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Abstract: A new transistor model for high-voltage MOS devices has been devel-

oped, called MOS Model 20. This transistor model can be used in
circuit simulation of high-voltage integrated circuits. MOS Model 20
describes the electrical behaviour of the region under the thin gate ox-
ide of a high-voltage MOS device, like a Lateral Double-diffused MOS
(LDMOS) device or an extended-drain MOSFET. It thus combines the
MOSFET-operation of the channel region with that of the drift region
under the thin gate oxide. As such, MOS Model 20 is aimed as a suc-
cessor of the combination of MOS Model 9 in series with MOS Model
31 in macro models of various high-voltage MOS devices.

Since MOS Model 20 is a so-called surface-potential-based model, it
gives an accurate description in all operation regimes. MOS Model
20 includes strong inversion, depletion and accumulation, in both the
channel region and the drift region. Furthermore, by the calculation of
the so-called internal drain voltagwside the model itself, MOS Model

20 aims at a better convergence behaviour during circuit simulation than
a macro model consisting of MOS Model 9 in series with MOS Model
31.

The objective of this report is to present the full definition of MOS
Model 20, including the model parameter set, the temperature and geo-
metrical scaling rules, and all the implemented model equations for the
currents, charges and noise sources. The physical background of the
model is briefly explained, as well as the parameter extraction strategy
is given.
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Preface and History of Model and Documentation

Preface

A first version of the compact LDMOS modelos MODEL 20 (level 2001), has become available
in October 2002. Future changes and additions to the model have been documented by extending
or changing the documentation in this report.

History of Model

October 2003 : Release of10s MODEL 20, level 2001, test version

January 2004 : Update ofmos MODEL 20, level 2001, test version.
This update, for instance, omits the source-drain interchange for the
dc-current description

October 2004 : Introduction ofMos MODEL 20, level 2001.
This update includes some practical changes, like the pinch-off
voltageVoypo, the clip-low value ofn and ofip,
and the implementation of the noise transfer function.

History of Documentation

August 2003 : First documentation afios MODEL 20, level 2001, test version
January 2004 : Update of documentation efos MODEL 20, level 2001, test version,
according to model formulation of January 2004.

October 2004 : Introduction ofMOS MODEL 20, level 2001.
This update includes some practical changes, like the pinch-off
voltageVoypo, the clip-low value ofn and ofip.

iv ©Phi|ips Electronics Nederland BV 2005
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1 Introduction

MOS Model 20 (MM20) is a new compact MOSFET model, intended for analogue circuit sim-
ulation in high-voltage MOS technologies. MOS Model 20 describes the electrical behaviour
of the region under the thin gate oxide of a high-voltage MOS device, like a Lateral Double-
diffused MOS (LDMOS) device or an extended-drain MOSFET,; see Fitjutethus combines

the MOSFET-operation of the channel region with that of the drift region under the thin gate oxide
in a high-voltage MOS device. As such, MOS Model 20 is aimed as a successor of the combina-
tion of MOS Model 9 (MM9) [1] for the channel region in series with MOS Model 31 (MM31)

[1] for the drift region under the thin gate oxide, in macro models of various high-voltage MOS

devices.
G

channel region . drift region

B S 7
fj oy
p—-well

- Di
! n -
Figure 1:the region under the thin gate oxide of an n-channel LDMQOS device, described by MOS
Model 20

The model is based on the Silicon-on-Insulator (SOI)-LDMOS model developed by the University
of SouthamptonZ]. MOS Model 20 has especially been developed to improve the convergence
behaviour during circuit simulation, by having the voltage at the transition Di from the channel
region to the drift region calculated inside the model itself.

MOS Model 20 gives a complete description of all transistor-action related quantities: nodal cur-
rents, nodal charges and noise-power spectral densities. The equations describing these quantities
are based on surface-potential formulations, resulting in equations valid over all operation regimes
(i.e. accumulation, depletion and inversion in both the channel region and the drift region). The
surface potential as function of the terminal voltages is obtained by the explicit expression as
derived in B] and used in MOS Model 11 (MM11), level 1104]] Additionally, several im-

portant physical effects have been included in the model: mobility reduction, velocity saturation,
drain-induced barrier lowering, static feedback, channel length modulation and weak-avalanche
(or impact ionization).

MOS Model 20 only provides a model for the intrinsic MOSFET behaviour of the region under
the thin gate oxide of a high-voltage MOS device, as well as the gate/source- and gate/drain over-
lap regions. Junction charges, junction leakage currents, interconnect capacitances and parasitic
bipolar transistors are not included; they should be covered by separate models. For instance, to
describe the electrical behaviour due to the pn-junction between the backgate (B) and drain (D),

©Phi|ips Electronics Nederland BV 2005 1
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an additional diode model for this pn-junction has to be added; see Figkrgthermore, for very
high-voltage MOS transistors with an additional thick field oxide, like in FigidOS Model 20

can be used in series with a separate model for the drift region under the thick field oxide. In case
of the SOI-LDMOS transistor in Figurg, MOS Model 40 (MM40) [] has been used to model

the part of the drift region underneath the thick oxide. Finally, self-heating of the device, which
may significantly affect the electrical behaviour, should be incorporated externally via a thermal
network.

HW

Figure 3:macro model for an SOI-LDMOS transistor with a thick field oxide

2 ©Philips Electronics Nederland BV 2005
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1.1 Structural Elements of MOS Model 20

The structure of MOS Model 20 is the same as the structure of MOS Model 9 and MOS Model
11. This structure can be divided into:

e Model embeddinglt is convenient to use one single model for bath and p—channel
devices. For this reason, apychannel device and its bias conditions are mapped onto those
of an equivalenh-channel transistor. This mapping comprises a number of sign changes.

Since a DMOS transistor in an asymmetric device, no source drain interchange is applied
in case the external voltage mapped ontmashannel transistor is negative. Thus, in MOS
Model 20, the dc-currents and charges are calculated by use of the externally applied volt-
ages mapped onto an equivaleathannel transistor.

e Preprocessing: The complete set of all the parameters, as they occur in the equations for
the various electrical quantities, is denoted as the set of actual parameters. Since most of
these actual parameters scale with temperature and since self-heating is significant for high-
voltage devices, each of them can be determined by electrical measurements over a range of
temperatures. The set of electrical parameters at a reference temperature including the tem-
perature scaling parameters and reference temperature itself, is denoted by the “miniset”.
This miniset forms the input for the so-called electrical model, from which the actual pa-
rameters for an arbitrary temperature are obtained by applying the temperature scaling rules.
These temperature scaling rules thus describe the dependencies of the actual parameters on
the temperature of the device.

