 2005 Release of PSP 100.0 (which includes JUNCAP2 200.0) as p&iMKit 2.1. A Verilog-A
implementation of the PSP-model is made available as wdie FSP-NQS model is released as Verilog-A
code only.

August 2005 Release of PSP 100.1 (which includes JUNCAP2 200.1) as p&iMKit 2.2. Similar to
the previous version, a Verilog-A implementation of the R8&del is made available as well and the PSP-
NQS model is released as Verilog-A code only. Focus of tHsase was mainly on the optimization of the
evaluation speed of PSP. Moreover, the PSP implementatierbben extended with operating point output
(SiMKit-version only).

March 2006 Release of PSP 101.0 (which includes JUNCAP2 200.1) as p&itKit 2.3. PSP 101.0 is
not backward compatible with PSP 100.1. Similar to the previarsion, a Verilog-A implementation of the
PSP-model is made available as well and the PSP-NQS moeétased as Verilog-A code only. Focus of this
release was on the implementation of requirements for CM@dstrdization, especially those which could not
preserve backward compatibility.

June 2006 Release of PSP 102.0 (which includes JUNCAP2 200.1) as p&itiKit 2.3.2. PSP 102.0 is
backward compatible with PSP 101.0 in all practical casesjiged a simple transformation to the parameter
set is applied (see description below). Similar to the pmasiversion, a Verilog-A implementation of the
PSP-model is made available as well and the PSP-NQS modiéased as Verilog-A code only.

Global parameter sets for PSP 101.0 can be transformed ta@5@ by replacinddPHIBL (in 102.0 param-
eter set) byDPHIBO DPHIBL (from 101.0 parameter set). After this transformation,dimeulation results
of PSP 102.0 are identical to those of PSP 101.0 in all pradituations.

October 2006 Release of PSP 102.1 (which includes JUNCAP2 200.2) as p&itviKit 2.4. PSP 102.1

is backward compatible with PSP 102.0. SiMKit 2.4 includgseiminary implementation of the PSP-NQS
model. Similar to the previous version, a Verilog-A implamtegion of the PSP-model is available as well. The
main changes are:

Added clipping boundaries for SWNQS

Several minor changes and improvements in model implertienta
Solved bug in stress model

Solved bug in JUNCAP2

Included preliminary implementation of PSP-NQS in SiMKiihis implementation thereby circumvents

the problem of the Verilog-A code being too large to compil&pectre. Moreover, it is computationally

more ef cient as it uses less rows in the simulator matrix. t@& other hand, this implementation has
some known limitations. For more details, please contaetafrthe authors. Further improvements are
expected in future releases.

History of the documentation

April 2005 First release of PSP (PSP 100.0) documentation.

August 2005 Documentation updated for PSP 100.1, errors corrected andtems added.
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March 2006 Documentation adapted to PSP 101.0. Added more detailsisa-nmdel implementation and
a full description of the NQS-model.

June 2006 Documentation adapted to PSP 102.0 and some errors catrecte

October 2006 Documentation adapted to PSP 102.1 and some errors catrecte
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Section 1

Introduction

1.1 Origin and purpose

The PSP model is a compact MOSFET model intended for digitedlogue, and RF-design, which is jointly
developed by NXP Semiconductors Research (formerly pahdips) and Arizona State University (formerly
at The Pennsylvania State University). The roots of PShlieathMOS Model 11(developed by Philips)
and SP (developed by Penn State University). PSP is a surfaceapatdased MOS Model, containing all
relevant physical effects (mobility reduction, velocigtgration, DIBL, gate current, lateral doping gradient
effects, STI stress, etc.) to model present-day and upapdeep-submicron bulk CMOS technologies. The
source/drain junction model, c.q. the JUNCAP2 model, i/fintegrated in PSP.

PSP not only gives an accurate description of currentsgelsaand their rst order derivatives (i.e. transcon-
ductance, conductance and capacitances), but also of gherhorder derivatives, resulting in an accurate
description of electrical distortion behavior. The laiteespecially important for analog and RF circuit design.
The model furthermore gives an accurate description of thgerbehavior of MOSFETS. Finally, PSP has an
option for simulation of non-quasi-static (NQS) effects.

The source code of PSP and the most recent version of thiswatation are available on the PSP model web
sitepspmodel.asu.edu  and the NXP Semiconductors web siteww.nxp.com/philips_models

1.2 Structure of PSP

The PSP model has a hierarchical structure, similar to this@S Model 11 and SP. This means that there is
a strict separation of the geometry scaling in the globalehadd the model equations in the local model.

As a consequence, PSP can be used at either one of two levels.

Global level One uses a global parameter set, which describes a wholeegggorange. Combined
with instance parameters (suchlaandW), a local parameter set is internally generated and further
processed at the local level in exactly the same way as amustade local parameter set.

Local levelOne uses a custom-made local parameter set to simulatesestoanwvith a speci ¢ geometry.
Temperature scaling is included at this level.

The set of parameters which occur in the equations for themwsirelectrical quantities is called thecal
parameter set. In PSP, temperature scaling parameterschrded in the local parameter set. An overview of
the local parameters in PSP is given in Secoh.6 Each of these parameters can be determined by purely
electrical measurements. As a consequence, a local pamasetgives a complete description of the electrical
properties of a device afneparticular geometry.

Since most of these (local) parameters scale with geomatriansistors of a particular process can be de-
scribed by a (larger) set of parameters, calledglobal parameter set. An overview of the global parameters
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Figure 1.1: Simpli ed schematic overview of PSP's hieraoeth structure.

in PSP is given in Sectio.5.3 Roughly speaking, this set contains all local parametera fong/wide device
plus a number of sensitivity coef cients. From the globalgraeter set, one can obtain a local parameter set for
a speci ¢ device by applying a set of scaling rules (see $a@i2). The geometric properties of that speci ¢
device (such as its length and width) enter these scalimg mdnstance parameters

From PSP 101.0 onwards it is possible to use a set of binnileg (see SectioB.3) as an alternative to the
geometrical (physics based) scaling rules. These binnileg rcome with their own set of parameters (see
Section2.5.4. Similar to the geometrical scaling rules, the binningesield a local parameter set which is
used as input for the local model.

PSP is preferably used at global level when designing aitiicwa speci ¢ technology for which a global
parameter set is available. On the other hand, using PSRaltl&vel can be advantageous during parameter
extraction.

As an option, it is possible to deal with the modi cation oamsistor properties due to stress. In PSP, this is
implemented by an additional set of transformation ruldsctvare optionally applied to the intermediate local
parameter set generated at the global level. The paranastsosiated with the stress model are consequently
part of the global parameter set (both geometrical and bgjni

The model structure described above is schematically thxpin Fig.1.1

The JUNCAP2 model is implemented in such a way that the satraf & NCAP2 parameters can be used at
both the global and the local level. This is further expldiireSection6.4.

1.3 Availability

The PSP model developers (The Arizona State University aXB Nemiconductors Research) distribute the
PSP code in two formats:

1. Verilog-A code
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2. C-code (as part of SiMKit)

The C-version is automatically generated from the Veridogersion by a software package called ADMS.[
This procedure guarantees the two implementations to icoidientical equations. Nevertheless—due to some
speci ¢ limitations/capabilities of the two formats—tleeare a few minor differences, which are described in
Section6.5.

1.3.1 SiMKit

SiMKitis a simulator-independent compact transistor modeltybi@imulator-speci c connections are handled
through so-called adapters that provide the correct at@rf) to the circuit simulator of choice. Currently,
adapters to the following circuit simulators are provided:

1. Spectre (Cadence)
2. Pstar (Philips/NXP)
3. ADS (Agilent)
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Section 2

Constants and Parameters

2.1 Nomenclature

The nomenclature of the quantities listed in the followiegt®ns has been chosen to express their purpose
and their relation to other quantities and to preclude amibigand inconsistency. Throughout this document,
all PSP parameter names are printed in boldface capitatantfeders which refer to the long transistor limit
and/or the reference temperature have a name containin@'awhile the names of scaling parameters end
with the letter L' and/or ‘W' for length or width scaling, respectively. Parameterstéanperature scaling start
with “ST', followed by the name of the parameter to which the tempegascaling applies. Parameters used
for the binning model start withPO', “PL', "PW', or "PLW', followed by the name of the local parameter
they refer to.

2.2 Parameter clipping

For most parameters, a maximum and/or minimum value is givéine tables below. In PSP, all parameters
are limited (clipped) to this pre-speci ed range in ordempt@vent dif culties in the numerical evaluation of
the model, such as division by zero.

N.B. After computation of the scaling rules (either physical mming) and stress equations, the resulting local
parameters are subjected to the clipping values as giveadtid®2.5.6

2.3 Circuit simulator variables

External electrical variables

The de nitions of the external electrical variables aresrated in Fig2.1 The relationship between these
external variables and the internal variables used in @ndps given in Fig.6.1

Symbol ‘ Unit ‘ Description

V§ \% Potential applied to drain node
V§E \% Potential applied to gate node
\AS V Potential applied to source node
Vg V Potential applied to bulk node
15 A DC currentinto drain node

1§ A DC current into gate node

continued on next page. . .
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... continued from previous page
Symbol ‘ Unit ‘ Description

[ A DC current into source node

1§ A DC current into bulk node

Se A?s | Spectral density of icker noise current in the channe

Sy A?s | Spectral density of thermal noise current in the channel

Si%;s A?s | Spectral density of induced gate noise at source side

Si%;D A?s | Spectral density of induced gate noise at drain side

Sigs A?s | Spectral density of gate current shot noise at source [side
i‘;d A?s | Spectral density of gate current shot noise at drain side

Sis A?s | Spectral density of source junction shot noise

S'o A?s | Spectral density of drain junction shot noise

Sid A%s | Cross spectral density betwesfj and S8 or S )

Other circuit simulator variables

Next to the electrical variables described above, the dtiesin the table below are also provided to the model
by the circuit simulator.

Symbol ‘ Unit ‘ Description

Ta C Ambient circuit temperature
fop Hz Operation frequency

2.4 Model constants

In the following table the symbolic representation, theueadnd the description of the various physical con-
stants used in the PSP model are given.

‘ No. ‘ Symbol | Unit Value Description

1 | To K 27315 Offset between Celsius and Kelvin tempera-
ture scale

2 | kg JIK 1:3806505 10 22 | Boltzmann constant

3 |~ Js 1:05457168 10 3* | Reduced Planck constant

4 |q C 1:6021918 10 ° | Elementary unit charge

5 | mo kg 9:1093826 10 31 | Electron rest mass

6 ox F/m 3453 10 1 Absolute permittivity of oxide

7 si F/m 1:045 10 10 Absolute permittivity of silicon

8 QMy VmsC % | 5951993 Constant of quantum-mechanical behavior|of
electrons

9 | QMp VmsC 5 | 7:448711 Constant of quantum-mechanical behavior|of
holes

2.5 Model parameters

In this section all parameters of the PSP-model are destrifiee parameters for the intrinsic MOS model, the
stress model and the junction model are given in separalestabhe complete parameter list for each of the
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Figure 2.1: De nition of external electrical quantities.

model entry levels is composed of several parts, as indidatthe table below.

‘ Entry level

‘ Sections

Global (geometrical

2.5.1(instance parameters
2.5.3(intrinsic MOS)
2.5.5(stress)
2.5.7(junctions)

Global (binning)

2.5.1(instance parameters
2.5.4(intrinsic MOS)
2.5.5(stress)
2.5.7(junctions)

Local

2.5.2(instance parameters
2.5.6(intrinsic MOS)

2.5.7(junctions)

dQp
dt

dQg

dQs

2.5.1 Instance parameters at global level
‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min ‘ Max. ‘ Description
0 |L m | 1106 |110° Drawn channel length
1 |W m | 110° |1 10° Drawn channel width
2 | SA m 0 Distance between OD-edge and poly
source side
3 | SB m 0 Distance between OD-edge and poly
drain side
4 | ABSOURCE | m? |1 10 *? 0 Source junction area

at

at

continued on next page. . .
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...continued from previous page

‘ No. ‘ Name ‘ Unit ‘ Default Min. ‘ Max. ‘ Description ‘
5 | LSSOURCE m 1106 0 STI-edge part of source junction perimeﬂer
6 | LGSOURCE m 1106 0 Gate-edge part of source junction perime-

ter
ABDRAIN m? |1 10 12 0 Drain junction area
LSDRAIN m 1106 0 STI-edge part of drain junction perimete
9 | LGDRAIN m 110° 0 Gate-edge part of drain junction perimetéer
10 | AS m? |1 10 12 0 Source junction area (alternative spec.)
11 | PS m 1106 0 Source STIl-edge perimeter (alternative
spec.)
12 | AD m? |1 10 12 0 Drain junction area (alternative spec.)
13 | PD m 1106 0 Drain STl-edge perimeter (alternatiye
spec.)
14 | MULT - 1 0 Number of devices in parallel

Note that if bothSA andSB are set to 0, the stress-equations are not computed.

The switching paramet&@WJUNCAP is used to determine the meaning and usage of the junctitemnices
parameters, wher&B (junction area)L.S (STI-edge part of junction perimeter), abh& (gate-edge part of
junction perimeter) are the instance parameters of a singlance (source or drain) of the JUNCAP2 model.

source drain
SWJUNCAP AB | s | G AB | Ls | LG
0 0 0 0 0 0 0
1 ABSOURCE | LSSOURCE | LGSOURCE || ABDRAIN | LSDRAIN | LGDRAIN
2 AS PS We AD PD We
3 AS PS We We AD PD  We We

2.5.2 Instance parameters at local level

As explained in Sectiof.4, the instance parameters for the JUNCAP2 model are used kaidhl level as well.

‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description

0 | ABSOURCE | m?* |1 10 *? 0 Source junction area

1 | LSSOURCE m 1106 0 STI-edge part of source junction perimeter

2 | LGSOURCE m 1106 0 Gate-edge part of source junction perime-
ter

3 | ABDRAIN m? |1 10 *? 0 Drain junction area

4 | LSDRAIN m 1106 0 STl-edge part of drain junction perimete

5 | LGDRAIN m 1106 0 Gate-edge part of drain junction perimeter

6 | AS m? |1 10 *? 0 Source junction area (alternative spec.)

7 | PS m 1106 0 Source STl-edge perimeter (alternative
spec.)

continued on next page. . .
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‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
8 | AD m? |1 10 *? 0 Drain junction area (alternative spec.)
9 | PD m 1106 0 Drain STl-edge perimeter (alternatiye
spec.)
10 | JW m | 1106 0 Junction width
11 | MULT - 1 Number of devices in parallel

Also at the local level, the switching parame®8NJUNCAP is used to determine the meaning and usage of
the junction instance parameters, whag (junction area)l.S (STI-edge part of junction perimeter), ahc

(gate-edge part of junction perimeter) are the instancarpaters of a single instance (source or drain) of the
JUNCAP2 model. Because the transistor witlthis not available at the local level, an additional instance
parametedW (junction width) is required wheBWJUNCAP = 2 or 3.

source drain
SWJIUNCAP AB ‘ LS LG AB LS LG
0 0 0 0 0 0 0
1 ABSOURCE | LSSOURCE | LGSOURCE || ABDRAIN | LSDRAIN | LGDRAIN
2 AS PS WEg AD PD WEe
3 AS PS JwW JW AD PD JwW JW




PSP 102.1 October 2006

2.5.3 Parameters for physical geometrical scaling rules [gbal model)

The physical geometry scaling rules of PSP (see Se@&tigrhave been developed to give a good description
over the whole geometry range of CMOS technologies.

‘ No. ‘ Name Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
0 LEVEL - 1020 Model selection parameter; see Sed.
1 | TYPE - 1 1 1 Channel type parametet;$ NMOS, 1
$ PMOg
2 TR C 21 273 Reference temperature
Switch Parameters
3 SWIGATE - 0 0 1 Flag for gate current (§ “off”)
4 SWIMPACT - 0 0 1 Flag for impact ionization current (&
Hoﬁn)
SWGIDL - 0 0 1 Flag for GIDL/GISL current (&5 “off”)
6 | SWIJUNCAP - 0 0 3 Flag for JUNCAP (0$ “off"); see
Sec.2.5.1
7 | QMC - 1 0 Quantum-mechanical correction factor
Process Parameters
8 LVARO m 0 Geometry independent difference between
actual and programmed poly-silicon gate
length
9 LVARL - 0 Length dependence ofL ps
10 | LVARW - 0 Width dependence of L ps
11 | LAP m 0 Effective channel length reduction per side
due to lateral diffusion of source/drain
dopant ions
12 | WVARO m 0 Geometry independent difference between
actual and programmed eld-oxide open-
ing
13 | WVARL - 0 Length dependence ofWop
14 | WVARW - 0 Width dependence of Wop
15 | WOT m 0 Effective reduction of channel width per
side due to lateral diffusion of channel-stop
dopant ions
16 | DLQ m 0 Effective channel length offset for CV
17 | DWQ m 0 Effective channel width offset for CV
18 | VFBO \% 1 Geometry-independent at-band voltage jat
TR
19 | VFBL - 0 Length dependencérB
20 | VFBW - 0 Width dependence ofFB
21 | VFBLW - 0 Area dependence &fFB

continued on next page. . .

INote: In the SiMKit-based and built-in version of PSP3pectreone should uséype=n andtype=p . Similarly, in the SiMKit-
based and built-in version of PSPADSone should usgender=1 andgender=-1 .
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...continued from previous page

‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description

22 | STVFBO V/K 5 10 4 Geometry-independent temperature de-
pendence of/FB

23 | STVFBL - 0 Length dependence &TVFB

24 | STVFBW - 0 Width dependence STVFB

25 | STVFBLW - 0 Area dependence &TVFB

26 | TOXO m 210° |10 % Gate oxide thickness

27 | NSUBO m 3 3107 | 10° Geometry independent substrate doping

28 | NSUBW - 0 Width dependence of substrate doping due
to segregation

29 | WSEG m 108 |10 10 Characteristic length for segregation pf
substrate doping

30 | NPCK m 3 1074 0 Pocket doping level

31 | NPCKW - 0 Width dependence dfPCK due to segre-
gation

32 | WSEGP m 108 |10 1% Characteristic length for segregation pf
pocket doping

33 | LPCK m 108 |10 1% Characteristic length for lateral doping
pro le

34 | LPCKW - 0 Width dependence dfPCK due to segre-
gation

35 | FOL1 - 0 First order length dependence of short
channel body-effect

36 | FOL2 - 0 Second order length dependence of short
channel body-effect

37 | VNSUBO \% 0 Effective doping bias-dependence
parameter

38 | NSLPO V 0:05 Effective doping bias-dependence parame-
ter

39 | DNSUBO v 1 0 Effective doping bias-dependence parame-
ter

40 | DPHIBO V 0 Geometry independent offset 'of

41 | DPHIBL V 0 Length dependence &fPHIB

42 | DPHIBLEXP - 1 Exponent for length dependence pf
DPHIB

43 | DPHIBW - 0 Width dependence @PHIB

44 | DPHIBLW - 0 Area dependence @iPHIB

45 | NPO m 3 1076 Geometry-independent gate poly-silicon
doping

46 | NPL - 0 Length dependence dfP

47 | CTO - 0 Geometry-independent part of interface
states facto€T

48 | CTL - 0 Length dependence &T

10
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49 | CTLEXP - 1 Exponent describing length dependence of
CT

50 | CTW - 0 Width dependence &2 T

51 | CTLW - 0 Area dependence &T

52 | TOXOVO m 210° |10 1% Overlap oxide thickness

53 | LOV m 0 0 Overlap length for gate/drain and
gate/source overlap capacitance

54 | NOVO m 3 5 10%° Effective doping of overlap region

DIBL-Parameters

55 | CFL v 1 0 Length dependence of DIBL-parameter

56 | CFLEXP - 2 Exponent for length dependence@F

57 | CFW - 0 Width dependence &ZF

58 | CFBO v ! 0 Back-bias dependence GF

Mobility Parameters

59 | UO m?/V/s | 5 10 ? Zero- eld mobility at TR

60 | FBET1 - 0 Relative mobility decrease due to rst laf-
eral pro le

61 | FBET1W - 0 Width dependence ¢fBET1

62 | LP1 m 108 |10 1% Mobility-related characteristic length qf
rst lateral pro le

63 | LP1W - 0 Width dependence dfP1

64 | FBET2 - 0 Relative mobility decrease due to second
lateral pro le

65 | LP2 m 108 |10 1% Mobility-related characteristic length qgf
second lateral pro le

66 | BETW1 - 0 First higher-order width scaling coef cient
of BETN

67 | BETW2 - 0 Second higher-order width scaling coef|-
cient ofBETN

68 | WBET m 10° |10 10 Characteristic width for width scaling of
BETN

69 | STBETO - 1 Geometry independent temperature depen-
dence oBETN

70 | STBETL - 0 Length dependence &TBET

71 | STBETW - 0 Width dependence STBET

72 | STBETLW - 0 Area dependence &TBET

73 | MUEO m/\V 0:5 Geometry independent mobility reductian
coef cientatTR

74 | MUEW - 0 Width dependence dflUE

75 | STMUEO - 0 Temperature dependenceMUE

76 | THEMUO - 1:5 0 Mobility reduction exponent afR

77 | STTHEMUO - 1:5 Temperature dependenceldiEMU

11
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description
78 | CSO - 0 Geometry independent Coulomb scattering
parameter atR
79 | CSL - 0 Length dependence &S
80 | CSLEXP - 0 Exponent for length dependence@$
81 | CSW - 0 Width dependence &S
82 | CSLW - 0 Area dependence @S
83 | STCSO - 0 Temperature dependence@$
84 | XCORO v 1 0 Geometry independent non-universality
parameter
85 | XCORL - 0 Length dependence XICOR
86 | XCORW - 0 Width dependence o{COR
87 | XCORLW - 0 Area dependence ®fCOR
88 | STXCORO - 0 Temperature dependenceXlttOR
89 | FETAO - 1 Effective eld parameter
Series Resistance Parameters
90 | RSW1 2500 Source/drain series resistance for channel
width Wgy at TR
91 | RSW2 - 0 Higher-order width scaling of source/drajn
series resistance
92 | STRSO - 1 Temperature dependenceR$®
93 | RSBO v 1! 0 Back-bias dependence BS
94 | RSGO v 1! 0 Gate-bias dependenceRS
Velocity Saturation Parameters
95 | THESATO v 1 0 Geometry independent velocity saturation
parameter atR
96 | THESATL v 1 0:05 Length dependence GHESAT
97 | THESATLEXP - 1 Exponent for length dependence D E-
SAT
98 | THESATW - 0 Width dependence afHESAT
99 | THESATLW - 0 Area dependencEHESAT
100 | STTHESATO - Geometry independent temperature depen-
dence ofTHESAT
101 | STTHESATL - 0 Length dependence &TTHESAT
102 | STTHESATW - 0 Width dependence S TTHESAT
103 | STTHESATLW - 0 Area dependence &TTHESAT
104 | THESATBO v 1! 0 Back-bias dependence BHESAT
105 | THESATGO v 1! 0 Gate-bias dependence BHESAT
Saturation Voltage Parameters
106 | AXO - 18 Geometry independent linear/saturatipn
transition factor
107 | AXL - 0:4 0 Length dependence &iX

12
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description
Channel Length Modulation (CLM) Parameters
108 | ALPL - 510 4 Length dependence of CLM pre-factor
ALP
109 | ALPLEXP - 1 Exponent for length dependenceAlfP
110 | ALPW - 0 Width dependence &LP
111 | ALP1L21 Vv 0 Length dependence of CLM enhancement
factor above threshold
112 | ALP1LEXP - 0:5 Exponent describing the length depe
dence ofALP1
113 | ALP1L2 - 0 0 Second order length dependencé&baP1
114 | ALP1W - 0 Width dependence &LP1
115 | ALP2L1 V 0 Length dependence of CLM enhancement
factor below threshold
116 | ALP2LEXP - 0:5 Exponent describing the length depe
denceALP2
117 | ALP2L2 - 0 0 Second order length dependencé&bf2
118 | ALP2W - 0 Width dependence &ALP2
119 | VPO \% 0:05 CLM logarithmic dependence parameter
Impact lonization (Il) Parameters
120 | A10 - 1 Geometry independent part of impagt-
ionization pre-factoAl
121 | A1L - 0 Length dependence @&f1
122 | AIW - 0 Width dependence &l
123 | A20 \% 10 Impact-ionization exponent &R
124 | STA20 \% 0 Temperature dependenceAi
125 | A30 - 1.0 Geometry independent saturation-voltage
dependence of Il
126 | A3L - 0 Length dependence &f3
127 | AW - 0 Width dependence &3
128 | A40 VR 0 Geometry independent back-bias depeén-
dence of Il
129 | A4L - 0 Length dependence é#4
130 | AdW - 0 Width dependence &4
Gate Current Parameters
131 | GCOO - 0 Gate tunneling energy adjustment
132 | IGINVLW A 0 Gate channel current pre-factor for a chan-
nel area ofVgn LEen
133 | IGOVW A 0 Gate overlap current pre-factor for a chan-
nel width of Wen  Len
134 | STIGO - 2 Temperature dependence of gate curren
135 | GC20 - 0:375 Gate current slope factor
136 | GC30 - 0:063 Gate current curvature factor

13
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‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
137 ‘ CHIBO ‘ Vv ‘ 31 ‘ ‘ ‘ Tunneling barrier height
Gate-Induced Drain Leakage (GIDL) Parameters

138 | AGIDLW AIV3E 0 Width dependence of GIDL pre-factor

139 | BGIDLO \% 41 GIDL probability factor afTR

140 | STBGIDLO V/IK 0 Temperature dependenceRGIDL

141 | CGIDLO - 0 Back-bias dependence of GIDL

Charge Model Parameters

142 | CGBOVL F 0 Oxide capacitance for gate—bulk overl
foran area ofVgn LEen

143 | CFRW F 0 Outer fringe capacitance for a chanr
width of Wgy

Noise Model Parameters

144 | FNTO - 1.0 Thermal noise coef cient

145 | NFALW V Ym* | 8 107 First coef cient of icker noise for a chan-
nel area ofVgn LEen

146 | NFBLW VvV im? | 3 10 Second coef cient of icker noise for a
channelarea 0Vgn Lgn

147 | NFCLW v 1 0 Third coef cient of icker noise for a chan-
nel area ofVgn LEen

Other Parameters

148 | DTA K 0 Temperature offset w.r.t. ambient circyi

temperature

—
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‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description

0 | LEVEL - 1021 Model selection parameter; see Sed.

1 | TYPE - 1 1 1 Channel type parametet;$ NMOS, 1
$ PMOS

2 | TR C 21 273 reference temperature

Switch Parameters

3 | SWIGATE - 0 0 1 Flag for gate current (8 “off”)

4 | SWIMPACT - 0 0 1 Flag for impact ionization current (8
Uoﬁn)

5 | SWGIDL - 0 0 1 Flag for GIDL/GISL current (36 “off”)

6 | SWIUNCAP - 0 0 3 Flag for JUNCAP (0$ “off”); see Sec.
25.2

7 | QMC - 1 0 Quantum-mechanical correction factor

Process Parameters

8 | LVARO m 0 Geometry independent difference betwe
actual and programmed poly-silicon ga
length

9 | LVARL - 0 Length dependence of difference betwe
actual and programmed poly-silicon ga
length

10 | LAP m 0 Effective channel length reduction per sigle
due to lateral diffusion of source/drai
dopant ions

11 | WVARO m 0 Geometry independent difference betwe
actual and programmed eld-oxide open-
ing

12 | WVARW - 0 Width dependence of difference betwegn
actual and programmed eld-oxide open-
ing

13 | WOT m 0 Effective reduction of channel width pe
side due to lateral diffusion of channel-stg
dopant ions

14 | DLQ m 0 Effective channel length reduction for C\,

15 | DWQ m 0 Effective channel width reduction for CV

16 | POVFB V 1 Coef cient for the geometry independe
part of at-band voltage aTR

17 | PLVFB V 0 Coef cient for the length dependence
at-band voltage affR

18 | PWVFB \% 0 Coef cient for the width dependence d
at-band voltage affR

continued on next page. .

2Note: In the SiMKit-based and built-in version of PSPSpectreone should usype=n andtype=p . Similarly, in the SiMKit-
based and built-in version of PSPADSone should usgender=1 andgender=-1 .
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description

19 | PLWVFB Vv 0 Coef cient for the length times width de}
pendence of at-band voltage @R

20 | POSTVFB V/K 510 4 Coef cient for the geometry independent
part of temperature dependencevsB

21 | PLSTVFB V/IK 0 Coef cient for the length dependence of
temperature dependence\éfB

22 | PWSTVFB V/IK 0 Coef cient for the width dependence d
temperature dependence\éfB

23 | PLWSTVFB V/IK 0 Coef cient for the length times width de}
pendence of temperature dependence of
VFB

24 | POTOX m 2 10 ° Coef cient for the geometry independent
part of gate oxide thickness

25 | PONEFF m 3 5 107 Coef cient for the geometry independent
part of substrate doping

26 | PLNEFF m 3 0 Coef cient for the length dependence of
substrate doping

27 | PWNEFF m 3 0 Coef cient for the width dependence d
substrate doping

28 | PLWNEFF m 3 0 Coef cient for the length times width de}
pendence of substrate doping

29 | POVNSUB V 0 Coef cient for the geometry independent
part of effective doping bias-dependence
parameter

30 | PONSLP \% 510 2 Coef cient for the geometry independent
part of effective doping bias-dependence
parameter

31 | PODNSUB v 1 0 Coef cient for the geometry independent
part of effective doping bias-dependence
parameter

32 | PODPHIB V 0 Coef cient for the geometry independent
part of offset of g

33 | PLDPHIB \% 0 Coef cient for the length dependence of
offset of g

34 | PWDPHIB \% 0 Coef cient for the width dependence d
offset of g

35 | PLWDPHIB \% 0 Coef cient for the length times width de}
pendence of offset ofg

36 | PONP m 3 10°8 Coef cient for the geometry independent
part of gate poly-silicon doping

37 | PLNP m 3 0 Coef cient for the length dependence of
gate poly-silicon doping

38 | PWNP m 3 0 Coef cient for the width dependence d
gate poly-silicon doping

=
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description

39 | PLWNP m 3 0 Coef cient for the length times width de}
pendence of gate poly-silicon doping

40 | POCT - 0 Coef cient for the geometry independent
part of interface states factor

41 | PLCT - 0 Coef cient for the length dependence of
interface states factor

42 | PWCT - 0 Coef cient for the width dependence of in
terface states factor

43 | PLWCT - 0 Coef cient for the length times width de}
pendence of interface states factor

44 | POTOXOV m 2 10 ° Coef cient for the geometry independent
part of overlap oxide thickness

45 | PONOV m 3 5 10%° Coef cient for the geometry independent
part of effective doping of overlap region

46 | PLNOV m 3 0 Coef cient for the length dependence of
effective doping of overlap region

47 | PWNOV m 3 0 Coef cient for the width dependence of e
fective doping of overlap region

48 | PLWNOV m 3 0 Coef cient for the length times width de}
pendence of effective doping of overlapr
gion

DIBL Parameters

49 | POCF v 1! 0 Coef cient for the geometry independent
part of DIBL parameter

50 | PLCF v 1 0 Coef cient for the length dependence of
DIBL parameter

51 | PWCF v 1 0 Coef cient for the width dependence d
DIBL parameter

52 | PLWCF v 1 0 Coef cient for the length times width de}
pendence of DIBL parameter

53 | POCFB v 1! 0 Coef cient for the geometry independent
part of back-bias dependence@f

Mobility Parameters

54 | POBETN m?/V/s | 7 10 2 Coef cient for the geometry independent
part of product of channel aspect ratio apd
zero- eld mobility atTR

55 | PLBETN m2/V/s 0 Coef cient for the length dependence of
product of channel aspect ratio and zefo-
eld mobility at TR

56 | PWBETN m?/\V/s 0 Coef cient for the width dependence af
product of channel aspect ratio and zefo-
eld mobility at TR

57 | PLWBETN m2/V/s 0 Coef cient for the length times width de}
pendence of product of channel aspect ra-
tio and zero- eld mobility afTR

17
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description

58 | POSTBET - 1 Coef cient for the geometry independent
part of temperature dependenceB&ETN

59 | PLSTBET - 0 Coef cient for the length dependence of
temperature dependenceRETN

60 | PWSTBET - 0 Coef cient for the width dependence qf
temperature dependenceRETN

61 | PLWSTBET - 0 Coef cient for the length times width de}
pendence of temperature dependence of
BETN

62 | POMUE m/V 5101 Coef cient for the geometry independent
part of mobility reduction coef cientaiR

63 | PLMUE m/V 0 Coef cient for the length dependence of
mobility reduction coef cient alfR

64 | PWMUE m/V 0 Coef cient for the width dependence df
mobility reduction coef cient alfR

65 | PLWMUE m/V 0 Coef cient for the length times width de}
pendence of mobility reduction coef cient
atTR

66 | POSTMUE - 0 Coef cient for the geometry independent
part of temperature dependenceMiflE

67 | POTHEMU - 1.5 Coef cient for the geometry independent
part of mobility reduction exponent aR

68 | POSTTHEMU - 1.5 Coefcient for the geometry indepen-
dent part of temperature dependence| of
THEMU

69 | POCS - 0 Coef cient for the geometry independent
part of Coulomb scattering parameter |at
TR

70 | PLCS - 0 Coef cient for the length dependence of
Coulomb scattering parameterieR

71 | PWCS - 0 Coef cient for the width dependence qf
Coulomb scattering parameterieR

72 | PLWCS - 0 Coef cient for the length times width de}
pendence of Coulomb scattering parameter
atTR

73 | POSTCS - 0 Coef cient for the geometry independent
part of temperature dependenceas

74 | POXCOR v 1 0 Coef cient for the geometry independent
part of non-universality parameter

75 | PLXCOR v ! 0 Coef cient for the length dependence of
non-universality parameter

76 | PWXCOR v 1! 0 Coef cient for the width dependence qf
non-universality parameter

continued on next page. ..
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77 | PLWXCOR v 1 0 Coef cient for the length times width de}
pendence of non-universality parameter

78 | POSTXCOR - 0 Coef cient for the geometry independent
part of temperature dependencex@@OR

79 | POFETA - 1 Coef cient for the geometry independent
part of effective eld parameter

Series Resistance Parameters

80 | PORS 30 Coef cient for the geometry independent
part of source/drain series resistancéRt

81 | PLRS 0 Coef cient for the length dependence of
source/drain series resistancd &

82 | PWRS 0 Coef cient for the width dependence d
source/drain series resistancd &

83 | PLWRS 0 Coef cient for the length times width de}
pendence of source/drain series resistapce
atTR

84 | POSTRS - 1 Coef cient for the geometry independent
part of temperature dependenceRs

85 | PORSB v 1! 0 Coef cient for the geometry independent
part of back-bias dependenceR$

86 | PORSG v 1! 0 Coef cient for the geometry independent
part of gate-bias dependenceRf

Velocity Saturation Parameters

87 | POTHESAT v 1! 1 Coef cient for the geometry independent
part of velocity saturation parameterfeR

88 | PLTHESAT v 1 0 Coef cient for the length dependence of
velocity saturation parameter 8R

89 | PWTHESAT v 1 0 Coef cient for the width dependence of ve
locity saturation parameter &R

90 | PLWTHESAT v 1 0 Coef cient for the length times width de}
pendence of velocity saturation parameter
atTR

91 | POSTTHESAT - 1 Coef cient for the geometry independent
part of temperature dependenceTdfE-
SAT

92 | PLSTTHESAT - 0 Coef cient for the length dependence of
temperature dependenceTHiIESAT

93 | PWSTTHESAT - 0 Coef cient for the width dependence af
temperature dependenceTHiIESAT

94 | PLWSTTHESAT - 0 Coef cient for the length times width de}
pendence of temperature dependence
THESAT

19
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description

95 | POTHESATB v 1 0 Coef cient for the geometry independe
part of back-bias dependence of veloc
saturation

96 | PLTHESATB v 1! 0 Coef cient for the length dependence
back-bias dependence of velocity satu
tion

97 | PWTHESATB v 1! 0 Coef cient for the width dependence d
back-bias dependence of velocity satu
tion

98 | PLWTHESATB v 1 0 Coef cient for the length times width de}
pendence of back-bias dependence of
locity saturation

99 | POTHESATG v 1! 0 Coef cient for the geometry independe
part of gate-bias dependence of veloc
saturation

100 | PLTHESATG v 1 0 Coef cient for the length dependence
gate-bias dependence of velocity saturat

101 | PWTHESATG v ! 0 Coef cient for the width dependence d
gate-bias dependence of velocity saturat

102 | PLWTHESATG v 1! 0 Coef cient for the length times width de}
pendence of gate-bias dependence of
locity saturation

Saturation Voltage Parameters

103 | POAX - 3 Coef cient for the geometry independe
part of linear/saturation transition factor

104 | PLAX - 0 Coef cient for the length dependence
linear/saturation transition factor

105 | PWAX - 0 Coef cient for the width dependence d
linear/saturation transition factor

106 | PLWAX - 0 Coefcient for the length times width
dependence of linear/saturation transiti
factor

Channel Length Modulation (CLM) Parameters

107 | POALP - 10 ? Coef cient for the geometry independe
part of CLM pre-factor

108 | PLALP - 0 Coef cient for the length dependence
CLM pre-factor

109 | PWALP - 0 Coef cient for the width dependence d
CLM pre-factor

110 | PLWALP - 0 Coef cient for the length times width de}
pendence of CLM pre-factor

111 | POALP1 V 0 Coef cient for the geometry independe
part of CLM enhancement factor abo
threshold

e
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112 | PLALP1 Vv 0 Coef cient for the length dependence of
CLM enhancement factor above thresho|d

113 | PWALP1 V 0 Coef cient for the width dependence qf
CLM enhancement factor above thresho|d

114 | PLWALP1 \% 0 Coefcient for the length times width
dependence of CLM enhancement factor
above threshold

115 | POALP2 v 1! 0 Coef cient for the geometry independent
part of CLM enhancement factor below
threshold

116 | PLALP2 v 1 0 Coef cient for the length dependence of
CLM enhancement factor below thresho

d
117 | PWALP2 v 1! 0 Coef cient for the width dependence qf
CLM enhancement factor below threshold

118 | PLWALP2 v 1! 0 Coef cient for the length times width de}
pendence of CLM enhancement factor he-
low threshold

119 | POVP V 510 2 Coef cient for the geometry independent
part of CLM logarithmic dependence pa
rameter

Impact lonization (Il) Parameters

120 | POAl - 1 Coef cient for the geometry independent
part of impact-ionization pre-factor

121 | PLAL - 0 Coef cient for the length dependence of
impact-ionization pre-factor

122 | PWAL - 0 Coef cient for the width dependence af
impact-ionization pre-factor

123 | PLWAL - 0 Coef cient for the length times width de}
pendence of impact-ionization pre-factof

124 | POA2 \% 10 Coef cient for the geometry independent
part of impact-ionization exponent @R

125 | POSTA2 \% 0 Coef cient for the geometry independent

part of temperature dependencefef

126 | POA3 - 1 Coef cient for the geometry independent
part of saturation-voltage dependence of Il

127 | PLA3 - 0 Coef cient for the length dependence of
saturation-voltage dependence of Il

128 | PWA3 - 0 Coef cient for the width dependence qf
saturation-voltage dependence of Il

129 | PLWA3 - 0 Coefcient for the length times width
dependence of saturation-voltage depen-
dence of Il

130 | POA4 (VAR 0 Coef cient for the geometry independent

part of back-bias dependence of Il

continued on next page. . .
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131 | PLA4 v 05 0 Coef cient for the length dependence
back-bias dependence of Il

132 | PWA4 v 05 0 Coef cient for the width dependence g
back-bias dependence of Il

133 | PLWA4 v 05 0 Coef cient for the length times width de}
pendence of back-bias dependence of II

Gate Current Parameters

134 | POGCO - 0 Coef cient for the geometry independe
part of gate tunneling energy adjustment

135 | POIGINV A 0 Coef cient for the geometry independe
part of gate channel current pre-factor

136 | PLIGINV A 0 Coef cient for the length dependence
gate channel current pre-factor

137 | PWIGINV A 0 Coef cient for the width dependence d
gate channel current pre-factor