Since most of the electrical parameters also scale with geometry, the process as a whole is
characterized by an enlarged set of parameters, usually called the “maxiset”. This “maxiset”
consists of the transistor dimensions, the electrical parameters for certain device dimensions
at a reference temperature, the reference temperature itself, and all temperature- and geom-
etry scaling parameters. Together they form the input for the so-called geometrical model.
From the maxiset parameters the actual parameters for an arbitrary transistor are obtained
by applying the temperature and geometry scaling rules. These scaling rules thus describe
the dependencies of the actual parameters on the drift region length, device width, and tem-
perature of the device.

Since the application of the scaling rules is done only once, i.e. prior to the actual electrical
simulation, this procedure is called preprocessing.

e Clipping: To prevent the scaling rules to generate actual parameters that are outside a phys-
ically realistic range or that create numerical difficulties, like division by zero atheal
parameters may be clipped to a pre-specified range. This clipping of actual parameters is
doneafter the preprocessing. The pre-specified clipping range for the actual parameters is
taken as in the electrical model parameter list in Sectiénl

Furthermore, in order to prevent numerical difficulties in the preprocessing procedure, the
model parameters of both the electrical and geometrical model may also be clipped to a pre-
specified range. This clipping of model parameters is dmfiere the preprocessing. The
pre-specified clipping ranges for both the electrical and geometrical model parameters are
taken as in the geometrical model parameter list in Seiari

e Current equations: These are all expressions needed to obtain the DC nodal currents as a
function of the bias conditions. They are segmentable in equations for the channel current,
and the avalanche current.

Ophilips Electronics Nederland BV 2005 3
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e Charge equations: These are all the equations that are used to calculate both the intrinsic
and extrinsic charge quantities, which are assigned to the nodes. They are segmentable in
equations for the channel region charges, and the drift region charges.

e Noise equations: The total noise output of a transistor consists of a thermal noise and a
flicker noise part, which create fluctuations in the channel current. Owing to the capaci-
tive coupling between gate and channel region, current fluctuations in the gate current are
induced as well, which are referred to as induced gate noise.

1.2 Structure of this report

After this introductory section, the procedure of embedding MOS Model 20 in a circuit simulator
is outlined. Next, the nomenclature is explained, while in Seclitime implemented equations
are listed. Finally the operating point output (OPQO) parameters are described.

2 Embedding

In high-voltage technologies both+ and p—channel LDMOS transistors are supported. It is con-
venient to use one single model for both type of transistors instead of two separate models. This
is accomplished by mapping @-channel device with its bias conditions and parameter set onto
an equivalenh—channel device with appropriately changed bias conditions (i.e. currents, voltages
and charges) and parameters. In this way, both type of transistors can be treated-elscemmel
transistor. In MOS Model 20, we let the electrons and holes have the same electrical behaviour.
As a result, the same equations are used in case of p—type transistors.

Since a DMOS transistor in an asymmetric device, no source drain interchange is applied in case
the external voltage mapped ontorachannel transistor is negative. Thus, in MOS Model 20, the
dc-currents and charges are calculated by use of the externally applied voltages mapped onto an
equivalent-channel transistor.

The total transformation procedure is in detail explained in Se&idn

2.1 External Electrical Quantities and Variables

No. Variable Program Units Description

Name
1 VS VDE \% Potential applied to the drain node
2 Vg VGE Vv Potential applied to the gate node
3 Vg VSE \% Potential applied to the source node
4 V€ VBE \Y; Potential applied to the bulk node
5 IS IDE A DC current into the drain
6 I€ IGE A DC current into the gate
7 1€ ISE A DC current into the source
8 I IBE A DC current into the bulk

4 ©Phi|ips Electronics Nederland BV 2005
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9 QS QDE C Charge in the device attributed to the drain node
10 Qg QGE C Charge in the device attributed to the gate node
11 Q5 QSE C
12 Q€ QBE C

Charge in the device attributed to the source node
Charge in the device attributed to the bulk node

13 $ SDE As Spectral density of the noise current into the drain
14 f SGE As Spectral density of the noise current into the gate
15 £ SSE Ks Spectral density of the noise current into the source

16 ﬁG SDGE As Cross spectral density between the drain and the gate
noise currents

17 ﬁs SGSE Ks Cross spectral density between the gate and the source
noise currents

18 S5, SSDE As Cross spectral density between the source and the
drain noise currents

The definitions of the external electrical variables are illustrated in Figure

2% -5+ 9%
$

Ve g 18+ 9%
$

oV g g4 9%
E

oV g-ig+ 0E

Figure 4: Definition of the external electrical quantities and variables

2.2 Internal Electrical Quantities and Variables

No. Variable Program Units Description
Name
1 Vbs VDS \% Drain—to—source voltage applied to the equivalent
n—-MOST
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2  Ves VGS \% Gate—to—source voltage applied to the equivalent
n-MOST

3  Vss VSB \% Source—to-bulk voltage applied to the equivalent
n-MOST

4 Ips IDS A DC current through the channel flowing from drain to
source

5 lavi IAVL A DC current flowing from drain to bulk due to the
weak—avalanche effect

6 Qp QD C Intrinsic charge in the equivalent n—-MOST attributed
to the drain node

7 Qs QG C Intrinsic charge in the equivalent n—-MOST attributed
to the gate node

8 Qs QS C Intrinsic charge in the equivalent n—-MOST attributed
to the source node

9 Qs QB C Intrinsic charge in the equivalent n—-MOST attributed

to the bulk node
10  Sp, SDTH A’s Spectral density of the thermal-noise current of the
channel region

11 Sp, SDFL AZs Spectral density of the flicker—noise current of the
channel region

12 Sg, SGTH As Spectral density of the thermal noise current induced
in the gate

13 Sepy, SGDTH A’s Cross spectral density of the thermal—noise current in-
duced in the gate and the thermal—-noise current of the
channel

2.3 Embedding Procedure of MOS Model 20 in a Circuit Simulator

In order to embed MOS Model 20 correctly into a circuit simulator, the following procedure,
illustrated in detail in Figure.3 should be followed. We have assumed that indeed the simulator
provides the nodal potentialéS, V&, VE and V§ based on an a priori assignment of drain, gate,
source and bulk. As a DMOS is an asymmetric device, no source-drain interchange is applied as
is done in a conventional (symmetric) MOSFET.

Step 1 Calculate the voltage\s(;s, Vgs and V;B, and the additional voltagaségG and VgG. The
latter are used for calculating the charges associated with overlap capacitances.

Step 2 Based om- or p—channel devices, calculate the modified voltaygs, Vs and Vsg.
From here onwards only—channel behaviour needs to be considered.