138 | PLWIGINV A 0 Coef cient for the length times width de}
pendence of gate channel current p
factor

139 | POIGOV A 0 Coef cient for the geometry independe
part of gate overlap current pre-factor

140 | PLIGOV A 0 Coef cient for the length dependence
gate overlap current pre-factor

141 | PWIGOV A 0 Coef cient for the width dependence d
gate overlap current pre-factor

142 | PLWIGOV A 0 Coef cient for the length times width de}
pendence of gate overlap current pre-fag

143 | POSTIG - 2 Coef cient for the geometry independe
part of temperature dependence of g
current

144 | POGC2 - 375 10 1! Coef cient for the geometry independe
part of gate current slope factor

145 | POGC3 - 6:3 10 ? Coef cient for the geometry independe
part of gate current curvature factor

146 | POCHIB V 31 Coef cient for the geometry independe
part of tunneling barrier height

Gate-Induced Drain Leakage (GIDL) Parameters

147 | POAGIDL AYA 0 Coef cient for the geometry independe
part of GIDL pre-factor

148 | PLAGIDL A/V3 0 Coef cient for the length dependence
GIDL pre-factor

149 | PWAGIDL AIV3 0 Coef cient for the width dependence d
GIDL pre-factor

150 | PLWAGIDL AIV3E 0 Coef cient for the length times width de}
pendence of GIDL pre-factor

22
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151

POBGIDL

Y

41

Coef cient for the geometry independe
part of GIDL probability factor alR

152

POSTBGIDL

V/IK

Coef cient for the geometry independe
part of temperature dependencd@IDL

153

POCGIDL

Coef cient for the geometry independe
part of back-bias dependence of GIDL

Charge Model Paramete

I's

154

POCOX

10 14

Coef cient for the geometry independe

part of oxide capacitance for intrinsic

channel

155

PLCOX

Coef cient for the length dependence
oxide capacitance for intrinsic channel

156

PWCOX

Coef cient for the width dependence d

oxide capacitance for intrinsic channel

—h

157

PLWCOX

Coef cient for the length times width de}
pendence of oxide capacitance for intring

channel

c

158

POCGOV

10 15

Coefcient for the geometry indepen
dent part of oxide capacitance for gate-

drain/source overlap

159

PLCGOV

Coef cient for the length dependence

oxide capacitance for gate-drain/source

overlap

160

PWCGOV

Coef cient for the width dependence af

oxide capacitance for gate-drain/sou
overlap

161

PLWCGOV

Coef cient for the length times width de}

pendence of oxide capacitance for gal
drain/source overlap

fe-

162

POCGBOV

Coef cient for the geometry independe

part of oxide capacitance for gate-bulk

overlap

nt

163

PLCGBOV

Coef cient for the length dependence
oxide capacitance for gate-bulk overlap

164

PWCGBOV

Coef cient for the width dependence d
oxide capacitance for gate-bulk overlap

—h

165

PLWCGBOV

Coef cient for the length times width de}

pendence of oxide capacitance for gal
bulk overlap

te-

166

POCFR

Coef cient for the geometry independe
part of outer fringe capacitance

nt

167

PLCFR

Coef cient for the length dependence
outer fringe capacitance

nf

168

PWCFR

Coef cient for the width dependence d
outer fringe capacitance

—h
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169 | PLWCFR F 0 Coef cient for the length times width de}

pendence of outer fringe capacitance
Noise Model Parameters

170 | POFNT - 1 Coef cient for the geometry independent
part of thermal noise coef cient

171 | PONFA Im* | 8 107 Coef cient for the geometry independe
part of rst coef cient of icker noise

172 | PLNFA Lm* 0 Coef cient for the length dependence
rst coef cient of icker noise

173 | PWNFA m* 0 Coef cient for the width dependence g
rst coef cient of icker noise

174 | PLWNFA m* 0 Coef cient for the length times width de}
pendence of rst coef cientof icker noise

175 | PONFB Ym2 3 10 Coef cient for the geometry independe
part of second coef cient of icker noise

176 | PLNFB tm2 0 Coef cient for the length dependence
second coef cient of icker noise

177 | PWNFB Ym? 0 Coef cient for the width dependence g
second coef cient of icker noise

178 | PLWNFB Lm? 0 Coef cient for the length times width de}
pendence of second coef cient of icke
noise

179 | PONFC v 1 0 Coef cient for the geometry independe
part of third coef cient of icker noise

180 | PLNFC v 1 0 Coef cient for the length dependence
third coef cient of icker noise

181 | PWNFC v 1 0 Coef cient for the width dependence d
third coef cient of icker noise

182 | PLWNFC v 1! 0 Coef cient for the length times width de}
pendence of third coefcient of icker
noise

Other Parameters

183 | DTA K 0 temperature offset w.r.t. ambient circyi

temperature

nf

—h

nf

r

nf

—
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2.5.5 Parameters for stress model

The stress model of BSIM4.4.0 has been adopted in PSP witktlastodi cations as possible. Parameter
names have been copied, but they have been subjected to R8ehtions by replacing every zero by an
"O'". Moreover, the parameteiSTK2 andLODK2 are not available in PSP. Except for these changes, stress
parameters determined for BSIM can be directly applied iR.PS

The parameters in this section are part of PSP's global petexreet (both geometrical and binning).

‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description

0 | SAREF m 106 | 10° Reference distance betwegn
OD edge to Poly from one
side

1 | SBREF m 106 |10° Reference distance betwegn
OD edge to Poly from othef
side

WLOD m 0 Width parameter

3 | KUO m 0 Mobility degrada-
tion/enhancement coef-
cient

4 | KVSAT m 0 1 1 Saturation velocity degradg-
tion/enhancement parametger

5 | TKUO - 0 Temperature coef cient of
KUO

6 | LKUO m--ODKUO 0 Length dependence &UO

7 | WKUO mWLODKUO 0 Width dependence a€UO

8 | PKUO mULOPKUO +WLODKUO 0 Cross-term dependence of
KUO

9 | LLODKUO - 0 0 Length parameter for mobilt
ity stress effect

10 | WLODKUO - 0 0 Width parameter for mobil-
ity stress effect

11 | KVTHO Vm 0 Threshold shift parameter

12 | LKVTHO mtLODBVTH 0 Length dependence af
KVTHO

13 | WKVTHO mWLODVTH 0 Width  dependence  of
KVTHO

14 | PKVTHO m-LODVTH + WLODVTH 0 Cross-term dependence of
KVTHO

15 | LLODVTH - 0 0 Length parameter for threg-
hold voltage stress effect

16 | WLODVTH - 0 0 Width parameter for thresr
hold voltage stress effect

17 | STETAO m 0 ETAO shift factor related tq
threshold voltage change

continued on next page. . .
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description
18 | LODETAO - 1 0 ETAO shift modication
factor

26



PSP 102.1 October 2006

2.5.6 Parameters for local model

The set of local parameters valid for an individual tramsistith a speci ¢ channel width and length are given
in the table below. Since the local parameter set is validbfa device with a speci c geometry, it does not
contain the channel length and width as instance parameters

‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description
0 | LEVEL - 102 Model selection parameter; see Sed.
1 | TYPE - 1 1 1 Channel type parametet;$ NMOS, 1
$ PMOS
2 | TR C 21 273 Reference temperature
Switch Parameters
3 | SWIGATE - 0 0 1 Flag for gate current (8 “off”)
SWIMPACT - 0 0 1 Flag for impact ionization current (@
“off”)
SWGIDL - 0 0 1 Flag for GIDL/GISL current (&6 “off”)
SWJIUNCAP - 0 0 3 Flag for JUNCAP (0$ “off"); see
Sec.2.5.2
7 | QMC - 1 0 Quantum-mechanical correction factor
Process Parameters
VFB V 1 Flat-band voltage aftR
9 | STVFB V/IK 5 10 4 Temperature dependence\éFB
10 | TOX m 210°|10 1 Gate oxide thickness
11 | NEFF m 3 5 10°% | 10?° | 10?5 | Substrate doping
12 | VNSUB V 0 Effective doping bias-dependence parame-
ter
13 | NSLP V 0:05 10 3 Effective doping bias-dependence parame-
ter
14 | DNSUB v ! 0 0 1 Effective doping bias-dependence parame-
ter
15 | DPHIB \Y, 0 Offset of' g
16 | NP m 3 1076 0 Gate poly-silicon doping
17 | CT - 0 0 Interface states factor
18 | TOXOV m 2 10° |10 1 Overlap oxide thickness
19 | NOV m 3 5 10%° | 10?° | 10?7 | Effective doping of overlap region
DIBL Parameters
20 | CF v 1 0 0 DIBL parameter
21 | CFB v 1 0 0 1 Back-bias dependence GF
Mobility Parameters
22 | BETN m?/V/s | 7 10 2 0 Product of channel aspect ratio and zefo-
eld mobility at TR
23 | STBET - 1 Temperature dependenceRETN
24 | MUE m/\V 0:5 0 Mobility reduction coef cient afTR

continued on next page. . .

SNote: In the SiMKit-based and built-in version of PSPpectreone should usype=n andtype=p . Similarly, in the SiMKit-
based and built-in version of PSPADSone should usgender=1 andgender=-1 .
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description
25 | STMUE - 0 Temperature dependenceMUE
26 | THEMU - 1.5 0 Mobility reduction exponent atR
27 | STTHEMU - 1.5 Temperature dependenceTtiEMU
28 | CS - 0 0 Coulomb scattering parameteriaR
29 | STCS - 0 Temperature dependence@$
30 | XCOR v 1 0 0 Non-universality parameter
31 | STXCOR - 0 Temperature dependenceXOR
32 | FETA - 1 0 Effective eld parameter
Series Resistance Parameters
33 | RS 30 0 Source/drain series resistancd &
34 | STRS - 1 Temperature dependenceR$
35 | RSB v 1 0 0:5 1 Back-bias dependence BS
36 | RSG v 1 0 0:5 Gate-bias dependenceRS
Velocity Saturation Parameters
37 | THESAT v 1! 1 0 Velocity saturation parameter @8R
38 | STTHESAT - 1 Temperature dependenceTHiESAT
39 | THESATB v 1! 0 0:5 1 Back-bias dependence of velocity satu
tion
40 | THESATG v 1 0 0:5 Gate-bias dependence of velocity satura-
tion
Saturation Voltage Parameter
41 | AX - ‘ 3 ‘ 2 ‘ ‘ Linear/saturation transition factor
Channel Length Modulation (CLM) Parameters
42 | ALP - 0:01 0 CLM pre-factor
43 | ALP1 \Y, 0 0 CLM enhancement factor above thresho|
44 | ALP2 v ! 0 0 CLM enhancement factor below threshold
45 | VP \Y 0.05 | 10 0 CLM logarithmic dependence paramete
Impact lonization (Il) Parameters
46 | Al - 1 0 Impact-ionization pre-factor
47 | A2 \% 10 0 Impact-ionization exponent &R
48 | STA2 \% Temperature dependenceAi
49 | A3 - 1 0 Saturation-voltage dependence of Il
50 | A4 V oz 0 0 Back-bias dependence of II
Gate Current Parameters
51 | GCO - 0 10 10 | Gate tunnelling energy adjustment
52 | IGINV A 0 0 Gate channel current pre-factor
53 | IGOV A 0 0 Gate overlap current pre-factor
54 | STIG - 2 Temperature dependence of gate curren
55 | GC2 - 0:375 0 10 | Gate current slope factor
56 | GC3 - 0:063 2 2 Gate current curvature factor

28
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...continued from previous page

‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
57 ‘ CHIB ‘ V ‘ 31 ‘ 1 ‘ ‘ Tunnelling barrier height
Gate-Induced Drain Leakage (GIDL) Parameters
58 | AGIDL AIV3E 0 0 GIDL pre-factor
59 | BGIDL \% 41 0 GIDL probability factor afTR
60 | STBGIDL VIK 0 Temperature dependenceRGIDL
61 | CGIDL - 0 Back-bias dependence of GIDL
Charge Model Parameters
62 | COX F 10 4 0 Oxide capacitance for intrinsic channel
63 | CGOV F 10 5 0 Oxide capacitance for gate—drain/source
overlap
64 | CGBOV F 0 0 Oxide capacitance for gate—bulk overlap|
65 | CFR F 0 0 Outer fringe capacitance
Noise Model Parameters
66 | FNT - 1.0 0 Thermal noise coef cient
67 | NFA VvV im* | 8 107 0 First coef cient of icker noise
68 | NFB VvV im? | 3 10/ 0 Second coef cient of icker noise
69 | NFC v 1! 0 0 Third coef cient of icker noise
Other Parameters
70 | DTA K 0 Temperature offset w.r.t. ambient circuit
temperature
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2.5.7 Parameters for source-bulk and drain-bulk junction model

The JUNCAP2 parameters are part of both the global and tla¢ p@zameter sets.

D

je

ge

‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
0 | TRJ C 21 Thin Reference temperature
1 | IMAX A 1000 | 10 *? Maximum current up to which forward
current behaves exponentially
Capacitance Parameters
2 | CJORBOT F/m? 10 | 10 *? Zero-bias capacitance per unit-of-area
bottom component
3 | CJORSTI F/m 10° | 1018 Zero-bias capacitance per unit-of-length
STIl-edge component
4 | CJORGAT F/m 10° | 1018 Zero-bias capacitance per unit-of-length
gate-edge component
5 | VBIRBOT V 1 Voi :low Built-in voltage at the reference temper|
ture of bottom component
6 | VBIRSTI \Y 1 Voi :low Built-in voltage at the reference temper|
ture of STI-edge component
7 | VBIRGAT \Y 1 Voi :low Built-in voltage at the reference temper|
ture of gate-edge component
PBOT - 0:5 0:05 | 0:95 | Grading coef cient of bottom component
9 | PSTI - 0:5 0:05 | 0:95 | Grading coefcient of STl-edge compqg
nent
10 | PGAT - 0:5 0:05 | 0:95 | Grading coef cient of gate-edge compg
nent
Ideal-current Parameters
11 | PHIGBOT \% 1:16 Zero-temperature bandgap voltage of b
tom component
12 | PHIGSTI V 1:16 Zero-temperature bandgap voltage of S}
edge component
13 | PHIGGAT V 1:16 Zero-temperature bandgap voltage of ga
edge component
14 | IDSATRBOT A/m? 10 12 0 Saturation current density at the referer
temperature of bottom component
15 | IDSATRSTI A/m 10 18 0 Saturation current density at the referer
temperature of STl-edge component
16 | IDSATRGAT A/m 10 18 0 Saturation current density at the referer
temperature of gate-edge component
17 | CSRHBOT A/m3 107 0 Shockley-Read-Hall prefactor of botto
component
18 | CSRHSTI A/m? 10 4 0 Shockley-Read-Hall prefactor of STI-edg
component
19 | CSRHGAT A/m? 10 4 0 Shockley-Read-Hall prefactor of gate-ed
component
20 | XJUNSTI m 10 7 10 ° Junction depth of STI-edge component
21 | XJUNGAT m 10 7 10 ° Junction depth of gate-edge component

30
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‘ No. ‘ Name Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
Trap-assisted Tunneling Parameters

22 | CTATBOT A/m? 107 0 Trap-assisted tunneling prefactor of bq
tom component

23 | CTATSTI A/m? 10 4 0 Trap-assisted tunneling prefactor of ST
edge component

24 | CTATGAT A/m? 10 4 0 Trap-assisted tunneling prefactor of ga
edge component

25 | MEFFTATBOT - 0:25 :01 Effective mass (in units ofng) for trap-
assisted tunneling of bottom component

26 | MEFFTATSTI - 0:25 :01 Effective mass (in units ofmg) for trap-
assisted tunneling of STIl-edge compong

27 | MEFFTATGAT - 0:25 :01 Effective mass (in units ofmg) for trap-
assisted tunneling of gate-edge compon

Band-to-band Tunneling Parameters

28 | CBBTBOT AV 3 10 12 0 Band-to-band tunneling prefactor of bg
tom component

29 | CBBTSTI AV 3m | 10 18 0 Band-to-band tunneling prefactor of ST|
edge component

30 | CBBTGAT AV 3m | 10 18 0 Band-to-band tunneling prefactor of gat|
edge component

31 | FBBTRBOT Vm 1! 10° Normalization eld at the reference tenj
perature for band-to-band tunneling of bq
tom component

32 | FBBTRSTI Vm 1 10° Normalization eld at the reference ten
perature for band-to-band tunneling
STIl-edge component

33 | FBBTRGAT Vm 1! 10° Normalization eld at the reference tem
perature for band-to-band tunneling
gate-edge component

34 | STFBBTBOT K1t 10 3 Temperature scaling parameter for ba
to-band tunneling of bottom component

35 | STFBBTSTI K1t 10 3 Temperature scaling parameter for ba
to-band tunneling of STI-edge compong

36 | STFBBTGAT K 1! 10 3 Temperature scaling parameter for bar
to-band tunneling of gate-edge compong

Avalanche and Breakdown Parameters

37 | VBRBOT V 10 01 Breakdown voltage of bottom componen

38 | VBRSTI V 10 01 Breakdown voltage of STl-edge comp
nent

39 | VBRGAT V 10 01 Breakdown voltage of gate-edge comp
nent

31
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‘ No. ‘ Name Unit Default ‘ Min. ‘ Max. ‘ Description
40 | PBRBOT Vv 4 01 Breakdown onset tuning parameter of b
tom component
41 | PBRSTI V 4 01 Breakdown onset tuning parameter of ST
edge component
42 | PBRGAT \% 4 0:1 Breakdown onset tuning parameter of gal
edge component
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Section 3

Geometry and Stress dependence

3.1 Introduction

The physical geometry scaling rules of PSP (Secsi@have been developed to give a good description over
the whole geometry range of CMOS technologies. As an altemahe binning-rules can be used (Sectiog)

to allow for a more phenomenological geometry dependendgptq that the user has to choose between the
two options; the geometrical scaling rules and the binngadisg rules cannot be used at the same time.) In
both cases, the result is a local parameter set (for a ttansisthe speci edL andW), which is fed into the
local model.

Use of the stress model (Secti8r) leads to a stress-dependent modi cation of some of thd lpam@meters
calculated from the geometrical or binning scaling rules.

3.2 Geometrical scaling rules

The physical scaling rules to calculate the local pararsdétem a global parameter set are given in this section.

Note: After calculation of the local parameters (and possibldiaation of the stress equations in Sectid),
clipping is applied according to Secti@)b.6

Effective length and width

Len =10 ° (3.1)

Wey =10 6 (3.2)

Lps = LVARO 1+ LVARL L% 1+ LVARW VEN (3.3)
~ Len WEen

Wop = WVARO ~ 1+WVARL ==  1+WVARW —& (3.4)

Le=L L=L+ Lps 2 LAP (3.5)

We=W W=W+ W 2 WOT (3.6)
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Figure 3.1: Speci cation of the dimensions of a MOS trarmist

Leev =L+ Lps 2 LAP + DLQ (3.7)
Weey = W+ Wop 2 WOT + DWQ (3.8)
Legiev =L+ Lps+ DLQ (3.9)
Wg.cv = W+  Wpp + DWQ (3.10)

Note: If the calculated_g, W, Le.cv, We:cv, Le:cv, OFr Wg.cv is smaller than 1 nm (1 m), the value
is clipped to this lower bound of 1 nm.

Process Parameters

VFB = VFBO 1+ VFBL Ll_ﬂ 1+ VFBW en
E E
1+ vrBLW VEn Len (3.11)
e Le
STVFB = STVFBO 1+ STVFBL &V 1+ STVFBW VEN
LE WE
1+ STVFBLW WEN Len (3.12)
e Le
TOX = TOXO (3.13)
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WEen WEe 3
- = + + . '
N subo:e NSUBO MAX 1+ NSUBW We In 1 WSEG ;10 (3.14)
WEen WEe 3
Npek:e = NPCK MAX 1+ NPCKW | 1+ ——— :10 3.15
pek:e we ' -7 WseEep (3.19)
WEenN WEe 3
o = + + = )
L pck:e LPCK MAX 1+ LPCKW We In 1 WSEGP ;10 (3.16)
a=7:5 109 (3.17)
p . p
b= Nsubo;e +0:5 Npck;e Nsubo;e (3-18)
8
Le
NsubOe + Npck e 2 L fOI’LE <L pck;e
pck;e
chk;e
Nsubo:e + Npcke T for Lpck:e Le 2 Lpcke
Nsup = (3-19)
NsubOe +
#
chk'e b
aln 1+2 —/— exp - 1 forLe > 2 Lpek:e
Le a
|
L Len 2
NEFF= New 1 FOL1 -2 FoL2 -—-EY (3.20)
Le Le
VNSUB = VNSUBO (3.22)
NSLP = NSLPO (3.22)
DNSUB = DNSUBO (3.23)
|
Lgy DPHIBLEXP
DPHIB = DPHIBO + DPHIBL T
E
Wen Wen Len
1+ DPHIBW 1+ DPHIBLW —m—— 3.24
WEe We Lg ( )
_ 6. Len
NP = NPO MAX 10 °;1+ NPL . (3.25)
E
CTLEXP!
CT= CTO+CTL LSEv 1+ CcTW e
LE WE
Wen Len
1+ CTLW @ ———— 3.26
We Le (3.26)
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TOXOV = TOXOVO
NOV = NOVO
DIBL Parameters
CFLEXP
CF= CFL L&V 1+ CFwW Wen
E E
CFB = CFBO
Mobility Parameters
W,
Fie = FBETL 1+ FBETIW —"
E
_ Wen .43
Lpie = LP1 MAX 1+ LP1W 10
WEe
Lpy- L
Gpe=1+F 1o —= 1 exp £
LE LPl;e
LP2 Le
+ FBET2 —2 1 —E
Le P 2
WEen WEenN WEe
Gw.e =1+ BETW1 + BETW2 In 1+
WiE We we WBET
Uo We
BETN = E G
Gee Le 'F
L W,
STBET = STBETO 1+ STBETL - 1+ STBETW —oN
E E
1+ STBETLW
_ WEen
MUE = MUEO 1+ MUEW

STMUE = STMUEO

THEMU = THEMUO

STTHEMU = STTHEMUO

E
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(3.29)
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CSLEXP!
CS= CSO+ CSL BV 1+ csw Ve
Le WEe
Wen Len
1+CSlw —=N —EN 340
We Lo (3.40)
STCS= STCSO (3.41)
XCOR = XCORO 1+ XCORL LCEN 1+ XCORW Ven
E E
Wen Len
1+ XCORLW —=N =EN (349
We Lo (3.42)
STXCOR = STXCORO (3.43)
FETA = FETAO (3.44)
Series Resistance Parameters
RS= RSW1 WEN 1, Rpswz Wen (3.45)
E WEe
STRS= STRSO (3.46)
RSB= RSBO (3.47)
RSG= RSGO (3.48)
Velocity Saturation Parameters
[
G ) LEN THESATLEXP
THESAT = THESATO + THESATL —W:E T
P;E E
W Wey L
1+ THESATW —N 1+ THESATLW LI_EN (3.49)
E E E
STTHESAT = STTHESATO 1+ STTHESATL -8V
E
W, Wey L
1+ STTHESATW —2N 1+ STTHESATLW LI_EN (3.50)
E E E
THESATB = THESATBO (3.51)
THESATG = THESATGO (3.52)
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Saturation Voltage Parameter
AXO
AX = i
1+AXL —-EN
E
Channel Length Modulation (CLM) Parameters
ALPLEXP
ALP = ALPL LEM 1+ ALPW WVEN
LE E
L ALP1LEXP
ALP1L1 %
ALP1 = LE ALPILEXP+1 1+ ALPIW
1+ ALP1L2 —EN
Le
L ALP2LEXP
ALP2L1 %
ALP2 = LE ALP2LEXP+1 1+ ALP2W
1+ ALP2L2 —EN
Le
VP = VPO
Impact lonization (II) Parameters
Al= A0 1+A1L "B 14 apw Wew
LE WE
A2 = A20
STA2 = STA20
A3= A30 1+ A3L CEN 1+ A3w Ven
Le WEe
Ad= A4 1+ AdL SEN 14w Wen
LE WE
Gate Current Parameters
GCO = GCOO
WEe Lg
IGINV = IGINVLW @——M—
Wen Len
We LOV
IGOV = IGOVWW ——
Wen Len
STIG = STIGO
GC2= GC20
GC3= GC30
CHIB = CHIBO
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Gate-Induced Drain Leakage (GIDL) Parameters

Weg LOV

AGIDL —
Wen Len

AGIDLW

BGIDL = BGIDLO
STBGIDL = STBGIDLO

CGIDL = CGIDLO

Charge Model Parameters

We.cv LE:

COX= o E,C-\II_OXE,CV
~ We.cv LOV

CCOV = o TOXOV

CGBOV = CGBOVL L&V

Len

CFR= CFRW VGicv.

EN

Noise Model Parameters

Wen  Len
NFA = NFALW @ ————
We Lg
NFB = NFBLW VEN Len
e Le
Wen Len
NFC = NFCLW @ ————
WEe Le
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3.3 Binning equations

The binning equations are provided as a (phenomenologittethative to the physical scaling equations for
computing local parameters. The physical geometricairsgaliles have been developed to give a good de-
scription over the whole geometry range of CMOS technokgi®r processes under development, however,
it is sometimes useful to have more exible scaling relasiom that case on could opt for a binning strategy,
where the accuracy with geometry is mostly determined bytlreber of bins used. The physical scaling rules
of Section3.2are generally not suitable for binning strategies, sineg thay result in discontinuities in local
parameter values at the bin boundaries. Consequentlyasp@ming geometrical scaling relations have been
developed, which guarantee continuity of the resultinglocodel parameters at the bin boundaries.

Only four different types of binning scaling rules are usgtich are based on rst order developments of the
geometrical scaling rules in termslog, 1=Lg, Wg, and1=Wg (examples below are for a ctitious parameter
YYY):

1. Typel
YYY = POYYY + PLYYY "V 4 pwyyy WEN 4 pyyyyy Len Wew (3.81)
LE WE LE WE
2. Typell
YYY = POYYY + PLYYY “E 4 pwyyy WE 4 prwyyy e We (3.82)
Len EN en Wen
3. Typelll
L W, We L
YYY = POYYY + PLYYY —N 4 pwyyy —= +pLwyyy £ —N (3.83)
Le WEenN Wen Le
4. Type IV (no binning)
YYY = POYYY (3.84)

In Table3.1 a survey of the binning type used for each local parameteiveng In some cases where the
geometrical scaling rule is constant, the binning rule @sem to be more exible.

When using the binning rules above, the binning parameterserie bin can be directly calculated from the
local parameter sets of the four corner devices of the b &&= 7.6). This results in &eparate parameter set
for each bin The binning scheme ensures that the local parameters actyeseproduced at the bin corners
and that no humps occur in the local parameter values acio$®bndaries.

Note: After calculation of the local parameters from the binninges (and possible application of the stress
equations in SectioB.4), clipping is applied according to Secti@®b.6
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Table 3.1: Overview of local parameters and binning typee fitird column indicates
whether there is a physical geometrical scaling rule fotdheal parameters.

# | parameter physical | binning || # | parameter physical | binning
scaling scaling
0 | LEVEL no no 36 | RSG no no
1 | TYPE no no 37 | THESAT yes type |
2 | TR no no 38 | STTHESAT yes type |
3 | SWIGATE no no 39 | THESATB no type |
4 | SWIMPACT no no 40 | THESATG no type |
5 | SWGIDL no no 41 | AX yes type |
6 | SWIJUNCAP no no 42 | ALP yes type |
7 | QMC no no 43 | ALP1 yes type |
8 | VFB yes type | 44 | ALP2 yes type |
9 | STVFB yes type | 45 | VP no no
10 | TOX no no 46 | Al yes type |
11 | NEFF yes type | 47 | A2 no no
12 | VNSUB no no 48 | STA2 no no
13 | NSLP no no 49 | A3 yes type |
14 | DNSUB no no 50 | A4 yes type |
15 | DPHIB yes type | 51| GCO no no
16 | NP yes type | 52 | IGINV yes type Il
17| CT yes type | 53 | IGOV yes type llI
18 | TOXOV no no 54 | STIG no no
19 | NOV no type | 55| GC2 no no
20| CF yes type | 56 | GC3 no no
21| CFB no no 57 | CHIB no no
22 | BETN yes type lll || 58 | AGIDL yes type llI
23 | STBET yes type | 59 | BGIDL no no
24 | MUE yes type | 60 | STBGIDL no no
25| STMUE no no 61 | CGIDL no no
26 | THEMU no no 62 | COX yes type Il
27 | STTHEMU no no 63 | CGOV yes type Il
28| CS yes type | 64 | CGBOV yes type Il
29 | STCS no no 65| CFR yes type llI
30 | XCOR yes type | 66 | FNT no no
31 | STXCOR no no 67 | NFA yes type |
32 | FETA no no 68 | NFB yes type |
33| RS yes type | 69 | NFC yes type |
34 | STRS no no 70 | DTA no no
35| RSB no no
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Effective length and width

Ley =10 8 (3.85)
Wegy =10 6 (3.86)
Lps = LVARO 1+ LVARL "% (3.87)
Wop = WVARO 1+ WVARW VEN (3.88)
Le=L L=L+ Lps 2 LAP (3.89)
We=W W=W+ Wy 2 WOT (3.90)
Leow = L+ Lps 2 LAP + DLQ (3.91)
Weey = W+ Wop 2 WOT + DWQ (3.92)
Leiev = L+ Lps+ DLQ (3.93)
We.cv = W+ Wep + DWQ (3.94)

Note: If the calculated_g, Wg, Le.cv, We:cv, Le:cv, Or Wg.cv is smaller than 1 nm (1 m), the value
is clipped to this lower bound of 1 nm.

Process Parameters

Wen Len Wen

VFB = POVFB + PLVFB Len + PWVFB

+ PLWVFB 3.95

LE WE I-E WE ( )

STVFB = POSTVFB+ PLSTVFB "N 4 pwsSTVFB WEN | pLWSTVFB M(&ge)

TOX = POTOX (3.97)

L W, Len W

NEFF = PONEFF+ PLNEFF —=% + PWNEFF — " + PLWNEFF —N —EN (3.98)

VNSUB = POVNSUB (3.99)

NSLP = PONSLP (3.100)

DNSUB= PODNSUB (3.101)

DPHIB = PODPHIB + PLDPHIB “E + pwDPHIB VEN 4 PLWDPHIB M(&lOZ)

Le E Le WEe

NP= PONP+ PLNP "EV 4 pwnp WEN , pyynp Len Wen (3.103)
Le WE Le WEe

CT = POCT+ PLCT "EN 4+ pwet WEN | prywer ben Wew (3.104)
LE WE LE WE
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TOXOV = POTOXOV (3.105)

NOV = PONOV + PLNOV EM + pwNnov WEN | prwnoy BEv Wen
Le WEe Le Wg

(3.106)

DIBL Parameters

L W Ley W
CF= POCF+ PLCF -+ pwcF —N + prwcF —N BN (3.107)
LE WE LE WE
CFB = POCFB (3.108)
Mobility Parameters
BETN = POBETN + PLBETN =N 4+ PWBETN —E 4 piwBETN e Len (3.109)
Le EN Wen LEe
STBET = POSTBET+ PLSTBET =EM 4+ pPWSTBET WEN . plWSTBET M(&MO)
LE WE LE WE
MUE = POMUE + PLMUE =% + pwmUuE WEN | prywmue  oEv Wen (3.111)
LE WE LE WE
STMUE = POSTMUE (3.112)
THEMU = POTHEMU (3.113)
STTHEMU = POSTTHEMU (3.114)
CS= POCS+ PLCS SEY + pwes WEN | prwes En Wew (3.115)
Le WEe Le WEe
STCS= POSTCS (3.116)
_ Len WEen Len Wen
XCOR = POXCOR + PLXCOR —=N + PWXCOR + PLWXCOR —EN BN (3117)
LE WE LE WE
STXCOR = POSTXCOR (3.118)
FETA = POFETA (3.119)
Series Resistance Parameters
L W Len W,
RS= PORS+ PLRS —=N + PWRS - + PLWRS ——N EN (3.120)
LE WE LE WE
STRS= POSTRS (3.121)
RSB= PORSB (3.122)
RSG= PORSG (3.123)
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Velocity Saturation Parameters

THESAT = POTHESAT + PLTHESAT Ll_ﬂ

E

Len

W
EN + PLWTHESAT

+ PWTHESAT
E Le

STTHESAT = POSTTHESAT + PLSTTHESAT Ll_ﬂ

E

W L
EN 4+ PLWSTTHESAT —EN

+ PWSTTHESAT
E Le

THESATB = POTHESATB + PLTHESATB Ll_ﬂ

E

Wen Len

+ PWTHESATB + PLWTHESATB

E Le

THESATG = POTHESATG + PLTHESATG Ll_ﬂ

E

Wen Len

+ PWTHESATG + PLWTHESATG

Saturation Voltage Parameters

Len Wen Len Wen
AX = POAX + PLAX —— + PWA + AX — ==
X = POAX + PLAX e PWAX We PLWAX Le We

Channel Length Modulation (CLM) Parameters

ALP = POALP + PLALP "% & pwarp WEN , piywarp SEv Wen
LE WE LE WE

ALP1 = POALP1 + PLALP1 Lﬂ + PWALP1 Wen + PLWALP1
Le E e WE

ALP2 = POALP2 + PLALP2 Lﬂ + PWALP2 Wen + PLWALP2
Le E e WE

VP = POVP

Impact lonization (II) Parameters

Len Wen Len Wen
= + — + + _—_ =
Al= POAL+ PLAL 50+ PWAL Gt + PLWAL =0

A2 = POA2

STA2 = POSTA2

44

Len Wen

Len Wen

Wen

WEe

Wen

WEe

Wen

WEe

Wen
WEe

We Le We

(3.124)

(3.125)

(3.126)

(3.127)

(3.128)

(3.129)

(3.130)

(3.131)

(3.132)

(3.133)

(3.134)

(3.135)
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A3 = POA3+ PLA3 SEN 1 pwaz WEN | pipag bEn Wen (3.136)
LE WE LE WE
A4 = POAd+ PLA4 SEN o pywaa WEN | pipag v Wen (3.137)
Le E e WE
Gate Current Parameters
GCO = POGCO (3.138)
IGINV = POIGINV + PLIGINV E
Len
+ PWIGINV e 4 prwiciny B WE (3.139)
EN Len Wen
IGOV = POIGOV + PLIGOV =B 4 pwiGOV VE 4 pLwicoy E LEn (3.140)
Le Wen Wen LEe
STIG = POSTIG (3.141)
GC2= POGC2 (3.142)
GC3= POGC3 (3.143)
CHIB = POCHIB (3.144)
Gate-Induced Drain Leakage (GIDL) Parameters
_ Len
AGIDL = POAGIDL + PLAGIDL =~
E
We WE Len
+ PWAGIDL + PLWAGIDL ———="  (3.145
WEN WEN I—E ( )
BGIDL = POBGIDL (3.146)
STBGIDL = POSTBGIDL (3.147)
CGIDL = POCGIDL (3.148)

Charge Model Parameters

Le. WE. Le.ov We.
COX = POCOX + PLCOX —-=Y 4+ pwcox ——Y + prwcox —=SY ECV (3 149)
Len Wen Len Wen
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CGOV = POCGOV + PLCGOV ——EN_
E;CV

+ pwcGov WECV | plwceov Weev Len (3.150)
Wen Wen Le:cv

CGBOV = POCGBOV + PLCGBOV =&V
EN

W L We.
+ PWCGBOV —2Y 4+ prwceBOV —=&Y SV (3151)
Wen Len Wen

CFR = POCFR+ PLCFR —E"_ + PWCFR WGV , plywerR weicv Lew

3.152
Gicv EN Wen Lg;cv ( )
Noise Model Parameters

FNT = POFNT (3.153)

L W Len W
NFA = PONFA+ PLNFA —=N 4+ PWNFA — N 4 pLWwNFA —EN T°EN (3.154)
NFB = PONFB+ PLNFB "E + pWNFB WEN 4 prwhrg -2V Wew (3.155)

LE WE I-E WE
NFC = PONFC+ PLNFC "E% 4 pwNFC WEN 4 prywnpe TV Wew (3.156)
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3.4 Parameter modi cation due to stress effects

The stress model of BSIM4.4.0][has been adopted in PSP without any modi cations, exceptfo changes:
(2) in the original BSIM parameter names all zeros have beplaced by “O”s, in order to comply with PSP
conventions and (2) the BSIM paramet&BK2andLODK2 are not available in PSP.

The local PSP parameters affected by the stress equateB&aN, THESAT, VFB, andCF.

Note: After modi cation of the local parameters by the stress dmumes, clipping is applied according to
Section2.5.6

Note: If both SA andSB are set to 0, the stress-equationsramecomputed.

3.4.1 Layout effects for regular shapes

1
Ra = SATO05 L (3.157)
1
Re = SBv05 L (3.158)
Ra:ref = 1 (3.159)
Al T SAREF+05 L '
Rg.ref = = (3.160)
Bl ~ SBREF+0:5 L '
3.4.2 Layout effects for irregular shapes
For irregular shapes the following effective values$# andSB are to be used.
1 _ X sw, 1 (3.161)
SAe +05 L . W SA+05L '
1 X sw; 1
_— = 3.162
SB. +0:5 L - W SB+05 L ( )
Note: These values have to be suppliednuallyor by a layout extraction tool!
3.4.3 Calculation of parameter modi cations
Mobility-related equations
Ko= 14+ LKUO N WKUO
uo (L + Lps)LLODKUO (W + WOD + WLOD)WLODKUO
!
+ PKUO
(L+ Lpg)™O%Y° (W + Wpp + WLOD)WLODKUO
Tko
1+TKUO =2 1 (3.163)
Tkr
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Trench 4_'—»
isolation —
edge
w
SA SB

LOD

Figure 3.2: Typical layout of a MOSFET. Note tHayp = SA+ SB+ L, where OD is the active region
de nition.

swi
SA1 SB1

SA2 sB2 [sw2 | W

SW3 SA3 SB3

Figure 3.3: A typical layout of MOS devices with more instamparametersSW;, SA; andSB;) in addition to
the traditional. andW .
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_ KUO

; (Ra + Rg) (3.164)
u
KUO
s ref = K—O (RA;ref + RB;ref) (3.165)
u
1+
BETN = [ — BETN ef (3.166)
, re
1+ 1+ KVSAT . (e
THESAT = 1+ o 1+ KVSAT THESAT (et (3.167)
Threshold-voltage-related equations
K —14 LKVTHO N WKVTHO
vtho (L+ Lpg) ™V " (W+ Wep + WLOD )WEODVTH
PKVTHO
* (L+ Lpg)HOOVIH (W +  Wop + WLOD )WLODVTH (3.168)
R=Ra+Rg RA;ref RB;ref (3.169)
R
VFB = VFByet + KVTHO (3.170)
vth0
R
vtho
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Section 4

PSP Model Equations

4.1 Internal Parameters (including Temperature Scaling)

In this section, bias-independent internal parameteidsheitalculated, including temperature scaling. These
parameters are computed from local parameters. Local paeasmare (as usual) denoted by capital characters
in bold font, whereas the internal parameters are denotaginypols in bold font.