Step 3 Evaluate all the internal output quantities — channel current, weak—avalanche current,
nodal charges, and noise—power spectral densities — using the MOS Model 20 equations
and the corresponding voltages.

Step 4 Correct for a possibl@—channel transformation.

6 ©Phi|ips Electronics Nederland BV 2005
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Step 5 Change from branch current to nodal currents, establishing the external current output
quantities. Add the overlap charges to the nodal charges, thus forming the external charge
output quantities.

©Phi|ips Electronics Nederland BV 2005 7
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Ves = Ve — Vs
n” e e
VSB = Vs - Vg
” e e
VDG = VD - VG
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n—channel Channe p—channel
| type, |
VDS = VDS VDS = _VDS
VGS = VGS VGS = _VGS
Vsg = VSB Vsg = _VSB

Y

Ibs = Ips (Vbs,VGs, Vsg)
Inve = Iave (Vps,VaGs, Vsp)

Ob = Op (Vis,Ves, Vsg) S = Sy (Vs Vs, Vse)

Qs = Qs (Vps,Vgs, Vsp)

Sy, = Sy, (Vs Ves, Vss)

Qe = QO (Vbs.\Ves: Vse) S5y, = Sgy, (Vs Ves, Vse)

Cs

(Qp + Qs + Qi)

Sepy, = Sepy, (Vbs,Ves, Vss)
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A
yes no
Ipg = Iavi Ipg =0
lsg =0 Isg = Iavt
S = Sy + Sy S = Sy, + S + Soy, +2Re {SGDth}
S = %th S = SGth
S5 = oy + Soyy + Soy, + 2Re | Soo | S = Sy + Sy
; * 4 *
Ses = ~Sop, — Seby, Ses = Sopy,
U Y *
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I |
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B
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Figure 5: Transformation scheme

It is customary to have separate user models in the circuit simulators foand p — channel

transistors. In that manner it is easy to use a different set of reference and scaling parameters for
the two channel types. As a consequence, the changes in the parameter values necespary for a
channel type transistor are normally already included in the parameter sets on file. The changes

should not be included in the simulator.

10
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3 Nomenclature

3.1 Input Variables and Quantities:
3.1.1 List of Numerical Constants:
No. Constant Program name Value

1 A LN_MINDOUBLE —800

3.1.2 List of Physical Constants:

PR-TN-2003/00301

No. Constant  Program name Value Units

1 To KELVIN _CONVERSION 273.15 K
Offset for conversion from Celsius to Kelvin temperature scale

2 kg K_BOLTZMANN 1.3806226 1072  JK?!
Boltzmann constant

3 q Q_ELECTRON 16021918 10°*° C
Elementary unit charge

4 €ox PHY_EPSOX 34531438 1011 Fm!
Absolute permittivity of the oxide layer

3.1.3 List of Circuit Simulator Variables:

No. Symbol Program name  Units Description

1 Ta Ta °C Ambient circuit temperature

2 f F Hz Operation frequency

©Phi|ips Electronics Nederland BV 2005
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3.2 Geometrical Model

To characterize a high-voltage MOS process as a whole, the geometrical model can be used. This
model uses as input the actual transistor dimensions, the electrical parameters for a reference

device dimension and temperature, the reference temperature, and all temperature- and geometry
scaling parameters, together referred to as the “maxiset”. The model parameters of the geometrical

model are listed in Sectiob.2.1, while its scaling rules are listed in SectiBr2.3 For simplicity,

in the geometrical MOS Model 20 both thechannel andh-channel devices have been assigned

the same default parameter values.

3.2.1 List of Geometrical Model Parameters

No. Parameter Symbol Units  Meaning

0 LEVEL level - Must be 2001

1 w W m Drawn width of the channel region

2 WVAR AW m Width offset of the channel region

3 WD Wp m Drawn width of the drift region

4 WDVAR AWp m Width offset of the drift region

5 TREF Tref °C Reference temperature

6 VFB Vs V Flatband voltage of the channel region, at reference
temperature

STVFB ST.Veg VK~  Temperature scaling coefficient fogg
VEBD VeeD V Flatband voltage of the drift region, at reference tem-

perature

9 STVFBD S VA VK1  Temperature scaling coefficient fgp

10 KOR Kor V12 Body factor of the channel region of an infinitely wide
transistor

11  SWKO Swi:kg - Width scaling coefficient fokg

12 KODR Kopr V12 Body factor of the drift region of an infinitely wide
transistor

13 SWKOD SWikop - Width scaling coefficient fokgp

14 PHIB o8 Vv Surface potential at the onset of strong inversion in the
channel region, at reference temperature

15 STPHIB St.8 VK1  Temperature scaling coefficient fog

16 PHIBD ®BD \% Surface potential at the onset of strong inversion in the

drift region, at reference temperature
17 STPHIBD St.680 VK1  Temperature scaling coefficient fogp

18 BETW Bw AV~?  Gain factor of a channel region ofidm wide, at refer-
ence temperature
19 ETABET ng - Temperature scaling exponent fr

12 ©Phi|ips Electronics Nederland BV 2005
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No.

20

21
22

23
24

25

26
27

28

29
30

31
32
33

34
35
36
37

38
39
40

41
42
43
44

Parameter
BETACCW

ETABETACC
RDW

ETARD
LAMD

THEI1R

SWTHE1
THE1ACC

THEZ2R

SWTHE2
THE3R

ETATHE3
SWTHES
MEXP

ALP

VP
SDIBL
MSDIBL

MO
SSF
AlR

STAl
SWA1
A2

A3

Symbol

ﬂach

nﬁacc

SW;91

elacc

O2r

Odibl

adibl

Mo
Osf

air

St ;a1
SW ;ay
az

as

Units
AV 2

V—1/2

Kfl

©Phi|ips Electronics Nederland BV 2005
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Meaning

Gain factor of a drift region of Lm wide, at reference
temperature

Temperature scaling exponent f8ycc

On-resistance of a drift region of Am wide, at refer-
ence temperature

Temperature scaling exponent fep

Quotient of the depletion layer thickness to the effec-
tive thickness of the drift region &tsg = 0 V

Mobility reduction coefficient of an infinitly wide tran-
sistor, due to vertical strong-inversion field in channel
region

Width scaling coefficient fof,

Mobility reduction coefficient in the drift region due to
the vertical electrical field caused by accumulation

Mobility reduction coefficient foVsg > 0 of an in-
finitly wide transistor, due to the vertical depletion field
in the channel region

Width scaling coefficient foé,

Mobility reduction coefficient in a channel region of an
infinitly wide transistor, due to velocity saturation

Temperature scaling exponent far
Width scaling coefficient fof;

Smoothing factor for transition from linear to satura-
tion regime

Factor for channel length modulation

Characteristic voltage of channel length modulation
Factor for drain-induced barrier lowering

Exponent for the drain-induced barrier lowering de-
pendence on the backgate bias

Parameter for the (short-channel) sub-threshold slope
Factor for static feedback

Factor of weak avalanche current of an infinitely wide
transistor, at reference temperature

Temperature scaling coefficient far
Width scaling coefficient foa;
Exponent of weak avalanche current

Factor of the drain-source voltage above which weak
avalanche occurs

13
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No.