Transistor temperature

Tkr = To+ TR (4.1)

Tkp = To+ Ta + DTA (42)

T= TKD TKR (43)
ke T

= % (4.4)

Local process parameters

T= 1 1+CT % (4.5)
Ves= VFB+ STVFB T (4.6)
Eg=q=1:179 9:025 10 ® T¢p 3:05 10 ’ Typ? (4.7)
rr= 1:045+4:5 10 * Txp  0523+1:4 10 3 Typ 1:48 10 ® Typ? (4.8)
ni=2:5 107° r3* (Tko =300~ exp fng (4.9)

¢ =MAX( DPHIB+2 . In[NEFF=n;]; 0:05) (4.10)
Cox = ox=TOX (4.11)
=" 7 q & NEFF=Cy (4.12)
G = = - (4.13)
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Polysilicon depletion parameter

% if NP=0 kp:0

8
E NP; = MAX( NP; 8 10"=TOX?)
: NP, = MAX(NP ;3 10%)

§ if NP> 0

kp=2 1 C3=(q s NPy)

Quantum-mechanical correction parameters

Oim =10
8 2=3
2 04 QMC QM, C&° for NMOS
dq = o )
04 QMC QM, C&° forPMOS
q_—
%o = o %'

5= §+0:75 qp Gy
_ 1=3
Go=G§ 1+0, Gy

Vsg-clipping parameters

=095 4

a =25 103

wN

b =2:5 10°3% 3
p—
=05 b
Y=MINA( y Z;0;a )

Local process parameters in gate overlap regions

= P 2 g si NOV TOXQOV= i

p—
Gw= o= T

P_
0V=1+ Go\/: 2

- 5
Xmrgov = 10 ov

52
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(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)
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Mobility parameters
= BETN Cox (Tkr=Tun)" "

= THEMU (Tyg =Tkp)®T" oMY

£= MUE (Twr =Tkp)>"™MF

X cor = XCOR (Tkr =Tkp )STXCOR
Cs=CS (Tkr=Tkp)>'®
Eefio = 10 8 Cox= si

8
2 1=2 FETA for NMOS

>
1=3 FETA for PMOS

Series resistance parameter
STRS
Rs= RS (Tkr =Tkp)

R=2 Rs

Velocity saturation parameter

sat= THESAT (Tkr =Tkp)® o

Impact-ionization parameter

a= A2 (Twp =Tkr )™

Gate current parameters
l v = IGINV (Tip =Tkr )°™'®

| gov = IGOV  (Tip =Tkr )®"'®

p _
B :g @ 2 q mg CHIB =6:830909 10° TOX pCHIB
Bo =B TOXOV=TOX

8

3 009 °¢2 for GC3< 0

2 GC3

GCQ= B

0 forGC3 O

E,=q+

, = =9 q2 B
D= GCO
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(4.29)
(4.30)
(4.31)
(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)
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Gate-induced drain leakage parameters

2

2 10 °
AL = AGIDL  ====o
BopL = BGIDL MAX([1+ STBGIDL TJ;0) %

Noise parameter

NT: FNT 4 kB TKD

Additional internal parameters

Xx1=1:25

p
Xg1= X1+ Goy exp( X1)+ x1 1
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4.2 Model Equations

In this section, the model equations of the PSP-model aengiyse is made of the applied terminal bias values
Ves, Vbs andVsg, the local parameters listed in Sectidrb.6and the internal parameters introduced in Sec-
tion 4.1 Local parameters are denoted by capital characters infontdwhereas internal (bias-independent)

parameters are denoted by symbols in bold font.

The de nitions of the auxiliary functions MINA(.), MAXA(.) (:) and 1.2(.) can be found in Appendi&.

4.2.1 Conditioning of Terminal Voltages

v =MINA( Vsg; Vsg + Vps; b )+« (4.53)

Vog = Vg MINA( v;0;a )+ (4.54)
[ B —

Visx = Vps2+0:01 01 (4.56)
Vos V.

Vspx = Vg + Dsfdsx (4.57)

Drain-induced barrier lowering:

VGB = Vs + VSB + Vs Vegs (4.59)
Xg = Vgg= 7 (4.60)

4.2.2 Bias-Dependent Body Factor

Dnsub = DNSUB MAXA 0; Vgs + Vsg VNSUB; NSLP (4.61)

p—
G = GO 1 + Dnsub (4.62)

4.2.3 Surface Potential at Source Side and Related Varialde

=1+ Gzp 2 (4.63)

Xns = BT Vse (4.64)
T

ns = exXp( Xns) (4.65)

Xmrg =10 ° (4.66)
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Yo = Xg
z=1:25 y4=
h D i
= z+10  (z 6)2+64 =2
a=(yg )°+G? ( +1)
c=2 (yq ) G?
if Xg < Xmrg =+ a=@
Yo= 1(a¢ ;)
0 = exp(Yo)
P=2 (Yyg Yo)+G*> [ o0 1+ s (1 %Uyo) 1= o)
d=(¥g Yo)’+ G2 [yo o+1+ s (I+ (o) 1= o 2 yo)

Xs= Y B 2 9
- 0
° p+ P2 2qf2 G2 [ ot ns (1= 0 Yo)Ig

e 1
if jXg]  Xmrg xs= 29 1+G Xg ﬁﬁs—_

" NRRRKXRRXKARIKXIRIIIRIRIIOIIIIIR AKRRRRRKRRRIRRAXRKIXIIRXRARIKRRRIAN/ - O

2
8 P
Rg1 = X1+ G exp( x1)+x; 1
x= 29 1+Xg (X1 Rg1)=RG
Xo= Xg+ G?=2 G pxg+ G2=4 1+exp( Xx)
b = Xps +3
~ MINA( x0; b;5) b, | B+5 =2
a=(xg )* G® [exp( )+ 1w (t1+ ()
b=1 G?=2 [exp( ) ns %)

if Xg > X mrg c=2 (xg Y+ G? [1 exp( ) ns (1+ %))

= Xps +In a=G

Yo= 2(a;b;c; ;)

0 = exp(Yo)

P=2 (Xg Yo)+G?> [1 1= o+ ns (0 1  Avo))]
d=(Xg ¥0)° G [o+1= o 1+ s (0 Yo 1  (Y0))

2 q
Xs = Yo + p
T 0e T 2912 G2 1= of m (0 o)lg

Egs. 8.70-(4.72 are only calculated faxg > 0.

Es=exp( Xg)
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Ds=[1=Es Xxs 1 (Xs)] s (4.71)
Ps=Xs 1+Es (4.72)
8
2 Xg Xs forxg O
Xgs = o (4.73)

G Ds+Ps forxg>0

ss= T Xs (4.74)

4.2.4 Drain Saturation Voltage

Egs. @.79-(4.99 are only calculated faxg > 0.

G2 1 Ds
= — .
Gis 4’9—)(93 G 'R, (4.75)
s=1+ G—Z(lpp_iS) (4.76)
s
* p -
Gs= 1 G Ps (4.77)
8
3 1+ RSB Vg fOrRSB 0
b=y L (4.78)
. _ <
1 RSB Vo forRSB< 0
8 1
————— forRSG O
2 T7RsG g
0= 5 (4.79)
"1 RSG gs forRSG< 0
s= R b gs UOs (4.80)
1+ X cor Vanx
= 4.81
g 1+0:2 Xcor Vsbx ( )
Ee s= Eeffo  Chs + Gs (4.82)
2
1+( E Ee ;s) +CS s T o5
- Gs T Oos
Gmob;s = (4.83)

X

8
3 1+ THESATB Ve for THESATB 0

tb = (484)

2 1
" 1 THESATB Ve, for THESATB < 0

100 gs w

100+ Gs 1 (4.85)

Wsat;s =

57



October 2006 PSP 102.1

Gmob;s
sat;s =

8
§ S (1+ THESATG  Waat:s)

sat 1
Gmob 'S 1 TH ESATG Wsat;s

8 p_
% satis 1= 2 for NMOS
_ p_
Ysat = . = 2
5o for PMOS
1+ sat;s 1~ 2
. 2
= —p:
T 1+ TTHE ye

1 2
0= 1 Za 1+0:86 zy Vea Za Ysat

a.sat = ng+ G2=2

T 0:98 G2 Dy
asat + a2, 098 GZ D,

2 o 2

sat — S >
ot 2+ (ot 2)° 396 o 2

1+4 73 yZ,

for THESATG O

for THESATG < 0

2 . 3
. sat sat 2 AQsat T
Vdsat = sat T In 41+ ") 5
GZ DS T
Vie = 1 Vbs _
dse = T1=AX

1+ (Vos =Vusar)™

4.2.5 Surface Potential at Drain Side and Related Variables

Egs. 4.99-(4.103 are only calculated foxg > 0.

_ Bt Vsg + Vuse
Xnd = ———————

T

Kas = exp Vdse= T

nd = ns Kds

Xg

. 1
ifXg Xmg Xa= -2 1+G xq ——B

(4.86)

(4.87)

(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)

(4.96)

(4.97)

(4.98)

(4.99)
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8
b, = Xng +3:0
= MINA( x0;b;5) b | E+5 =2
a=(xg )* G lexp( )+ 1 ((+1+ ()]
b=1 &2 [exp( ) o Q)]
c=2 (xg )+G2[L exp( ) na (I+ %))
if Xg > X mrg = Xnd +In a=G? (4.100)
Yo= 2(a;b;c; ;)
0 = exp(Yo)
P=2 (Xg Yo)*+ G [1 1= o+ g (0 1 %Av0))]
a=(Xg Y0)° G? [o+1= o 1+ na (0 Yo 1  (Y0))

2 q
Xd = Yo+ P
p+ P2 2qf2 G2 [1= o+ na (0 o)l

Xds = Xd Xs (4.101)
8
itxg<10 20 =1 G2 [Es+ na(=E ()] (4.102)
2 q
Xds = o I
% ds p+ |4 p2 7 q
© Xd = Xgt Xgs
Eq = exp( Xd) (4.103)
Dg=(1=Eq x4 1 (Xd)) nd (4.104)
= 1 Xas (4.105)
W= T Xd (4.106)
4.2.6 Mid-Point Surface Potential and Related Variables
8
Xm = (Xs + Xq) =2
D =(Ds+ Dg)=2
if Xg > 0 (4.107)
Dn=D+ x55=8 En 2=G?
- p

Xgm:G Dm+Pm
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ifx, O (4.108)

4.2.7 Polysilicon Depletion

Egs. @.109-(4.123 are only calculated fokp > 0 andxg > 0 (otherwise , = 1):

X9 =xm  xW=xi; DQ=Dp;  EQ = Ep; (4.109)
do=1 EQ +2 xgn=G (4.110)
P
2 (0)
D
Xpm = kp 229" m (4.112)

1+ p DY +Pn

P=2 (Xgm Xpm)*+ G? 1 EQ +DO (4.113)
9= Xpm (Xpm 2 Xgm) (4.114)
p=1 G*=2 EQ@+DO (4.115)
= P9 ; (4.116)
Xm = xQ + up (4.117)
Em=E9 exp( up) (4.118)
Dm=DQ exp(up) (4.119)
Pm=xXxm 1+ En (4.120)
Xgm = G P Dm + Pm (4.121)
xas = x9 expUp) D+ do (4.122)

1 Em+2 Xgm p=G?>+exp(up) D
= 7 Xgs (4.123)
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4.2.8 Potential Mid-Point Inversion Charge and Related Varables

Egs. @.124-(4.13) are only calculated faxg > 0.

G2 } Dn
=  p— 4.124
fm Xgn + G ' Pm ( )
we o+ Sy Em) (4.125)
2 Pn
Gn = Gm+ 1 m (4.126)
* p e
Gm= 7 G Pn (4.127)
Series resistance:
8 1
9= 3 (4.128)
"1 RSG gm forRSG< 0
s= R b g Om (4.129)
Mobility reduction:
2
1+( g Ee) +Cs g% 4+
Gmob = il il (4.131)
X
4.2.9 Drain-Source Channel Current
Egs. 6.132-(4.143 are only calculated faxg > 0:
Channel length modulation:
R1 = Gm=0qp (4.132)
R2= + m=qn (4.133)
0 » Vos 1
Ti=hB— VP % (4.134)
1+ Vdse
VP
Vdsx
= + .
T,=In 1 VP (4.135)
L=L = ALP T, (4.136)
G | = L (4.137)
LT 1+ el +( L=L)? '
Li=L= ALP + ALP1 Ry Ti+ ALP2 g RZ T, (4.138)

m
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F_.= 1+ Li=L+ (
Velocity saturation:

100 Gm 1w

Wsat = 100+ e - G o

sat
sat

8

% sat
Gmob;s G L

2

PSP 102.1

Li=L)?2 G

(1+ THESATG Wsa)

1

Gmob;s G L

G G
Gysat = 7m0b2 L

Drain-Source channel current:

8
50

lps =

3 q
. F m
Gvsat

L

1 THESATG Wsa

for NMOS

for PMOS

p

1+ 1+2 Zsat

forxg O

forxg > 0

for THESATG O

for THESATG < 0O

(4.139)

(4.140)

(4.141)

(4.142)

(4.143)

(4.144)

4.2.10 Auxiliary Variables for Calculation of Intrinsic Ch arges and Gate Current

Egs. 6.145-(4.147 are only calculated faxg > 0.

Voxm = T Xgm

Zsat
= 1+ =

0

m 2

- Gmob G L Gm
Gusat 9

H

4.2.11 Impact lonization or Weak-Avalanche

The equations in this Section are only calculated WB&IMPACT =1 andxg > O.

h i
_ p_
a.2=a.2 1+A4 pVSB+ B B
Vsat = Vbs A3

8

E 0 fOI’ Vsat
May =

AL Ve exp 2

Vsat

lav = May Ips

#

Gmob G L 2

GVS&I
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(4.145)

(4.146)

(4.147)

(4.148)

(4.149)

(4.150)
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4.2.12 Surface Potential in Gate Overlap Regions

8 8
Yg = Xg
Z=X1 Yg= ov
h p i
= z+10 (z 6)2+64 2
a=(y; )+Gh (+1)
c=2 (yg ) G2
= + :G,2
if Xg < Xmrgov In a=Go,
Yo= 1(a;c; ;)
o =exp(Yo)
P=2 (Vg Yo)*+ G5 (o 1)
a=(y¥g Yo)’+G3 (Yo o+1)
2
Xov (Xg) = Xy = Yo —4 d (4.152)
: p+ p2 249 2 Gj o
n
if JXg] < Xmrgov ~ Xov = Xg= oy
8 h i
X=Xg= oy 1+ Xg (ov X1 Xg1) X3
' =1 exp( x)
q__
if Xg > Xmrgov o=exp( Xo)
P=2 (Xg Xo)*+ G35 (1 o)
q=(xg x0)® Gj (xo+ o 1)
2
Xov = Xo+ —¢ a
' p+ p2 249 2 G5 o
V(
sov = T Xov e (4.153)
T
V, Vi
dov = T Xov —es D8 (4.154)
T
Vov, = Vas sov (4.155)
Vov, = Ves  Vbs dov (4.156)
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4.2.13 Gate Current

The equations in this Section are only calculated WB®IGATE =1.

Source/Drain gate overlap current:

8 p
Vo, = VZ+10 ¢
ov = MINA(O : Vo + D o; 0:01)
8 vV
[ . 6 <
£ MINA chig GC i 10 for GC3< 0
; Vou forGC3 0
CHIB
leov (Vex; ovi Vov) = oot o (4.157)
Siov = €XP u
n
1+ Siov
Fsov =1In
Sov 1+ siov exp( Vox= 1)
lcov = I cov Fsov
3
; exp By §+ zg (GC2+ GC3 z4)
lesov = leov (VGs:  sov; Vov,) (4.158)
lepov = lcov (Vos  Vbs; dov; Vov, ) (4.159)
Gate-channel current:
" I#
. 1+ Vise= 1
Vi = Veg + & X—;S In eXp(dez ise= 1) (4.160)
t = MINA (O ; Voxm *+ D ¢p; 0:01) (4.161)
P
Voo = V2, +10 © (4.162)
8 v
MINA 2™ - GC ;10 © forGC3< 0
3 CHIB' - @ or
24 = : (4.163)
. VOXI'T]
CHIB forGC3 O
+
sEexp xm _DEVm ¢ (4.164)
T
3
1+ g z
Fs=1In (4.165)
Vis + V. V,
1+ s exp 8T
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lsco = lanv Fs exp(B [ 3=2+2z5 (GC2+ GC3 z)])

Uo= CHIB=[B (GC2+2 GC3 z,)]
x==(2 uo)

b= up=H

Bg=b (1 b=2

if xg >0
Ag=1=2 3 By

smh(x)

c=(@ b + b cosh)

Pya = p—§° By sinh(x) Ay SM)

coth(x) %

8
. < ng:]_
if xg O,
0 1

Lo G—29 A
2 xg+10 ©

lec = leco Pge Sq
leep = leco Pga Sy

lecs = lec  leep

lee = lcco Pgc (1 Sy)

4.2.14 Gate-Induced Drain/Source Leakage Current

The equations in this section are onIy calculated wBA/GIDL =1.

g Vioy = v2 + CGIDL? V2+10 6

t=V \/tOV VOV

lgixi (Mov; V) = B GioL

5 AgpL t exp —— forVo <0
I | \/tOV
gix

forVou O
lgist = lgia (Movo: VsB)

lgiat = lgivi (Vov, s Vbs + Vsg)
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4.2.15 Total Terminal Currents

Ip = Ips + lav

I's

e

Is

Ips

I gsov

I GDov

leep + lgial

lecs + lgisi

lec + lee *+ lgpov *+ lGsov

I avl

e:)

| gidl

I gisl

PSP 102.1
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4.2.16 Quantum-Mechanical Corrections

g Voxm forxg O
® = (4.181)
" Opm t Gim forxg > 0
8
% COX forg, =0
CoX = (4.182)

COX
1+0q=(Ge 2+ qjn?)'=°

forgqy> 0

4.2.17 Intrinsic Charge Model

8
F= =@ H)
gc=1 GL) @Gm m =2
q,.,=9gL 1+G )

if Xg > 0 ¢ =C& Vom+ GgL F+G L 1 (4.183)
QV= ¢ G . gn+ DT 6 Fi +q.
| cam c2 #! #
g): % G?,  Gm+ m6 ?]+Fj 1 +4q,
g () = cam
G ox Voxm
ifxg 0_ Q" =0 (4.184)
.E g) -0
P=q" Qf (4.185)
Y= Q" Q¥ (4.186)
4.2.18 Extrinsic Charge Model
The charges of the source and drain overlap regions:
Qsov = CGOV (Ves  sov) (4.187)
Qdov = CGOV (Vs Vbs  dov) (4.188)
The charge of the bulk overlap region
Qbov = CGBOV  (Vgs  Vsg) (4.189)
Outer fringe charge:
Qots = CFR Vgs (4.190)
Qora = CFR (Ves  Vbs) (4.191)
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4.2.19 Total Terminal Charges

Qc = QY + Quov + Quov *+ Qofs + Qotd + Qooy

Qs = S) Qsov  Qofs

Q=QY Qiv Qo

Qs = QY Qoov
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4.2.20 Noise Model

Egs. 6.196-(4.219 are Bnly calculated faxg > 0. In these equatiorfs,, represents the operation frequency
of the transistor ang = =~ 1.

N o= S mooT (4.196)
q
N, = S g (4.197)
q
N = Co m (4.198)
q
2
_ qa 71 Ips 2 Np+ N=2
S = NFA NFB N + NFC N In
fop Cox Gvsat N ( ) Nm N=2

+ NFB+NFC [N, 2 N] N (4.199)

Ho= dm (4.200)
m
t, = dm (4.201)
Gm
2
2= 5 (4.202)
R= Ho (4.203)
H
le=1 12 t, R (4.204)
N Gm
Oideal = G FL (4.205)
vsat
Cge = _ G ° cam (4.206)
Gmob G L ox P
Mig = g"l’ga' [ti+12 t, 24 (1+t) t» R] (4.207)
Sig = N1 mig (4.208)
1 t1 1 8
Mg = ——— -——= t ti1+ = 12t — ty (t1+1 12 t,) R 4.209
ig |g Gideal 12 2 1 5 2 5 2 (1 2) ( )

(2 fop CGe )2 Mig
1+(2 fop Coe mig)2

Sig =Nt (4.210)
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96
Migia = 1 12 t, 1+ 5 t, 12 t; to R

2 ] fop Cge mMigg

Sigia = N .
9 ! 1+2 J fop CGe Mig

Gate current shot noise:
Sigs =2 q (lecs *+ lesov)
Sigg =2 q (leep + lepov)
Avalanche current shot noise:

Sav =2 g (1+ May) lau

70

(4.211)

(4.212)

(4.213)

(4.214)

(4.215)



PSP 102.1 October 2006

Section 5

Non-guasi-static RF model

5.1 Introduction

For high-frequency modeling and fast transient simulatjaspecial version of the PSP model is available,
which enables the simulation of non-quasi-static (NQaf, and includes several parasitic resistances.