45

46

47

48

49
50

51

52

53
54
55

14

Parameter
COXW

COXDW

CGDOW

CGSOwW

NT
NFAW

NFBW

NFCW

TOX
DTA
MULT

Symbol
COXW

CoxDW
Cepoy
Cesay

Nt

Nta,,
Ntp,
Ntc,

Lox

M

Units
F

T

T

V—lm—4

V-Im—2

V—l

Unclassified Technical Note

Meaning

Oxide capacitance for an intrinsic channel region of 1
um wide

Oxide capacitance for an intrinsic drift region ofcin
wide

Gate-to-drain overlap capacitance for a drift region of
1 um wide

Gate-to-source overlap capacitance for a channel re-
gion of 1 um wide

Coefficient of thermal noise, at reference temperature

First coefficient of flicker noise for a channel region of
1 um wide

Second coefficient of flicker noise for a channel region
of 1 um wide

Third coefficient of flicker noise for a channel region
of 1 um wide

Thickness of the oxide above the channel region
Temperature offset to the ambient temperature
Number of devices in parallel

©Phi|ips Electronics Nederland BV 2005
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3.2.2 Default and Clipping Values of Geometrical Model Parameters

© 00 N oo ok~ WN PP O Z
o

W W W NN N DN DNDNMNMNDNMNDNDDNDDNNDPEPR PR P PR PP PR
N P O © 0 N OO0 O A W NP O O O0KLWNO O B W DN PP O

33

Parameter
LEVEL

w

WVAR
WD
WDVAR
TREF
VFB
STVFB
VFBD
STVFBD
KOR
SWKO
KODR
SWKOD
PHIB
STPHIB
PHIBD
STPHIBD
BETW
ETABET
BETACCW

ETABETACC

RDW
ETARD
LAMD
THEI1R
SWTHE1
THE1ACC
THEZ2R
SWTHE?2
THE3R
ETATHES
SWTHES
MEXP

Symbol
level
w

AW
Wp
AWp
Tref
Ves
ST:Ves
VEeD
ST Vesp
kor
Swko
Kobr

Sw ;kop

t1r
Sw:6;
Glacc
O2R
Sw:6,
O3r
Mo,
Sw.6,
m

©Phi|ips Electronics Nederland BV 2005

Units

Vl/2

Vl/2

VK1

VK1
AV 2

AV 2

Default
2001
20x10°°
0
20x10°6
0
25
-1.0
0
-0.1
0
1.6
0
1.0
0
0.86
—1.2x10°3
0.78
—1.2x10°3
7.0x107°
1.6
7.0x10°°
1.5
4.0x10°
1.5
0.2
0.09

0.02
0.03

0.4
1.0

2.0

Clip low

1.0x10°10

1.0x1071°

—273

Clip high

PR-TN-2003/00301
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No.

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

16

Parameter
ALP

VP
SDIBL
MSDIBL
MO

SSF
AlR
STAL
SWAL
A2

A3
COXW
COXDW
CGDOW
CGSow
NT
NFAW
NFBW
NFCW
TOX
DTA
MULT

Symbol
o

Vp
Odibl
il
Mo

O'sf
air
ST;al
SW;al
az

as
CoxW
COXDW
Cepoy
Casay
Nt
Na,,
N¢g,
Ntc,

Lox

Units

X3 < < < e T T T
-
3
IS

Default
2.0x107°3
0.05
1.0x10°3
3.0
0.0
1.0x10712
1.5x10
0
0
7.3x 10"
0.8
0.75¢<10°15
0.75<107%°
0
0

1.645¢10°%°

1.4x10%
2.0x10°
0
3.8x10°8
0

1.0

©Phi|ips Electronics Nederland BV 2005
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3.2.3 Geometry and Temperature Scaling

Effective temperature and dimensions:

Wep

WEN

TO + Ta+ ATa

TO + Tref

Wp + AWp

1.0 x 107 (m)

Actual parameters:

o1

VFBT

VEsD,

kOD

o8,
®BD;

pBr

:3 accr

Ro,

01

)

K - Tkew
q
Veg + AT - St.vep

Veep + AT - St.vegp

WEen
kor- 1+ —— - Sw:
OR ( + We W,ko>

WEen
KopR - <1+ Wep SW;koo)

¢8 + AT - St.4g

¢BD + AT - ST;¢>BD

WE TKref "
Bw - — -
Wen  \ Tigey

ﬂ WED TKref " Bacc
F Wen \ Teg,

Wen  ((Tige, |
Ro,, - W (.

WenN
G- 1+ —— - Sw-
R ( + We W,02>

©Philips Electronics Nederland BV 2005

(3.1)
(3.2)
(3.3)
(3.4)
(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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O3

ai;

Cox

CoxD

Ccpo

Ceso

Ntc

18

T W,
93R (T:ref) B (1+ W_EEN . SW;93)
dev

air- (1+ AT
Com * s
Coxdy - w—z’
Cepoy, - w—iz
Cesay WW—;
i
Ntay - WW—?
Ntgy WW—EE'\I
Ntcy WW—?

‘ST a1 (

W
1+ ﬂ Swia,

)

Unclassified Technical Note

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)
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3.3 Electrical Model

To characterize a single LDMOS device including self-heating effects, the electrical model can be
used. This model uses as input the electrical parameters for a reference temperature, the reference
temperature, and all temperature- scaling parameters, together referred to as the “miniset”. The
model parameters of the electrical model are listed in Se&idr, while its temperature scaling

rules are listed in Sectio® 3.3 For simplicity, in the electrical MOS Model 20 both thechannel

and p-channel devices have been assigned the same default parameter values.

3.3.1 List of Electrical Model Parameters

No. Parameter Symbol Units  Meaning
LEVEL level - Must be 2001
TREF Tret °C Reference temperature
VFB VEB \% Flatband voltage of the channel region, at reference
temperature
STVFB ST.Ves VK~  Temperature scaling coefficient fogg
VEBD VeeD V Flatband voltage of the drift region, at reference tem-
perature
5 STVFBD Stvess VK1 Temperature scaling coefficient f9ggp
6 KO Ko V12 Body factor of the channel region
7 KOD Kop V12 Body factor of the drift region
8 PHIB o8 \% Surface potential at the onset of strong inversion in the
channel region, at reference temperature
9 STPHIB St.08 VK~!  Temperature scaling coefficient fog
10 PHIBD ®BD \% Surface potential at the onset of strong inversion in the

drift region, at reference temperature
11 STPHIBD ST 080 VK~1  Temperature scaling coefficient fggp

12 BET B AV~2  Gain factor of the channel region, at reference temper-
ature

13 ETABET ng - Temperature scaling exponent f@r

14 BETACC Bace AV~2  Gain factor for accumulation in the drift region, at ref-
erence temperature

15 ETABETACC g, - Temperature scaling exponent f8ycc

16 RD Rp Q On-resistance of the drift region, at reference tempera-
ture

17 ETARD MR - Temperature scaling exponent fep

18 LAMD AD - Quotient of the depletion layer thickness\&js > 0,
to the effective thickness of the drift region\&g = O
\Y,

19 THE1 01 vt Mobility reduction coefficient in channel region due to

vertical electrical field caused by strong inversion

©Phi|ips Electronics Nederland BV 2005 19
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No.

20

21

22

23
24

25
26
27
28

29
30
31

32
33
34

35
36
37
38
39
40
41
42
43
44
45

20

Parameter
THE1ACC

THEZ2

THE3

ETATHE3
MEXP

ALP

VP
SDIBL
MSDIBL

MO
SSF
Al

STAl
A2
A3

COX
COXD
CGDO
CGSO
NT
NFA
NFB
NFC
TOX
DTA
MULT

Symbol

elacc

02

03

7703

Vp
Odibl
adibl
Mo
Osf

ai

ST;al

Units
V—l

Vfl/2

V—l

V—1/2

&« m T omom

V71m74
V~Im—2

V—l

Unclassified Technical Note

Meaning

Mobility reduction coefficient in the drift region due to
the vertical electrical field caused by accumulation

Mobility reduction coefficient a¥/sg > 0 in the chan-
nel region due to the vertical electrical field caused by
depletion

Mobility reduction coefficient in the channel region
due to the horizontal electrical field caused by veloc-
ity saturation

Temperature scaling exponent far

Smoothing factor for transition from linear to satura-
tion regime

Factor for channel length modulation

Characteristic voltage of channel length modulation
Factor for drain-induced barrier lowering

Exponent for the drain-induced barrier lowering de-
pendence on backgate bias

Parameter for the (short-channel) sub-threshold slope
Factor for static feedback

Factor of weak avalanche current, at reference temper-
ature
Temperature scaling coefficient far

Exponent of weak avalanche current

Factor of drain-source voltage above which weak
avalanche occurs
Oxide capacitance for the intrinsic channel region

Oxide capacitance for the intrinsic drift region

Gate to drain overlap capacitance

Gate to source overlap capacitance

Coefficient of thermal noise, at reference temperature
First coefficient of flicker noise

Second coefficient of flicker noise

Third coefficient of flicker noise

Thickness of the oxide above the channel region
Temperature offset to the ambient temperature
Number of devices in parallel

©Phi|ips Electronics Nederland BV 2005
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3.3.2 Default and Clipping Values of Electrical Model Parameters

No. Parameter Symbol Units Default Clip low Clip high
0 LEVEL level - 2001 - -
1 TREF Tret °C 25 —273 -
2 VFB Ves \Y -10 - -
3 STVFB ST.Veg VK1 0 - -
4 VFBD VEsD \Y -0.1 - -
5 STVFBD Stivesy, VKR 0 - -
6 KO Ko V12 1.6 1.0<10°%? -
7 KOD Kop V12 1.0 1.0<10°%? -
8 PHIB o8 \Y 0.86 1.0<10°%2 -
9 STPHIB ST.06 VK1 -12x10°% - -
10 PHIBD ®BD \Y 0.78 1.0<10712 -
11 STPHIBD St.¢m0 VK1 —1.2x1073 - -
12 BET B AV 2 1.4x1073 1.0x10712 -
13 ETABET np - 1.6 - -
14 BETACC Bacc AV 2 1.4x1073 1.0x107%? -
15 ETABETACC g, - 15 - -
16 RD Rp Q 2.0x107 1.0x10712 -
17 ETARD NRp - 1.5 - -
18 LAMD AD - 0.2 1.0<10°%? -
19 THE1 01 v-1i 0.09 0 -
20 THE1ACC O1acc v-1i 0.02 0 -
21 THE2 0> V12 0.03 0 -
22 THE3 03 vt 0.4 0 -
23 ETATHES ura - 1.0 - -
24 MEXP m - 2.0 0.05 -
25 ALP % - 2.0x10°3 0 -
26 VP Vp \Y 0.05 1.0<10°%2

27 SDIBL Odibl V12 1.0x10°3 0 -
28 MSDIBL Mg - 3.0 0 -
29 MO Mo \Y 0.0 0 0.5
30 SSF Osf V-2 1.0x10712 1.0x10712 -
31 Al ap - 1.5x 10 0 -
32 STAl St.ay K-t 0 - -
33 A2 ay \Y 7.3x10 1.0x107%?

©Phi|ips Electronics Nederland BV 2005 21
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No. Parameter Symbol Units Default Clip low Clip high
34 A3 as - 0.8 0 -
35 COX Cox F 15x10°15 0 -
36 COXD Coxp F 15x 10715 0 -
37 CGDO Cepo F 0 0 -
38 CGSO Csso F 0 0 -
39 NT Nt J 1.645¢107%° 0 -
40 NFA Nta V-im*  7.0x10% 0 -
41 NFB N¢g V-im2 1.0x10 0 -
42 NFC Nic vt 0 0 -
43 TOX tox m 3.8x10°8 1.0x10°1?