5.2 NQS-effects

In the PSP-NQS model, NQS-effects are introduced by applyia one-dimensional current continuity equa-
tion(@l=@4 @ =@to the channel. A full numerical solution of this equatisrido inef cient for compact
modeling, therefore an approximate technique is used. aerel is partitioned intbl + 1 sections of equal
length by assignindN equidistantcollocation points The charge density (per unit channel area) along the
channel is then approximated by a cubic spline through tbekecation points, assuring that both the charge
and its rst and second spatial derivatives are continudosgathe channel. Within this approximation, the
current continuity equation reduces to a systerhlofoupled rst order ordinary differential equations, from
which the channel charge at each collocation point can bedou

8
d
§ % = f1(Qu::;Qn)
: : (5.1)
_E dQn
at

|
—_
z
—~
QO
s
QO
=z
~

Here,Q; is the charge density at theth collocation point and; are functions, which contain th@mplete
PSP-charge model. These equations are implemented by thigaeof appropriate subcircuits (see left part
of Fig. 5.1) and solved by the circuit simulator. Finally, the four témal charges are calculated from the
channel charges, using the Ward-Dutton partitioning seéhfemthe source and drain charges.

A full description of the PSP-NQS model is given in SectithB More background information can be found
in literature 3, 4].

5.3 Parasitics circuit

To facilitate RF-simulations, the PSP-NQS model contaismall network of parasitic elements: a gate re-
sistance and four bulk resistances. Note that the junciioted are no longer directly connected to the bulk
terminal of the intrinsic MOS-transistor. The completeuit is shown on the right side of Fi§.1

71



October 2006 PSP 102.1

Vi G
@I | ::CNQS Rnos Rgate
GP
Figure 5.1:Above:The subcircuit used to solve one S BP D

of the differential equations of Ech(1). The current

ageV; represents the charge dendily at thei-th
collocation point and is solved by the circuit simula-
tor. N of these circuits are de ned and they are cou- BS Rjuns BI Rjund BD
pled through the dependence pbn the voltages of
the other circuits. The resistanBgos has a very
large value and is present only for convergence pur- Ruell
posesRight: The full network of parasitic elements
in the PSP-NQS model. The large full dots indicate

Rbulk

the ve additional internal nodes. B

The PSP-model includes the thermal (white) noise of thesssfigr resistances.
Sre =4 ks Tkp =Rgate (5.2)
Sreux =4 ks Tkp =Rouk (5.3)
SRuwee =4 ks Tkp =Ruvell (5.4)
Sryms =4 ks Tko =Rjuns (5.5)
Srymw =4 ks Tkp =Rjund (5.6)

5.4 NQS and RF parameters

The PSP-NQS model has a few additional parameters, whictlem@ibed in the tables below. The allowed
values for the paramet&WNQSare 0, 1, 2, 3, 5, and 9. BWNQS= 0, then NQS effects are switched off,

i.e. the intrinsic MOS model is identical to the standard P$Rlel (however, the parasitics-circuit is still in

place). ISWNQSis nonzero, it indicates the number of collocation pointséaised in the NQS-calculations.

A higher value increases the accuracy, but leads to an isetdezomputational burden.
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5.4.1 Additional Parameters for global NQS model

‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
0 | SWNQS - 0 0 9 Switch for NQS effects / number of collg-
cation points
1 | MUNQSO - 1 Relative mobility for NQS modeling
2 | RGO 10 3 Gate resistancRgate
3 | RBULKO 10 3 Bulk resistancéR puix
4 | RWELLO 10 3 Well resistanceR el
5 | RJUNSO 10 3 Source-side bulk resistan&yns
6 | RJUNDO 10 3 Drain-side bulk resistand®jyng

5.4.2 Additional Parameters for local NQS model

‘ No. ‘ Name ‘ Unit ‘ Default ‘ Min. ‘ Max. ‘ Description
0 | SWNQS - 0 0 9 Switch for NQS effects / number of collg-
cation points
1 | MUNQS - 1 0 Relative mobility for NQS modeling
2 | RG 103 |10 ¢ Gate resistancB gate
3 | RBULK 103 |10 ¢ Bulk resistancdR ik
4 | RWELL 103 |10 ¢ Well resistancéR e
5 | RJUNS 103 |10 ¢ Source-side bulk resistan&;ns
6 | RJUND 103 |10 ¢ Drain-side bulk resistand@jyng

5.4.3 Geometrical Scaling Rules

Although the parasitic resistances are (in general) dep@rah geometry, the actual form of this dependency
will be strongly in uenced by the device layout. For this sea,L andW dependence of these resistances is
currentlynotincluded in PSP; the correct values must be supplied manfaaleach geometry.

The following (trivial) scaling-rules are included for th&QS-model.

MUNQS = MUNQSO (5.7)
RG = RGO (5.8)
RBULK = RBULKO (5.9)
RWELL = RWELLO (5.10)
RJUNS = RJUNSO (5.11)
RJUND = RJUNDO (5.12)

Note: After calculation of the local parameters, clipping is apglaccording to Sectios.4.2
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5.5 NQS Model Equations

In this section, several symbols and notations are usedhwirdce de ned in Sectiod. Moreover,y denotes
the (normalized) position along the channgl< 0 is source sidey = 1 is drain side), whilex denotes the
surface potential (normalized to;) at a certain position.

5.5.1 Internal constants

Egs. 6.13—(5.18 are independent of bias conditions and time. Consequéhdy have to be computed only
once.

Note: In PSP 102.1 and before, orBWNQS=0; 1, 2; 3; 5; 9 are allowed!

n= SWNQS+1 (5.13)
h=1=n (5.14)
The matrixA is a squargn + 1)  (n + 1) -matrix with elementAi; (0 i) n), which are used in

Eq.5.36 They are computed using the following algorithm (adaptedf[5]):

1. Initial values:

Ajj =0 forO i;j n (5.15)
vi =0 forO i n (5.16)
2. First loop:
9
p=2+v; 1=2
vi= 152 p)
Ai;i 1= 1=h =2
fori=1::: 1 5.17
Ay = 2=h ori (n 1) ( )
Aii+1 =1=h
1 .
Ajj :5 B Aij=h A; 1;=2) forj=0:::n7
3. Second loop (back substitution):
9
2
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5.5.2 Position independent quantities

The following quantities depend on the bias conditions dvatconstant along the channel:

if xg> 0 — _ Xgm
9 Pd Xg  Xm
Gp:G:pd
8
%ymzlz2
if Xg 0E pg =1
" G,=G
p_

5.5.3 Position dependent surface potential and charge

Interpolated (quasi-static) surface potential along thenoel:

H 2
(Y)=Xm+ — 1 1 T (y Vym)
T

Normalized bulk-charge and its rst two derivatives as ftions of surface potential:

B(x) = sgnix) Gp pexp( X)+x 1

Gy [1 exp( x)]
2 ob(X)

() =

Q(x)? G2=2

o= g B
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Surface potential as a function of normalized inversionrgagnote that these equations are identical to
Eq. 4.152, despite the different notation and physical background)

8 8
Yo = Xg
z2=1:25 y4=a,
h p [
= z+10 (z 6)2+64 =2
a=(yy, )2+ G2 ( +1)
c=2 (yg ) GS
= +In a=Gj
if Xg <
9= Py yo= (& ¢ ;)
o = exp(Yo)
=1 GE ():2
P=2 (Yg YO+ G; (o 1)
= 24+ 2 +1
( Xg) = A=0 Yo+ G (o o+ d) (5.27)
=y L 20
' P pr P 4q
i i - Xg
if jx = =
Xg]  Pmrg o ap
kg1=X1+G exp( X1)+ X1 1
X
x= 2 [1+xg (X1 @=Rg 1)7Rg]
% q
Xo= Xg+ Gj=2 Gp Xg+ G3=4 l+exp( Xx)
o =exp( Xo)
g > X mrg =1 Gj o=
P=2 (Xxg X))+ G5 (1 o)
a=(xg X0)> Gj (xo+ o 1)
= Xo+ B L
p+ p* 44
X (Xg;an) = ( Xg + Gnv =) (5.28)
Auxiliary functions:
ax)= pa (Xg X) Gb(X) (5.29)
: = — 1 5.30
(d; k1) ™ (5.30)
(@ G5Go) = 1 X2 =g, (5.31)
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Normalized right-hand-side of continuity equation:

8
Xz = X (Xg;0)

Ok1 = %EXZ): Pd q())(xz)

@
Ox2 = @—g(xz) = q(g)(txz)
fo= (a:q1) o+ (q;%1ick2) g%
@x
Xy1 = @y: qO:q(l
. 2
f(xgra; ;) = % st T Xyl for NMOS (5.32)
Zsat = . 2
E sat T Xy1
1+ for PMOS
sat
= P 1+2 Zsy
Fusat = 2:(1+ )
z
f =Fwa fo Fusat == (95 %1) (q00+ X)Z/l q(.))(ZXZ))
Normalization constant:
MUNQS
Thorm = Q L (5.33)

ng? Gmob G L

5.5.4 Cubic spline interpolation

Using cubic spline interpolation, the spatial derivati\%t) and%g{—(t) can be expressed as functions of the
G (t).

080=0 (5.34)

=0 (5.35)
X

o= Ay g forl i n 1 (5.36)
j=0

=18 2(2 @ %) forl i n 1 (5.37)

5.5.5 Continuity equation

Initial value fortheg (0 i n). These values are used for the DC operating point.
Xio= (1 h) (5.38)
G0 = A(Xio0) (5.39)
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Note: Xo.0 = Xs andxn.o = X4. Moreover, these values coincide with those in the quadiegpart of PSP.

The core of the NQS-model is the solutionggiy; t) from the charge continuity equation along the channel.
By approximating the/-dependence by a cubic spline through a number of collatgtionts, the problem is
reduced to solving thg (t) from the following set of coupled differential equations.

3 @q @q
@t

G(0)= g0

() + Thorm f Xg; G (1); @ t); %(;

(t)

=0

fork i n 1 (5.40)

Note that the boundary pointg(t) = q(xs) = gs andg, (t) = q(Xq) = Gg remain xed to their quasi-static
values; they are not solved from the equation above.

The set of differential equations de ned above is solvedHh®y ¢ircuit simulator via the subcircuits shown in

the left part of Fig5.1

5.5.6 Non-quasi-static terminal charges

Once theg are known, the NQS terminal charges can be computed:

D¢ 1

Se= g (5.41)
i=1
D¢ 1

S, = ° (5.42)
i=1

NQS z ! h h3

q%® = qy)dy=h So+ 5 (Uo+un) (5.43)

0 2 12

X 1

Uo = i g (5.44)
i=1
X 1

U, = i o (5.45)
i=1

NOS z 1 h2 h4

=y andy=h Ut e [mr@n hul g5 e (5.46)

G =g g% (5.47)

Currently, onlySWNQS=0; 1; 2; 3; 5; 9 are allowed. For odd values 88WNQSthe gate charge is integrated
along the channel using “Simpson's rule”. SIWNQS = 2, “Simpson's3=8-rule” is used.

If SWNQSis odd (thatisn is even):

NQS _

h
= Pd  Xg 3 X(Xg;QO)+4

%2

X (Xg; i 1)+

i=1

ns)'<2 1
2 X (Xg: i) + X (Xg;0h)
i=1

(5.48)
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If SWNQS=2 (thatis,n = 3):
3 h
B = py xg 5 (X(Xgi)+3 X(Xgith)+3 X(Xg; %)+ X (Xg; %)) (5.49)

Convert back to conventional units:

ngS = cdm . qlS\IQS (5.50)
NQS - cam  + ghos (5.51)
gQS = cdm . OGNQS (5.52)
NQS = (QNOS 4 QNQS 4 Nes) (5.53)
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Section 6

Embedding

6.1 Model selection

Circuit simulators have different ways for the user to deiee which model must be used for simulation.
Typically, model selection is either done Imameor by assigning a value to the paramelt&VEL . The
method to be used is prescribed by the circuit simulator wend

If selection is done by name, the value of the paramdBfEL is generally ignored. When Verilog-A code is
used, model selection is always done by name.

For the SiMKit and the Verilog-A code provided by the PSP mativelopers, the method and values to be
used are given in the table below. For other implementatitvesnethod/value provided by the circuit simulator
vendor is to be used.

Simulator | Model selection by‘ Global (geom.)‘ Global (binning) ‘ Local

Spectre name psp1020 pspl021 pspl02e
Pstar LEVEL 1020 1021 102

ADS name pspl1020 pspl021 pspl02e
| Verilog-A | name | PSP102VA | PSP102BVA | PSP102EVA

6.2 Case of parameters

Throughout this document, all parameter names are printegpercase characters. Similarly, in the Verilog-A
code provided by the PSP model developers, the parameteins apper case characters. However, in other
PSP implementations a different choice can be made. Forgrathe parameter names may be in lowercase
characters (possibly rst character capitalized) if tig€onform the conventions of the circuit simulator.

6.3 Embedding PSP in a Circuit Simulator

In CMOS technologies both- and p-channel MOS transistors are supported. It is convenienisto the
same set of equations for both types of transistor instead@fseparate models. This is accomplished by
mapping ap-channel device with its bias conditions and parameter st an equivalenh-channel device
with appropriately changed bias conditions (i.e. currem#tages and charges) and parameters. In this way
both types of transistor can be treated internally as-ahannel transistor. Nevertheless, the electrical benavi
of electrons and holes is not exactly the same (e.g., thelityodind tunneling behavior), and consequently
slightly different equations have to be used in case-ajr p-type transistors.

Designers are used to the standard terminology of soura@,dyate and bulk. Therefore, in the context of
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a circuit simulator it is traditionally possible to addresay, the drain of MOST number 17, even if in reality
the corresponding source is at a higher potentiatifannel case). More strongly, most circuit simulators
provide for model evaluation values f¥ps, Vgs, andVsg based on an a priori assignment of source, drain,
and bulk, independent of the actual bias conditions. Sirfge Bssumes that saturation occurs at the drain
side of the MOSFET, the basic model cannot cope with biasitond that correspond t¥ps < 0. Again

a transformation of the bias conditions is necessary. Badase, the transformation corresponds to internally
reassigning source and drain, applying the standard Elactnodel, and then reassigning the currents and
charges to the original terminals. In PSP care has been takgmeserve symmetry with respect to drain and
source al/ps = 0. In other words, no singularities will occur in the higheder derivatives atps = 0.

In detall, for correct embedding of PSP into a circuit simaiigthe following procedure—illustrated in Fig.1—
is followed. It is assumed that the simulator provides théat@otentialsvs, V§, VS andVg based on an a
priori assignment of drain, gate, source and bulk.

Step 1 The voltaged/s, Vs, andVs, are calculated from the nodal potentials provided by theugisimu-
lator. In the same step, the value of the param€&WPE is used to deal with the polarity of the device.
From here onwards, all transistors can be treatet-@sannel devices.

Step 2 Depending on the sign of%, “source-drain interchange' is performed. At this levak woltages
comply to all the requirements for input quantities of PSP.

Step 3 All the internal output quantities (i.e. channel currengak-avalanche current, gate current, nodal
charges, and noise-power spectral densities) are evdluateg the standard PSP equations (Seetjon
and the internal voltages.

Step 4 The internal output quantities are corrected for a possiblece-drain interchange.

Step 5 External output are corrected for a possiplehannel transformation alMULT is applied. The quan-
tities of the intrinsic MOSFET and the junctions are combine

In general, separate parameter sets are used-fand p-channel transistors, which are distinguished by the
value of TYPE. As a consequence, the changes in the parameter valuesaigdes sp-channel type transistor
are normally already included in the parameter sets on Ike Thanges should therefore not be included in
the simulator.

6.4 Integration of JUNCAP2 in PSP

Introduction

The JUNCAP2 model 200.2 is an integral part of PSP 102.1. titiad, it is available as a stand-alone
model. A complete description of the JUNCAP2-model (inahgdall model equations) can be found in the
documentation of JUNCAP2's stand alone version. In thisiseconly the integration of JUNCAP2 in PSP is
described.

Topology

In a MOS transistor, there are two junctions: one betweercgoand bulk, and one between drain and bulk. In
case of am-channel MOSFET, the junction anode corresponds to the MEJSFilk terminal, and the junction
cathodes correspond to the source and the drain. In casp-ohannel MOSFET, it is the other way around:
now the junction cathode corresponds to the MOSFET bulkiteainand the junction anodes correspond to
the source and the drain. The connections are schematifedly in Fig.6.2 In PSP, this change of junction
terminal connections in case opaMOSFET is handled automatically via ti& PE parameter.

In most cases, the MOSFET is operated in such a way that ticégus are either biased in the reverse mode
of operation or not biased at all. In some applications, Manehe source-bulk junction has a small forward
bias. This is also the case in partially depleted SOI (PDSOI)
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l

Y

Y

Calculatelp, Is, I, I8, Qp, Qs, Qs, QB, S , Sid, Sig,
Sigs» andSigg as a function oWps, Ves, andVsg
according to the model equations in Sectibn

Calculatelj;s, Qj:s, andS;;s as a function ofVg
V5)
using the JUNCAP2 equationBY PE, andMULT

andlj;p, Qj;p, andS;;p as a function of Vg

Vs)

Se = MULT S°
ig;s = MULT Si(e)i;s

Sg.p = MULT S0,
Sgs = MULT  s§
St = MULT s,
¢ = MULT S

Sfs = Sis

Sje;D = Sip

yes no
15 =1o 2=0Qo 13=1s Q2% = Qs
13=1s 2= Qs 12=1lp Q2= Qo
12=lg Q2 = Q¢ 12=1lg Q2 = Qc
18=1g Q% =Qs 13=1g Q2= Qs
s0=s SY = Su s'=s S% = Si
S4:s = Sig S%s = Sigs Sh.s=0 S%s = Siga
Sgip =0 Sa = Sigd Sy = S ] S%d = Sigs
Y
I§ = MULT TYPE 1S ljp
I€= MULT TYPE 12 s
1€ = MULT TYPE I
I§ = MULT TYPE I3+ Ij;p + lj:s
Qg = MULT TYPE Q% Qjo
&= MULT TYPE Q2 Qs
Q% = MULT TYPE Q2
Q% = MULT TYPE Q%+ Qjp + Qj:s

Figure 6.1: Schematic overview of source-drain intercleaagd handling of YPE and MULT . Note that
TYPE andMULT are included in the JUNCAP2 model equations.
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Figure 6.2: Topology of the PSP modédleft: n-channel MOSFETRIght: p-channel MOSFET. In PSP, the
correct diode polarity is automatically chosen via TPE-parameter.

As indicated in Fig6.1, the interchange of source and drain ¥¢s < 0 (as explained above for the intrinsic
MOS model) doesot apply to the junctions. For exampl&BDRAIN always refers to junction between the
bulk and the terminal known as “drain’ to the simulator, ipeledent of the sign dfps.

Global and local model level

As explained in the introduction, the PSP model has a locdlaaglobal level. The JUNCAP2 model is a
geometrically scaled model, i.e. it is valid for a range afgtion geometries (as described by the geometrical
parameter\B, LS, andLG). It has turned out that it is very unnatural to create a Ipaabmeter set for
JUNCAPZ2, valid for one particular junction geometry: sugbamameter set would have as many parameters
as the global parameter set, and would be of no use. (Noteithedntrast, the local model for the intrinsic
MOSFET is very useful in, e.g., parameter extraction; thisat the case for JUNCAP2.)

Therefore, the JUNCAP2 model is connected in exactly theesaay to both the local and global model levels
of PSP. That means that the resulting PSP local model isfaal@lMOSFET with one particular channel width
and length, but with arbitrary junction geometry.

Parameters

Both junctions in the MOSFET are modeled with the same sdtBICGAP2 parameters. In the PSP model, the
geometrical parametefB, LS, andLG need to be speci ed for both source and drain. They will beoted
asABSOURCE, LSSOURCE, andLGSOURCE for the source junction, anABDRAIN , LSDRAIN, and
LGDRAIN for the drain junction. For compatibility with BSIM instaeagarameters, there is also an option
to useAS, AD, PS, andPD. The complete list of instance parameters (PSP and JUNCé&2pe found in
Section2.5.1and2.5.2

The parameteMULT is merged with the parametstULT of the intrinsic MOSFET model. In other words,
both intrinsic currents, charges, and noise as well as ipma@urrents, charges and noise are multiplied by
one single paramet®ULT . BesideMULT , also the parameteBBTA andTYPE are shared by the intrinsic
MOSFET model and the junction model. For clarity, we mentia@ne that the reference temperatures of the
intrinsic MOSFET model and junction model anet merged; they each have their own value and nahfe (
andTRJ, respectively). The currents, charges and spectral neissities of the source and drain junctions are
labeledl;:s, Qj:s, Sj:s, lj;0, Qj:p, andS;.p in Fig. 6.1
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(@) —L— (b) —L—

Figure 6.3: The two subcircuits used in PSP's Verilog-A iempkntation to model the correct frequency de-
pendence of induced gate noise and its correlation withhlarmel thermal noise.