44 DTA AT, K 0 - -
45 MULT M - 1.0 0 -
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3.3.3 Temperature Scaling

Effective temperature:

Tk = To+Ta+ AT, (3.29)
TKref = To+ Tret (3.30)
AT = Tkge — TKper (3.31)

Actual parameters:

kg - T,
oy = -2 Ko (3.32)
q
Vee; = Ve + AT - St.vgp (3.33)
Vespr = Vesp + AT - Stivegp (3.34)
¢ = ¢5+ AT St (3.35)
#spr = ¢BD + AT - Stigpp (3.36)
T |
pr = ﬂ.<—TK'ef> (3.37)
Kdev
T NBacc
Paca = ﬂaoc'( Kre‘) (3.38)
TKdev
T Rp
Rp, = RD-<M> (3.39)
TKref
T ')93
O3 = 93'(%) (3.40)
Kdev
a;; = al-(l—i— AT ‘ST;al) (3.41)
T
N, = Ny .—sde (3.42)
TKref
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3.4 Postprocessing
3.4.1 Mult Scaling

Since in circuit design equal parallel circuited transistors are frequently applied, the specification
of one transistor together with a multiplication factor MULWMY in the circuit description is
convenient and saves computation time. In MOS Model 20 the simulation of currents, charges and
noise spectral densities for these equal parallel circuited transistors is implemented by adjusting
the following parameters, according to

b B M (3.43)

Bacea — Bacg - M (3.44)
1

RDT — RDT . M (345)

Cox — Cox-M (3.46)

COXD — COXD -M (347)

Cepo — Copo-M (3.48)

CGSO — CGSO' M (349)
1

Nf/_\ — NfA-M (350)
1

NfB — NfB-M (351)
1

Nfc — NfC' M (352)

3.4.2 Clipping of Actual Parameters

After the geometry, temperature and mult- scaling, the actual parameters are clipped. The clipping
values of these parameters are the same as the ones for the electrical model parameters as listed in
Section3.3.2

24 ©Phi|ips Electronics Nederland BV 2005
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4 Physical Background

4.1 DC-Current Model

As basis for the dc-model, firstly the currdgt through the inversion channel as well as the current
l4r through the drift region are derived, both in terms of the internal drain voNggeNext, this
internal drain voltage is solved explicitly by equatihg, to 4. In this way, the internal drain
voltage, is expressed explicitly in terms of the applied voltagesVg, Vs and Vg at the drain,
gate, source and backgate terminal, respectively. Finally, the dc-cupe€itt calculated by use

of surface potential formulations which are valid in all operating regimes, ranging from weak to
strong inversion.

Thus, to obtain an accurate and continuous description of the dc-current and its derivatives in all
operation regimes, a charge sheet MOSFET model approach based on surface potential formu-
lations is taken. The surface potentiatg, at the sourcex = 0 and at the internal drain

x = L are calculated according t&][ so that they are expressed explicitly in terms of the voltage
differencesVsg andVgg, and ofVpjg andVgg, respectively.

With the electron mobility denoted hy, the channel current is given by

W . Vs
len = TM ' (/I/, (_Qi/nV) dys + ¢r - (Qi/nvL - Qi/nv0)> > (4-1)
where
Qinv = —Cox- (VGB — Veg — ¥s — ko - \/ﬁ) , 4.2)

is the strong inversion charge per unit area in the channel region. Eigre; e,x/tox is the oxide
capacitance per unit area, wity the permitivity of oxide and, the oxide thickness. Notice that,
for simplicity, the body factokg is taken independent of the position along the channel, which
means that the effect of the doping gradient is neglected. By substitdti®grto (4.1), we arrive

at

W - Coy

Ich = L

: (VinVO - % & AYs+§ ¢T) - Ay, (4-3)

after Taylor expansions have been taken which have led to

Ko
2-VVi+ Vs

The potential drop\ s is given by, — ¥so. Inclusion of mobility reduction due to the vertical
electrical field as well as the horizontal electrical field according to

E=1+ (4.4)

Ho
= 4.5
a (1461 Vinvo + 62 - (V@& + Vsg — VPg)) - (1 + 63 - Ayrs) *.5)

yields the following expression for the channel current in terms of the surface potehjaad
Vst

(Vivo— 5 & - AYs+ & - 1) - Ats

lon =5 - ,
n=F (1461 Vino + 62 (Vée + Vsg — +/Pg)) - (1 + 63+ Avprs)

(4.6)
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where

:WI‘LOCSX

g L

(4.7)

is the gain factor of the channel region.

In case of strong inversion in the channel region, the potential drgp approximately equals
Vpis. Hence, in the linear operating regime, the potential dfgp = Vpis, is obtained by solving

lch = lar, in which the mobility reduction term due to the horizontal electrical field is neglected,
i.e. 0z is set to zero.

Under the assumption that in the linear operating regime only accumulation (and thus no depletion)
underneath the gate oxide of the drift region occurs, the drift region cuigestgiven by

Wp - Vo Wp - Vo
Iy = o phar / (—Qp) dV + o Hace, / (~Qued dVe. .8)
Lo Vpi Lo Vpi

Here,uqr represents the electron mobility through the bulk of the drift regionagethat through
the accumulation layer. The accumulation cha@g, per unit area is given by

Q;cc = _C(/JX (Ve — Vc — VreD) (4.9)
while the charge; per unit area of the bulk of the drift region is approximated by
QL=—(Q'ND-tSi—kb'\/¢o+VSB)~ (4.10)

Here,ts; is the thickness of the drift regiolp is the concentration of donors in the drift regigp,
is the built-in potential of the pn-junction between backgate and drain, and the cdnstaptals

2.0 -€x-Np-N
ky = | = csi 0" TA (4.11)
Na + Np

with N, the concentration of acceptors in the channel region,egnthe permitivity of silicon.
Thus,tsi,, = tsi — kp - v/o + Vs /(d - Np) represents the effective thickness of the drift region,
taking into account the depletion layer from the backgate. Finally, by taking the electron mobility
in the accumulation layer as

Macco
ace = 4.12
%7 14 61acc- (Vs + Vep) /2 — Veep) (4.12)

we arrive at the following expression for the drift region current

1 <1 N V¢O+VSB_\/‘%> Vi
—Jp- - Vopi

Idr =5
R
° Voo (4.13)
n 1 Boce- (Vepi — Vrep)? — (Vop — Vrep)?
2 7% 14 01acc- (Vas+ Vep)/2 — Vesp)
where
L
Ro - (4.14)

:WD'Mdr‘(q'ND'tSi_kb\/¢_0)
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is the on-resistance of the drift region\&g = 0, and

Wb - tacco- Céx

" (4.15)

,Bacc =

is the gain factor of the drift region accumulation layer. Furthermore, the paramstgiven by

_ Ko - /P0
q-Np-tsi—kp - o

Ap (4.16)

equals the ratio of the depletion layer thickness from the backgate to the effective thickness of the
drift region, atVsg = 0. Thus, by equatindqy, to Icnhls,—0 the internal potential drofp;s, valid in
the linear operating regime is derived in terms of the applied terminal voltages.

In the saturated operating regime, on the other hand, whigpgd Ay = 0 holds, the potential
drop Vpis equals the saturation potential drdpissatgiven by

2. (VinVO/S + ¢T)
1+ VI+2 05 Vinvo/€E + 1)

VDiSsat= (4-17)

Next, the effective potential droyp;s,, to calculate the surface potentig, , is obtained by taking

in a smooth way the minimum dfp;s, andVpissa: Finally, the term(Qj,,, — Qfno) in (4.1) due

to diffusion is calculated according t&][ A comparison between dc-measurements and the model
can be found inf].

4.2 Nodal Charge Model

To determine the nodal charges, all different stadia of strong inversion, depletion and accumulation
in both the drift region and the channel region have to be taken into account. The gate@harge

of the whole device consists of the gate cha@g, of the channel region and the gate charge
Qg,, of the drift region, according to

QG = QGCh + QGdr, (418)
where
L
Q=W [ (Qp -+ Qe+ Q) 0 (4.19)

and

L+Ldr

QGdr = _WD/L (Qi,nv + Qéﬁep"' Qlacc) dx (4.20)

Similarily, the backgate charg®g of the whole device consists of the backgate chapgg, of
the channel region and the backgate cha@gg of the drift region, according to

QB = QBCh + QBdr, (421)
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where
L
Qg =W /0 (Q:jep"i_ Q:alcc) dx, (4.22)
and
L+Lar
QBy = WD/ Qi dx. (4.23)
L

To determine how the charge(Qg+ Qg) is distributed underneath the thin gate oxide, two limits
are identified. The first limit is for well above threshold (i.e. for the gate voltage sufficiently large),
and the drain charg®p is approximated by

L X L+Lgr X L+Lgr
=W —Q,d W —Q,! W tedX, (4.24
Qo /(; L+Lermv X+ D/L L+LeraCCdX+ D/I: Qdep X, ( )
as one would expect from the Ward-Dutton charge partioning schehgedlid in case of a uni-
form MOSFET). Notice that all depletion charge of the drift region is attributed to the drain. The
second limit is for below threshold (i.e. for the gate voltage sufficiently small), and the drain charge
Qp is approximated by

L+Lar

- X / Ltk / /
QD:WK;E:I;QMM+M61 (%QX+WRK QliegfIX. (4.25)

which means that also all accumulation charge of the drift region is attributed to the drain. This
second limit is calculated in casg(,, = 0.

For the channel region & x < L, the charges are calculated by using the potential dxgg

over the channel region, according tg.[ For the drift regionL < x < L + Lg, the effective
potentials are recalculated in order to include depletion and saturation in the drift region. To
include depletion, the drift region currehy is extended to

1 Vb0 + Vs — /oo
lor=—=—-{1-2p- - Vppi

Voo
F[Vepi — Veepl — F[Vep — Vrepl
1 + elacc‘ ((VGS + VGD)/2 - VFBD) ’

(4.26)

+ = B
2 acc
where the functior distinguishes between accumulation and depletion, according to

V2, V >0,

F[V]: 2 kOD 2 3/2 kOD 3 kOD (427)
2-k0D'(§ (((7> -V —(?> +?-V , V<O

To include saturation in the drift region, the potentisliss — Vrgp andVgpi — VEgp in (4.26) are
bounded by

V
Vpinch = _VoxpO' (1+ k02xp0> ) (4.28)
0D
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where
ke Vo V¢o + Vs — Voo
o= g o (100 TR, 429

Thus, Voxpo = 0 - Np - tsiq /Co, approximates the voltage over the thin gate oxide for which
the drift region pinches off, an¥lyinch is the potentiaMgc — Vegp for which the depletion layer
thickness underneath the gate oxide equals the effective drift region layer thidkpesBy
solving numericallylqr = Ipsfor givenlps, by means of the Newton-Rhapson iteration procedure,
the internal potential droppis,, . is calculated, also valid in case saturation and depletion occurs
in the drift region.
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5 Implemented Equations

In the following sections a function is denoted Byjvariable, ...], whereF denotes the function
name and the function variables are enclosed by brigc&he definitions of the hyp- and hypm
functions are found in Appendik.

5.1 Internal Parameters

e=2-107
e=1-10"7
eg=4-107
e=1-10"1
es=1-10"*
€g=1-10"°
e=2-10"1
V=1

Viimit = 4+ ¢t

1
Acc =
1+ko /2 ¢r
cc -
Ty koo /2 é1
F = Cox
Cox‘i‘CoxD

5.2 Current Equations

VeBe = Ves+ Vsg — Vra; (5.1)
ViBero = hyp[Vee,; €1] (5.2)
2
V,
Vsap = ( CBeo 2) (5.3)
ko/2 + \/VGBeﬁo + (ko/2)
Vsg = hyp[Vsg + 0.9 ¢g,; €2] + 0.1 ¢g, (5.4
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Drain induced barrier lowering and static feedback:

Mg
/V odibl
Daibl = odibl - v/ P87 - = (5.5)
vV ¢BT
Dst = 05t - \/hyp [Wsab — Vsp; 63] (5.6)
D = Dyipi + hyp[Dst — Duibi; €4 - 0si] (5.7)
Vbs, Vps > 0,
Vbs, = (5.8)
hypm[Vps, Vsg; m], Vps <0
VD814
Vbsy = (5.9)
(Viimit® + VDslz)g/2
AVg = D - Vps, (5.10)
Surface potential at source side:
VGBt = VGB{O + AVg (5.11)
Ve = hyp[Ves: €1] (5.12)
Acc - (V, —
Aace= é1 - (exp |:— (Voss 61):| - ) (5.13)
ér
2
V + A

qjsat[VGBew Aace k] = ( CBer = 2) — Aacc (5.14)

k/2 + \/VGBeﬂ + Aacct+ (k/2)
Vsat = lIjsatlszBeff’ Aace ko] (5.15)
fy [wsat, VCBt] = Ysat— hyp [‘/fsat_ Vs 61] (5.16)

Vsat— f1|¥sas Ve
{2 s Vo] = T e V] + o 11UV Ve - (5.17)

\/1+ (‘/fsat_ f1 [wsat, VCBt])

1617

f3 [Wsas Ver, Veger ] = Vobe — 2 [Vsas Veg, ] (5.18)
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Ws [VGBeff7 Vsat Aace Ve K, mO] =f; [Wsat, VCB[]

f3|¥sar Veas Ve
( 3[ sab Ith GBff]) _ fl[wsat,VcB[]—Aacc (5.19)