6.5 Verilog-A versus C

As mentioned in Sectioh.3, two implementations of the PSP-model are distributed:anlyg-A language and
in C-language (as part of the SiMKit). The C-version is awuttinally generated from the Verilog-A version
by a software package called ADMS]] This procedure guarantees that the two implementationsam
identical model equations.

Nevertheless, there are a few minor differences betweetmihevhich are due to certain limitations of either
the Verilog-A language or the circuit simulators supportethe SiMKit-framework. These differences are
described below.

6.5.1 Implementation of GMIN

In both implementations, there is an additional term in E4<.77 and @.178, resulting in

Ip=1lps+law lepov leco + lgia + Gmin Vbs (6.1)

and
Is= Ips lgsov lecs + lgsi  Gmin Vbs: (6.2)

In the SiMKit, Gmin is a variable which is accessible by the circuit simulatdnisTallows the circuit simulator
to improve the convergence properties of a circuit by makisg of so-calledG, -stepping'.

In the Verilog-A version of PSR, is setto a xed valueG,, =1 10 ¥ S?

6.5.2 Implementation of the noise-equations

First, the Verilog-A implementation of the noise equati@@escribed in this section. Then, the C-implementation
is derived from this by a sequence of approximations.

Verilog-A

In Verilog-A, the possibilities to directly model the fregucy-dependence of noise spectral density are lim-
ited. Moreover, the only way to include correlation betweaeise sources is by using (extra) internal nodes.
Consequently, the calculation for the description of tremoise in the channel, induced gate noise, and their
correlation is implemented using the subcircuits depiateelg. 6.3 The rst subcircuit (a) contains a parallel

1If supported by the circuit simulator, Verilog-A versior22allows the value oG min to be accessed by the circuit simulator. Once
this feature is generally available in Verilog-A compilgitswill be included in PSP as well.
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connection of a white noise current soui$g and a resistoR;. The voltage over the elements is denoted
by Vi. The second subcircuit (b) contains a parallel connectfam wltage-controlled current sourte, a
white-noise current sourc®, a resistoR,, and a capacito€,. The nodal voltage i¥,. The parameters of
these components are given in the table below.

‘ Name‘ Component ‘ Quantity Value
R, Resistor Resistance 1
R, Resistor Resistance 1
S White noise source Noise current spectral density Cigiq
S, White noise source Noise current spectral densilySi% (1 Cigad)
C, Capacitor Capacitance Mg Coe
I \oltage-controlled current sourceCurrent ' % \YZ1

The values ofnjy andCg. are given by Eqs4.209 and @.209, respectively. Furthermore,

N 1
g0 = T 6.3
9 Mig ( )
and
Mo
Cigia = p#dmid; (6.4)

wherem;g andmigiq are given by Eqs4.207 and @.211).

Subcircuit (a) contains a single white noise source, froncivithe correlated parts of the channel noise and
induced gate noise are derived. Now, the thermal noise intthanel is modeled by two contributions:

1. Anuncorrelated white noise source with current spedeabitySiy (1  Cigid ).

2. Awhite noise source with spectral power den§ify Cigia which is fully correlated witls; .

Subcircuit (b) contains a current noise sou&eand a voltage controlled current source the current of
which is controlled by;. The result is thalt; acts as white noise source which is fully correlated &ithand
thus with the second component of the channel noise aboue)nfarizing, the induced gate noise is modeled
by two contributions:

1. Anuncorrelated white noise source with current Spedﬂﬂbitysi% (1 Cigia).

2. A white noise source with current spectral denﬁﬁ/ Cigia , which is fully correlated witts; .

These two noise sources in subcircuit (b) are in series witarallel combination of a resistor and a capacitor.
The noise in the current througy has the correct frequency dependence and is used to deswibeluced
gate noise in the MOSFET.

The total noise current spectral density of the two noisecass, andl ; is equal toSi% (1 Ciga)+ Si%
Cigia = S%. Therefore, the total noise spectral density of the cutteoiugh the capacitat, is given by

i |
J ! C2 R * qo. 6.5)

(where! =2 fop andj = P ~ 1) which is indeed exactly equivalent to E4.210.

Similarly, the cross-correlation noise spectrum of (i) therent througlC, induced by noise sourde and (ii)
the correlated part of the channel noise is given by

i ! C R
1+j I C Ry

q — P
Sigia = St Cigid Sia Cigid (6.6)
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which is, in turn, equivalent to Eq4(212.

This shows that the implementation of PSP's noise model mildggA naturally yields the desired correlations
and frequency dependence. However, it is at the cost of twdiadal internal nodes.

Note once more that the equations in Sectidh20exactly re ect the results of the Verilog-A implementation
described above.

SiMKit C-code

Contrary to the limitation of Verilog-A language, most aiitsimulators are able to directly deal with cor-
related and frequency dependent noise—without the usedifi@aal internal nodes. In order to minimize
the simulation time of the model, C-implementations shdhktefore avoid the use of such internal nodes
whenever possible.

In the frequency dependence®)j andSigiq one can roughly distinguish two regions: a frequency depend
part at low frequencies and a constant part at high freqesndihe transition between the two regions occurs
at

1

f = 6.7
cross 2 Coe Mig ( )

Egs. @.210 and @.219 ensure a smooth transition between the two regions.

As mentioned before, circuit simulators are typically abldeal with correlated noise without using additional
internal nodes. However, to achieve this, two approxinmeti@re made:

1. The frequency dependence is split in a frequency depeifdewer law;/ fgp for Sig and/ fqp for
Sigida ) and a frequency independent part.

2. Only the imaginary part @igiq is considered.

Applying these approximations, it is found from E4.210 that

SN fop °
T op
—_— — for f f
E mig f cross op Cross
Sig = E (6.8)
Nt
T >
mig for f op f Ccross
Similarly, the imaginary part of Eq4(212 is approximated as
8
N T fop
—  Mig for f f
% Mg Migid Forocs Or Top cross
Im(Sigia ) = ; (6.9)
N
: m—; Migid forfop > cross

while Re(Sigiq ) is set to zero for all frequencies.

In the SiMKit-implementation of PSP, the values above aigsged to the circuit simulator to be used in noise
calculations.
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Section 7

Parameter extraction

The parameter extraction strategy for PSP consists of f@im steps:

1. Measurements

2. Extraction of local parameters at room temperature
3. Extraction of temperature scaling parameters
4

. Extraction of geometry scaling (global) parameters

The above steps will be brie y described in the following eas. Note that the description of the extraction
procedure is not ‘complete’ in the sense that only the mogbntant parameters are discussed and in cases at
hand it may be advantageous (or even necessary) to use aecgapcedure.

Throughout this section, bias and current conditions arergior ann-channel transistor only; forgchannel
transistor, all voltages and currents should be multighed 1.

As explained in the introduction, the hierarchical setu@P&P (local and global level) allows for the two-
step parameter extraction procedure described in thigosechis is the recommended method of operation.
Nevertheless, it is possible to skip the rst steps and stetracting global parameters directly. This procedure
is not described here, but the directions below may still deful.

7.1 Measurements

The parameter extraction routine consists of six diffe@tmeasurements (two of which are optional) and
two capacitance measuremehtgleasurement V and VI are only used for extraction of gateemir avalanche,
and GIDL/GISL parameters.

Measurement | (“idvg”): Ip vs.Vss

Vs =0 ::: Vsyp (With steps of maximum 50 mV).
Vps =25 or 50 mV

Ves =0:::  Vsyp (3 0r more values)

Measurement Il (“idvgh”): Ip vs. Vgs

Vs =0 ::: Vsyp (With steps of maximum 50 mV).
Vps = Vsup

Ves =0 :::  Vsyp (3 or more values)

1The bias conditions to be used for the measurements are dispteon the supply voltage of the process. Of course it issathé to
restrict the range of voltages to this supply voltafyg, . Otherwise physical effects atypical for normal transisjeeration—and therefore
less well described by PSP—may dominate the characteristic
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Measurement lll (“idvd”): Ip vs. Vps

Vs = 0 ::: Vsyp (3 or more values)

Vps =0 ::: Vgyp (with steps of maximum 50 mV).
VBS =0V

Measurement IV (“idvdh”, optional)lp vs. Vps
Vs = 0 ::: Vsyp (3 or more values)

Vps =0 ::: Vgyp (with steps of maximum 50 mV).
VBS Vsup

Measurement V (“igvg”): I andlg vs. Vgs

Ves = Vsup i i1 Vsyp (With steps of maximum 50 mV).
Vbs =0 :::Vsyp (3 or more values)
VBS =0V

Measurement VI (“igvgh”, optional): 1 ¢ andl g vs. Vgs

Ves = Vsup i i1 Vesyp (With steps of maximum 50 mV).
Vbs =0 :::Vsyp (3 or more values)
VBs = Vaup

Measurement VII (“cggvg”): Csc VS. Vs

Ves = Vsup i1 Vesyp (With steps of maximum 50 mV).
VDS =0V
VBS =0V

Measurement VIII (“ccgvg”): Ccs VS. Vs

Ves = Vsup i i1 Vesyp (With steps of maximum 50 mV).
VDS =0V
VBS =0V

For the extraction procedure, the transconductapcéfor Measurement | and 1) and the output conduc-
tancegps (for Measurement Il and IV) are obtained by numerical d#fatiation of the measurddV -curves.
Furthermore] min is the smallest current which can reliably measured by tlséesy (noise limit) andr is

de ned as 10% of the largest measured valug gf in Measurement I. The latter will be used to make a rough
distinction between the subthreshold and superthreskgidm.

The channel-to-gate capacitanCeg in Measurement VIII is the summation of the drain-to-gatpaza-
tanceCps and the source-to-gate capacitari@gs (i.e., source and drain are short-circuited); it is needed
to extract overlap capacitance parameters.

The local parameter extraction measurements | through W@ tmbe performed at room temperature for every
device. In addition, capacitance measurements VIl andnéd#d to be performed for at least a long/wide and
a short/wide (i.e.l. = Lmin) transistor (at room temperature). Furthermore, for thieaetion of temperature
scaling parameters measurements |, lll, and V have to bepeei at different temperatures (at least two extra,
typically 40 Cand125 C) for at least a long wide and a short wide transistor.

7.2 Extraction of local parameters at room temperature

General remarks

The simultaneous determinationadf local parameters for a speci ¢ device is not advisable, beedhe value
of some parameters can be wrong due to correlation and sobpation. Therefore it is more practical to
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split the parameters into several small groups, where eacmpeter group can be determined using speci c
measurements. In this section, such a procedure will b&nedutl

The extraction of local parameters is performed for everwyate In order to ensure that the temperature scaling
relations do not affect the behavior at room temperatueeréference temperatuf®R should be set equal to
room temperature.

Before starting the parameter extraction procedure, oneldlmake sure thaBWIGATE, SWIMPACT ,
SWGIDL, SWJUNCAP, andTYPE are set to the desired value. Moreov@iC should be setto 1, in order
to include quantum mechanical corrections in the simutetio

Itis not the case that all local parameters are extracteeMery device. Several parameters are only extracted
for one or a few devices, while they are kept xed for all otlt®vices. Moreover, a number of parameters
can generally be kept xed at their default values and nedg oacasionally be used for ne-tuning in the
optimization procedure. Details are given later in thigisec

As a special case, it is generally not necessary to extraoesdorAX. In stead, they can be calculated from
Eq. 3.53, usingAXO 18andAXL 0:25. It may be necessary to tune the latter value such that the val
of AX is between 2 and 3 for the shortest channel in the technolodgnstudy.

It is recommended to start the extraction procedure withdhg(est) wide(st) device, then the shortest device
with the same width, followed by all remaining devices of #aene width in order of decreasing length. Then
the next widest-channel devices are extracted, where ti@ugdengths are handled in the same order. In this
way, one works ones way down to the narrowest channel devices

AC-parameters

Some parameters (such 89X andNP) that do affect the DC-behavior of a MOSFET can only be exéec
accurately fromC-V -measurements.This should be done before the actual parameter extraation DC-
measurements is started. In Tabfesand7.2the extraction procedure for the AC-parameters is given.

Table 7.1: AC-parameter extraction procedure for a longnobBMOSFET.

‘ Step‘ Optimized parameters ‘ Fitted on ‘ Abs./Rel. ‘ Conditions

1 | VFB,NEFF, DPHIB, NP, COX | VII: Cos | Relative | —
2 Repeat Step 1

Table 7.2: AC-parameter extraction procedure for a shahonkl MOSFET. The val-
ues ofVFB andNP are taken from the long-channel case.

‘ Step‘ Optimized parameters | Fitted on | Abs./Rel. | Conditions
1 NEFF, DPHIB, COX VIl: Cge | Relative | —

2 CGOV, Nov VIlI: Cce | Relative | Vs < 0
3 Repeat Steps 1 and 2

Starting from the default parameter set and seffi@X to a reasonable value (as known from technology),
VFB, NEFF, DPHIB, COX, andNP can be extracted froifigs in Measurement VII for a long, wide device.

Next, NOV andCGOV can be extracted fror€@cs in Measurement VIII for a short, wide device (see also
Table7.1), whereVFB andNP are taken from the long channel case. In general, one camag§soXOV =
TOX.

The value ofTOX can be determined frol8OX = o L W=TOX. If the device is suf ciently long and
wide, drawn length and width can be used in this formula. Bwetter, if Measurement VII is available for a

2Although parameteNOV canbe determined from overlap gate current, it is nonetheles® mccurately determined from Measure-
ment VIII.
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Table 7.3: Initial values for local parameter extractionddong-channel device. For
parameters which are not listed in this table, the defallteséas given in
Section2.5.6 can be used as initial value.

‘ Parameter | Initial value

BETN 0:03 W=L
RS 0

THESAT 0.1

AX 12

Al 0

few short/wide devices of different lengths, one can exff&X and L from a series of extracted values of
COX VS. LdraW .

Some remarks:

If C-V-measurements are not available, one could revert to vihumsn from the fabrication process.
Note thatTOX and TOXOV are physicaloxide thicknesses; poly-depletion and quantum-mechbknica
effects are taken care of by the model. If the gate dieleddricot pure SiQ, one should manually
compensate for the deviating dielectric constant.

In general VFB andNP can be assumed independent of channel length and widthhgsdorig/wide-
channel values can be used for all other devices as well).y @mo satisfactory ts are obtained,
one could allow for a length dependence () or lengthand width dependence (fovFB). Then,

one should proceed by extractivgB and/orNP from capacitance measurements for various channel
geometries, t Eq. 8.11) / Eq. (3.25 to the result and use interpolated values in the DC paramete
extraction procedure.

The value of paramet@OX profoundly in uences both the DC- and AC-behavior of the R8&del and
thus the values of many other parameters. It is thereforeingyortant that this parameter is determined
(as described above) andd before the rest of the extraction procedure is started.

If desired (e.qg., for RF-characterization), parametersévoeral parasitic capacitances (gate-bulk overlapérin
capacitance, etc.) can be extracted as igBBOV andCFR). However, this requires additional capacitance
measurements.

The obtained values &fFB, TOX, TOXQOV, NP, andNOV can now be used in the DC-parameter extraction
procedure. The above valuesMEFF andDPHIB can be disregarded; they will be determined more accurately
from the DC-measurements.

DC-parameters

Before the optimization is started a reasonably good stavalue has to be determined, both for the parameters
to be extracted and for the parameters which remain congtantmost parameters to be extracted fdoreg
channel device, the default values from Sect2ob.6can be taken as initial values. Exceptions are given in
Table7.3 Starting from these values, the optimization procedulieviing the scheme below is performed.
This method yields a proper set of parameters after theitgpeindicated as the nal step in the scheme.
Experiments with transistors of several processes showépaating those steps more than once is generally
not necessary.

For an accurate extraction of parameter values, the paeausetfor a long-channel transistor has to be deter-
mined rst. In the long-channel case most of the mobilityated parameters (i.eMUE and THEMU ) and

the gate tunneling parametefSCO, GC2, andGC3) are determined and subsequently xed for the shorter-
channel devices.
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Table 7.4: DC-parameter extraction procedure for a lorapokel MOSFET. The pa-
rametersvVFB, TOX, TOXOV, NP, andNOV must be taken fronC-V -
measurements. The optimization is either performed onliselate or rel-
ative deviation between model and measurements, as shaha iable.

‘ Step ‘ Optimized parameters Fitted on | Abs./Rel. | Conditions
1 NEFF, BETN, MUE, THEMU 2 I 1p Absolute | —
2 NEFF, DPHIB, CT I 1p Relative | Imin <lp <l
3 MUE, THEMU &, CS, XCOR,BETN | I: Ip,gm | Absolute | —
4 THESAT I Ip Absolute | —
5 ALP, ALP1, ALP2, VP2, (AX) I gos Relative | —
6 THESAT Il 1p Absolute | —
7 IGINV , GC22, GC3? Vilg Relative | Ig > | min
8 IGOV, (GCO?) V:lg Relative | Ves < OV, lg < Inmin
9 Al, A28 A3 V:lg Relative | Ves > 0V, lg < Imin
10 A4 VI: Ig Relative | Vos > OV, Ig < Imin
11 AGIDL ,BGIDL 2 V:lg Relative | Ves < 0V, lg < Imin
12 cGIDL? VI 1g Relative | Ves < 0V, lg < Imin
13 Repeat Steps 2 - 12

a0nly extracted for thevidestlong channel device and xed for all other geometries.

In Table7.4the complete DC extraction procedure for long-channelsistors is given. The magnitude of
the simulated p and the overall shape of the simulatis-Vss-curve is roughly set in Step 1. Next the
parameter®éNEFF, DPHIB, and CT—which are important for the subthreshold behavior—arénuiped in
Step 2, neglecting short-channel effects such as draimegdibarrier-lowering (DIBL). After that, the mobility
parameters are optimized in Step 3, neglecting the in uericeries-resistance. In Step 4 a preliminary value
of the velocity saturation parameter is obtained, and subsgly the conductance parametaisP, ALP1,
ALP2, andVP are determined in Step 5. A more accurate valuHESAT can now be obtained using Step
6. The gate current parameters are determined in Steps 7, avte8e it should be noted th&CO should
only be extracted if the in uence of gate-to-bulk tunnelisgvisible in the measurements. This is usually the
case ifVsyp & jVFBj. This is followed by the weak-avalanche parameters in Stepdd(optionally) 10, and
nally, the gate-induced leakage current parameters atieniged in Step 11 and (optionally) 12.

For short-channel devices, the extracted values of theloager device can be used as initial values. This
includes the carrier mobility parameters and the gate timmprobability factors of the long-channel device,
which are subsequently kept xed. Next, the extraction pohae as given in Tablé.5is executed, which
applies to all devices that are not “long'.

Note that—once the value GHESATG andTHESATB have been determined from the shortest widest chan-
nel device—steps 4, 5, and 6 of the long-channel extractiongulure (Tabl&.4) must be repeated to obtain
updated values foFHESAT, ALP, ALP1, andALP2.

7.3 Extraction of Temperature Scaling Parameters

For a speci c device, the temperature scaling parametensbeaextracted after determination of the local
parameters at room temperature. In order to do so, measnteind and 1V need to be performed at various
temperature values (at least two values different from rtemperature, typically 40 C and125 C), at least

for a long wide device and a short wide device. If the refeegemperatur&@R has been chosen equal to room
temperature (as recommended in Secfid?), the modeled behavior at room temperature is insensitivee
value of the temperature scaling parameters. As a rstioedéimate of the temperature scaling parameter
values, the default values as given in Secth.6can be used. Again the parameter extraction scheme is
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Table 7.5: DC-parameter extraction procedure for a shwattnel MOSFET. Parame-

tersMUE, THEMU , VP, GCO, GC2, GC3, A2, A4, BGIDL , andCGIDL
are taken from the corresponding long-channel case. Thmiagtion is
either performed on the absolute or relative deviation betwmodel and
measurements, as indicated in the table.

‘ Step ‘ Optimized parameters Fitted on | Abs./Rel. | Conditions
1 NEFF, DPHIB, BETN, RS? I:Ip Absolute | —
2 NEFF, DPHIB, CT I:Ip Relative | Imin <lp <I Tt
3 BETN, RS?, XCOR I: 15, Onm Absolute | —
4 THESAT " 1p Absolute | —
5 ALP, ALP1, ALP2, CF, (AX) Il: gos Relative | —
6 CFBP IV: Oos Relative | —
7 THESAT, THESATGP, THESATB® | II: Ip, gn | Absolute | —
8 IGINV , IGOV V:lg Relative | jlgj > min
9 Al, A3 V:lg Relative Ves > 0V, g < Imin
10 AGIDL V:lg Relative | Vgs < 0V, Ig < Imin
11 Repeat Steps 2 - 10

a0nly extracted for thehortestchannel of each width and xed for all other geometries.
bOnly extracted for thehortest widestlevice and xed for all other geometries.

Table 7.6: Temperature scaling parameter extraction poeefor a long wide chan-

nel MOSFET. This scheme only makes sense if measuremengshiesn
performed at one or (preferably) more temperatures whiterdrom room

temperature.
‘ Step‘ Optimized parameters ‘ Fitted on ‘ Abs./Rel. | Conditions
1 STVFB?2 I 1p Relative | Ip <1t
2 STBETN?, STMUE, STTHEMU, | I: Ip Absolute | —
STCS STXCOR
3 STTHESAT? I: 1p Absolute | —
4 STIG V:lg Relative | jlgj > 1 min
5 STA2 V:lg Relative | Vgs > OV, Ig < Inin
6 STBGIDL V: g Relative | Vgs < OV, Ig < Inin

aAlso extracted for one or more longarrow devices.

slightly different for the long-channel and for the shoaanel case.

For an accurate extraction, the temperature scaling paeasnfer a long-wide-channel device have to be de-
termined rst. In the long-wide-channel case the carrietitity parameters can be determined, and they are
subsequently xed for all other devices. In Taldes the appropriate extraction procedure is given. In Step
1 the subthreshold temperature dependence is optimizkalyéal by the optimization of mobility reduction
parameters in Step 2. Next the temperature dependenceatfityedaturation is optimized in Step 3. In the
subsequent steps, parameters for the temperature deperafeéhe gate current, the impact ionization current
and gate-induced drain leakage are determined. The detednaalues of the mobility reduction temperature
scaling parameters (i.eSTMUE, STTHEMU, STCS andSTXCOR) are copied to all other devices and kept
xed during the remainder of the temperature-scaling patemextraction procedure. Step 1 and 2 could then
be performed on one or more long narrow devices as wellSTorFB, STBETN, andSTTHESAT only).

Next the extraction procedure as given in Tabléis carried out for several short devices of different widths
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Table 7.7: Temperature scaling parameter extraction poee for short-channel
MOSFETSs (both wide and narrow). This scheme only makes sénssa-
surements have been performed at one or (preferably) monget@tures
which differ from room temperature.

‘ Step ‘ Optimized parameters‘ Fitted on ‘ Abs./Rel. ‘ Conditions ‘

1 STVFB ) Relative Vgs <Vt
2 STBETN, STRS I:1p Absolute | Vgs >V
3 STTHESAT I 1p Absolute | —

a0nly extracted for a shortarrow device and xed for all other geometries.

Preferably, the extraction is done rst for a short narrowide, such that the determined valueFRS can
be used during the extraction of the wider devices.

7.4 Extraction of Geometry Scaling Parameters

The aim of the complete extraction procedure is the detetioin of the geometry scaling parameters (global
parameters), i.e., a single set of parameters (see S&&dhwhich gives a good description of the MOSFET-
behavior over the full geometry range of a CMOS technology.

Determinationof L and W

An extremely important part of the geometry scaling extoacscheme is an accurate determination af
and W, see Egs.3.5 and @.6).° Since it affects the DC-, the AC- as well as the noise mode] anudeover,

it can heavily in uence the quality of the resulting globarameter set, it is very important that this step is
carried out with care.

Traditionally, W can be determined from the extrapolated zero-crossiBgEiiN versus mask widthV. In

a similar way L can be determined frod=BETN versus mask length. For modern MOS devices with
pocket implants, however, it has been found that the abdveextraction method is no longer valié,[7].
Another, more accurate method is to measure the gate-kochphcitanc€gg in accumulation for different
channel lengths/, 8]. In this case the extrapolated zero-crossing in@g versus mask length curve will
give L. Similarly, the extracted values f@OX (from the procedure in Tableé1and7.2) vs. mask lengti
may be used for this purpose. Unfortunately for CMOS teobgiek in which gate current is non-negligible,
capacitance measurements may be hampered by gate c@irelnt fhis case gate current paramel@tNV
plotted as a function of channel lengthmay be used to extractL [9]. If possible, L extraction from
C-V-measurements is the preferred method.

Finally, LOV can be obtained from (a series of) extracted valu€d®@0DV from one or more short devices.

From local to global

First of all, the global parametellsY PE, QMC, and the “switch'-parameters should be set to the appitepria
value. Next, parameters for which no geometrical scalingsrexist must be taken directly from the local set
(this applies toTR, TOXO, VNSUBO, NSLPO, DNSUBO, TOXOVO, NOVO, CFBO, STMUEO, THE-
MUO, STTHEMUO, STCSO, STXCORO, FETAO, STRSO, RSBO, RSGO, THESATBO, THESATGO,
VPO, A20, STA20, GCOO, STIGO, GC20, GC30, CHIBO, BGIDLO, STBGIDLO, CGIDLO, and
DTA). Generally, these parameters have been left at their i&tdues or they have been extracted for one de-
vice only and subsequently xed for all other devices. Thegpaeterd VARO , LVARL , LVARW , WVARO ,
WVARL , andWVARW should be known from technology.

SNote that Lps and Wgop are expected to be known from the fabrication process. SacinonlyLAP andWOT are extracted
from the electrical measurements.
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Once the values of L and W are rmly established (as described aboug)P andWOT can be set and the
actual extraction procedure of the geometry scaling pat@nsiean be started. It consists of severdépendent
sub-steps (which can be carried out in random order), onedoin geometry dependent local parameter.

To illustrate such a sub-step, the local param€X€ris taken as an example. The relevant geometry scaling
equation from SectioB.2is Eq. 3.26, from which it can be seen th&TO, CTL, CTLEXP, andCTW are

the global parameters which determine the valu€®fas a function oL andW . First, the extracte€T of
each device in a length-series of measured (preferably)wieddces are considered as a functiorofin this
contextCTO, CTL, andCTLEXP are optimized such that the t of Eq3(26 to the extractedCT-values is

as good as possible, while keepi@@W xed at 0. ThenCTW is determined by considering the extracted
CT-values from a length-series of measured narrow devicesllizi the four global parameters may be ne-
tuned by optimizing all four parameters to all extract@t-values simultaneously. The default values given in
Section2.5.3are good initial values for the optimization procedure.

All other parameters can be extracted in a similar mannee. ldtal parameteBETN andNEFF have quite
complicated scaling rules, particularly due to the norfarm doping pro les employed in modern CMOS
technologies. Therefore, a few additional guidelines aggace.

The optimization procedure fG@ETN is facilitated if notBETN, but BETNq 4 BETN Le=Wk is
considered.

Starting from the default values, r&O, FBET1, LP1, FBET2, andLP2 should be determined from a
length-series of wide devices. ThBETW1, BETW2, andWBET should be determined from a width-
series of long devices. FinalltFBET1W andLP1W can be found by considering some short narrow
devices.

Starting from the default values, rst extraeOL1, FOL2, NSUBO, NPCK, andLPCK from a length-
series of wide devices. HerBSUBO determines the long-channel valueNEFF. Moreover,NPCK
andLPCK determine the increase NEFF for shorter channels (short channel effect), wiki@L1 and
FOL2 are used to describe the decreasBBFF for very short channels (reverse short channel effect).

ThenNSUBW andWSEG can be determined form a width-series of long devices. BindPCKW,
LPCKW andWEGP are determined from a width-series of short devices.

Especially foBETN andNEFF itis advisable—after completing the procedure descrilbede—to ne
tune the global parameters found by considering all ex¢chealues oBETN (or NEFF) simultaneously.

Note that in many cases it may not be necessary to use thedxilility of PSP's parameter scaling, e.g.,

for many technologiedlP and VFB may be considered as independent of geometry. If such a dgeme

independence is anticipated, the corresponding locahpetex should be xed during local parameter extrac-
tion. Only if the resulting global parameter set is not dati®ory, the parameter should be allowed to vary
during a subsequent optimization round.

Fine tuning

Once the complete set of global parameters is found, theaglabdel should give an accurate description of
the measuredl-V -curves and capacitance measurements. Either for ne guairto facilitate the extraction
of global parameters for which the geometry scaling of theesponding extracted local parameters is not
well-behaved, there are two more things that can be done.

Local parameters for which the tting of global parameterasncompleted satisfactorily could be re-
placed by the values calculated from the geometrical sgalifes and xed. Then one could redo (parts
of) the local parameter extraction procedure for the remgitocal parameters, making them less sensi-
tive for cross-correlations.

Small groups of global parameters may be tted directly te theasurements of a well-chosen series of
devices, using the global model.
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7.5 Summary — Geometrical scaling
Summarizing, for the determination of a full parameter t&t following procedure is recommended.

1. Determine local parameter se¥$B, NEFF, :::) for all measured devices, as explained in Sectigh
and7.3

2. Find Land W.

3. Determine the global parameters by tting the appropriggometry scaling rules to the extracted local
parameters.

4. Finally, the resulting global can be ne-tuned, by ttirilge result of the scaling rules and current equa-
tions to the measured currents of all devices simultangousl

7.6 Extraction of Binning Parameters

In this section, expressions will be given for the paranseierthe binning scaling rule®OYYY, PLYYY ,
PWYYY , andPLWYYY , as given in Sectio.3 These coef cients will be expressed in terms of parameter
values at the corners of bin (see Figl). These expressions can be easily found by substitutingahemeter
values at the bin corners into the binning scaling rules amdrting the resulting four equations. Note once

Figure 7.1: Schematic view of a bin, showing the coordinafdke four corners. Note that;, L,, Wy, and
W, denote theffectiveength and widthI( ¢ andWEg) at the bin corners.

more that this results in separate parameter set for each bin

In the expression below, the value of paramet&y at bin corner(L;; W;) is denoted byY; (i = 1;2,
j =1;2). Moreover, L =L, L3, W=W, W;;A=1= L W).

1. Coef cients for type | scaling

POYYY = A (L1 Wi Yiu L1 Wo Yo Lo Wy Yar+ Ly Wo Yz) (7.1)
L, L,
PLYYY = A 3 ( Wi Yiu+Wo Yo+ W Yo W) Y22) (72)
EN
W; W
PWYYY = A —= "2 (L; Yu+Lli Yo Ly Yar Lo Ya) (7.3)
EN
Ly L, Wy W
PLWYYY = A =2 =2 1 72 (v}, Y, You+ Ya2) (7.4)
Len Wen
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2. Coef cients for type Il scaling
POYYY =A (L, Wo Yi1 Ly Wi Yio L1 Wo Yo+ Li Wi Ya)
PLYYY = A Len ( W2 Yo+ Wi Yo+ W Ya1 Wi Yyp)
PWYYY = A Wey ( Lz Yoia+ Ly Yo Ly Yo L1 Ya)
PLWYYY = A Len Wen (Yoo Yao o Yar + Yap)

3. Coef cients for type Il scaling

POYYY = A ( Ly W Yiu+L: Wiy Yo+ Ly Wo Yor Lo W Y22)

PLYYY = A Lt L2

EN

(W2 Yz Wi Yo Wa Yo+ Wi Yap)

PWYYY = A Wegy (L1 Yz Li Yo Lo Yar+ Lo Ya)

L1 Lo Wen

PLWYYY = A
Len

( Yio+ Yo+ Yor  Ya)

(7.5)
(7.6)
(7.7)

(7.8)

(7.9)

(7.10)

(7.11)

(7.12)

Note: ForLq, Lo, W1, andW, in the formulas above one must take #féectivelength and widthI( ¢ and

WE) as de ned in Sectior3.2
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Section 8

DC Operating Point Output

The DC operating point output facility gives information the state of a device at its operation point. Beside
terminal currents and voltages, the magnitudes of linedriaternal elements are given. In some cases mean-
ingful quantities can be derived which are then also giveg.(&r). The objective of the DC operating point
facility is twofold:

Calculate small-signal equivalent circuit element values

Open a window on the internal bias conditions of the deviabitmbasic capabilities.

All accessible quantities are described in the table bel®lae symbols in the “value' column are de ned in
Sectiord. Besides, the following notation is useléy = 1+ k, G=4, wherek, is de ned in Eq. é.14.

Important note: For all operating point output the signs are such as if the devica NMOS. Moreover,
whenever there is a reference to the “drain’, this is alwhgstérminal which is acting as drain for the actual
bias conditions. This is even true for variables suclvds(which is therefore always nonnegative) and the
junction-related variables. The output varialsidint shows whether or not this “drain’ is the same as the
terminal which was named “drain’ in the simulator.

‘ No. ‘ Name ‘ Unit ‘ Value Description
0 | ctype - 1 for NMOS, 1for PMOS Flag for channel-type
1 | sdint - 1if V% 0; 1 otherwise Flag for source-drain interchange
Current components
2| ise A ls lis Total source current
3| ige A Il Total gate current
4 | ide A Ip Il Total drain current
5| ibe A Ig + I35+ lp Total bulk current
6 | ids A Ips Drain current, excl. avalanche and
tunnel currents
idb A lav + lgia I Drain-to-bulk current
isb A lgist  lis Source-to-bulk current
9| igs A lces + lgsov Gate-source tunneling current
10 | igd A lcep + | cpov Gate-drain tunneling current
11 | igb A lcB Gate-bulk tunneling current

continued on next page. . .
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‘ No. ‘ Name ‘ Unit ‘ Value ‘ Description
12 | igcs A lccs Gate-channel tunneling current
(source component)
13 | iged A lcep Gate-channel tunneling current
(drain component)
14 | iavl A | avi Substrate current due to weak-
avalanche
15 | igisl A I gisi Gate-induced source leakage cur-
rent
16 | igidl A I gid Gate-induced drain leakage current
Junction currents
17 | ijs A I35 Total source junction current
18 | ijsbot A [ 35:bot Source junction current, bottom
component
19 | ijsgat A l3s;gat Source junction current, gate-edge
component
20 | ijssti A I 35:sti Source junction current, STl-edge
component
21| id A 1o Total drain junction current
22 | ijdbot A | 3D :bot Drain junction current, botton
component
23 | ijdgat A l 3D :gat Drain junction current, gate-edge
component
24 | ijdsti A | 3D :sti Drain junction current, STl-edge
component
\oltages
25 | vds V Vbs Drain-source voltage
26 | vgs V Ves Gate-source voltage
27 | vsb V Vsg Source-bulk voltage
28 | vto V E{FB + Pb (g+2 *T) + G Zero-bias threshold voltage
T (g+2 )
29 | vts \ VFI%]+ Po (Vegg+ g+2 1) Vsg+ | Threshold voltage including back-
* * bias effects
G 1 (Vsgt g+2 1)
30 | vth V vts Ve Threshold voltage including back-
bias and drain-bias effects
31| vgt \% vgs vth Effective gate drive voltage includ-
ing drain- and back-bias effects
32 | vdss \Y Vdsat Drain saturation voltage at actual
bias
33 | vsat V Vbs  Vdsat Saturation limit
(Trans-)conductances
34 | gm AN @de=@VY¥s Transconductance
35| gmb AV @de=@¥g Substrate-transconductance
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‘ No. ‘ Name ‘ Unit ‘ Value Description

36 | gds AV @de=@Vs Output conductance

37 | gjs AN Qis=@¥s Source junction conductance

38 | gjd AV (Gd=@Ys + QId=@¥) Drain junction conductance

Capacitances

39 | cdd F @(§)=@ys Drain capacitance

40 | cdg F @@ =@Y¥s Drain-gate capacitance

41 | cds F cdd cdg cdb Drain-source capacitance

42 | cdb F @(g) =@¥s Drain-bulk capacitance

43 | cgd F @@ =@Ys Gate-drain capacitance

44 | cgg F @@:@ys Gate capacitance

45| cgs F cgg cgd cgb Gate-source capacitance

46 | cgb F @@ —@¥s Gate-bulk capacitance

47 | csd F @@ =@Ys Source-drain capacitance

48 | csg F @@ —@Y¥s Source-gate capacitance

49 | css F csg+ csd+ csb Source capacitance

50 | csb F @@ =@¥s Source-bulk capacitance

51 | cbd F @<§> =@Ys Bulk-drain capacitance

52 | chg F @<§> =@Y¥s Bulk-gate capacitance

53 | chs F cbb cbd cbg Bulk-source capacitance

54 | cbb F @<§> =@Y¥s Bulk capacitance

55 | cgsol F @Qsov + Qofs)=@V¥s Total gate-source overlap capaci
tance

56 | cgdol F @Qqgov + Qofd)=@Ys Total gate-drain overlap capadi
tance

Junction capacitances

57 | c¢js F Css Total source junction capacitance

58 | cjshot F Cis:bot Source junction capacitance, bat-
tom component

59 | cjsgat F Cis;gat Source junction capacitance, gate-
edge component

60 | cjssti F Cis:sti Source junction capacitance, ST|I
edge component

61 | cjd F Cip Total drain junction capacitance

62 | cjdbot F Cip -bot Drain junction capacitance, bottom
component

63 | cjdgat F Cip ;gat Drain junction capacitance, gate
edge component

64 | cjdsti F Cip :sii Drain junction capacitance, ST
edge component
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‘ No. ‘ Name ‘ Unit ‘ Value Description
Miscellaneous

65 | weff m WEe Effective channel width for geomet
rical models

66 | leff m Le Effective channel length for geq
metrical models

67 | u - gm=gds Transistor gain

68 | rout 1=gds Small-signal output resistance

69 | vearly Vv jidej=gds Equivalent Early voltage

70 | beff AIVZ | 2 jidej=vgt? Gain factor

71| fug Hz gm=[2 (cgg+ cgsol+ cgdol)] Unity gain frequency at actual bia

Noise

72 | sqrtsff | VI Hz

"'S (LkH2)=gm

Input-referred RMS white noisg
voltage density at 1 kHz

spectral density

73 | sqrtstw | V/' Hz | " Sg=gm Input-referred RMS white nois¢
voltage density

74 | sid A2=Hz | Sy Channel thermal noise current den-
sity

75 | sig A?=Hz | Siz(1 kH2) Induced gate noise current density
at 1 kHz

76 | cigid - ”"igid ' Imaginary part of correlation coef-

Mig  Mid cient betweenSy andSig

77 | fknee Hz 1Hz S (1H2)=Sq4 Cross-over frequency above whic¢h
white noise is dominant

78 | sigs A2=Hz Sigs Gate-source current noise spectral
density

79 | sigd A2=Hz Sigd Gate-drain current noise spectral
density

80 | siavl A2=Hz | S Impact ionization current noise
spectral density

81 | ssi A2=Hz | Sg Total source junction current noige
spectral density

82 | sdi A2=Hz Sp:i Total drain junction current noise
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Appendix A

Auxiliary Equations

In this Appendix, some auxiliary functions which are usethi@ model equations are de ned.

The MINA-smoothing function:

q_——
MINA (x; y; a) = % X+y (x y)2 +a (A1)
The MAXA-smoothing function:
1 qg —
MAXA (x; y; a) = > X+y+ (x y)2 +a (A.2)

The functions (y), its derivatives, 1, and », which are used in the explicit approximation of surfacesptital:

_ Y
W= 7572 (A.3)
_ 4y
Ay) = m (A.4)
2
0Qy) = (82+]9223;3 (A.5)
=a+c (A.6)
1= ﬁ + % a (A.7)
1@c ;)= a + (A.8)
1+(c2=3 a) ¢ = ;
2= f‘* % ab (A.9)
2(abyc; ;)= S+ (= ab ¢ =2+ (A.10)
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