+ér-(L+mg)-In| 1+

o1
Yso = Ws [VGBefﬁ Ysat Aace VSB[§ Ko, mO] (5-20)
Internal drain saturation voltage:
Vinv [VGBeff’ ¥s, Aace k] = hyp |:VGBeff —Ys— k- \/hyp[ws + Aaco 62]§ 65] (5-21)
Vinvo = Vinv [ VeBeg» ¥s0, Aace Ko] (5.22)
Vdep[‘ﬁs, Aqce K, E] =k- \/hyp[‘ps + Aacs E] (5-23)
Vdep0= Vdep[‘ﬁso, Aacs Ko, E2] (5.24)
Vsgo = hyp[0.9- ¢s;; €2] + 0.1 - dg, (5.25)
Vsq, = Ws [VGBeﬁ’ Vsat Aaco Vsbyg; Kos mo] (5.26)
VdepQ; = Vdep[‘ps()o, Aacs Ko, 62] (5.27)
hyp [ Vdeno— V. ;€
Foone 1401 Vino 0 PL depoko cepas €] (5.28)
k
§ = 0 (5.29)
2- \/Vl + hypwfso + Aace €5)
E=1+96 (5.30)
VA
Vbissay = Viimit + gvo (5.31)
2 - Vpissag
Viiceat = (5.32)
DiSsat 1+ \/1 +2. 93T . VDiSsab
Vbissagg = Viimit + hYP[Vpissat— Viimit: €3] (5.33)
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Internal drain voltage, without velocity saturation:

Ves = Vs — Vrap; (5.34)
Veo, = Ves — Vbs, (5.35)
Vaso = Vimit + hyp[Ves — Vimit: €3] (5.36)
Vb, = Ves, — hypm([Vos;, Vas,; 8] (5.37)
fmobacc[VGDip VGDt] =1+ % - O1acc* (hyp [VGDid 62] + hyp [VGDH 52]) (5.38)
Fmobacc= fmobacc[VGSp VGD[] (5.39)
face = M (5.40)
mobacc
hyp[Vsg; €1] —
fin = hyp| 1 — Ap - Vo + hyp[Vss; 1] Vo, o, (5.41)
Vo

fo = Br -§-Ror (5.42)

I:mob
finvO = fs : VDiSsa@ (5.43)
Var = { fiin + % - face- (VGSIO + VGDtO)} ’ (VGS{O - VGDtO) (5.44)
Venao = (fimo — 3+ & - Vbissay) * Voissas (5.45)
Vdrsat = Vchsato+ (flin + facc' VGSO) ' VDiSsa@ - % : facc' VlgiSsag (5.46)

fiin + facc Vogo + fe - Vbissay,  Var < Virea
N = (5.47)

fiin + facc- VGSO, Var > Vdrsat

2-V
& ’ Vdr S Vdrsa[
N +\/N2_2' (facc+ fs) ‘Vdr
Vpis, = Ly (5.48)
2. (Vo — 1., .y2
Var —35 - 1z DlSSag,) . Var > Ve,
N + \/N2 - 2 N facc' (Vdr - % . fE . VDZISsab)

Vebip, = Ves, — Voiso (5.49)
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Surface potential at internal drain:

Unclassified Technical Note

Vpis.r = hypm[Vpisy, Voissagy: M] (5.50)
Vpig.er = NYP[Vss + Voisy + 0.9 ds,; €2] + 0.1+ ¢g, (5.51)
Vs = Ws [VGBeff7 Vsap Aaco VDiBtyeff; ko, mO] (5.52)
Drain-source current;
Vinvex [Ws, Aaco Ve K, mO]
Vs — Veg, :|
. é1 P|:(1+ o) - b1 (5.53)
hypwfs + Aqce €5] + @1 - eXp[LVCB[} + \/hyp[l/fs + Aace €5)
A+ mo) - 1
Vivexo = Vinvex | ¥'s0: Aaco Vsa: Ko, Mo] (5.54)
VinvexL = Vinvex [WSL, Aace VDiBtyeff; Ko, mO] (5-55)
AYs = Vs — ¥so (5.56)
m = Vinvo — % & Ay (5-57)
Fmobsat= 1 + 93T - AYs (5.58)
Gmob = I:mob‘ I:mobsat (5-59)
Vbs, — Vpise + \/(VDsl — Vpis,)2 + V3
GaL=hyp|l—a-In ) €5 (5.60)
Vp
-V
Xo =2 Vsat+ ¢1 — Vsp (5.61)
o1
— Vn
X, = 2. 1zﬁsat'i‘ ¢T DiBt eff (5.62)
o1
e e
Xpxol +expXL] ) g x, < 80,
G ={ 1+expxo]l+expx.] (5.63)
1, Xo > 80V x_ > 80
Vin - At
lgit = B -G+ —m—— 5.64
drift lgT Gmob’ GAL ( )
Vinv - Vinv
i = Br - dr - ex0  "IMVext 5.65
dit = Bt - P1 G Ot (5.65)
Ips = laritt + laift (5.66)
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Avalanche current;

Fmobs&at == l + 93T . VDlSSaéff (5.67)
Gmobsat = I:mob' Fmobs&at (5-68)
Vinvsat = hyp [VinVO - % € VDiSSaEff; 62] (5-69)
Vinve. - VDi
lsat=pBr - G- mvsé—llesa@ﬂ (5.70)
mobsat
Vchsat = RDT . Isat (5.71)
fiin
Voxp = f— (5.72)
acc
2 2- VChsat
Vpssat= Voxp + VGS - hyp (Voxp + VGS - VDiSSat;ff) - fi; €5 (5-73)
acc
Vbssags = Viimit + NYP[Vbssat— Viimit; €3] (5.74)
ao az
ai; - |lps| - exp| — » |Vbs,| — @3- Vbssagyy > ——
lave = ' |Vos,| — @3 - Vossag [Vos, o a'f\ (5.75)
0, |Vps, | — @3 - Vbssays < _Kz
Internal drain voltage, including saturation in the drift region:
Ko - k
Voxp0= fiin - 2 ® . \i% (5.76)
Vke +kip P
Y/
Vpinch = VoxpO' <1 + 02xp0) (5-77)
Kap
V1s = Vrer + ¢8; — Vrapr + Ko - /Vsg, (5.78)
VDSsagr = VTS - Vpinch (5.79)
Vossager = Viimit + hyP[Vossag, — Vimit; €3] (5.80)
Vosyer = NYPM[Vbs;, Vbssay, e M] (5.81)
Vebier = Vos — Vosyer (5.82)
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VGDyero = Vpineh + hyp [VGD[,eﬁ — Vpinchi 67] (5.83)
Ven = Rp; - Ips (5.84)
V2, V>0
FIV]= 2 3/2 3 (5.85)
2 kOD kOD kOD
2-kpp-| = — ) =V — | —= — V], V<O
- (3(((2) ) (2))+ 5 ) )
2.V, V>0
F'[V]= Koo koo \2 (5.86)
2- Vch
H [Vebi] = 2+ Voxp - (Vebi — Vebien) + F [Veoi] — F [Vebien] — : (5.87)
acc
H' [Vebi ] = 2 Voxp + F' [Vobi] (5.88)
{VGDit,effo}o = VGDt,effo
{errog =1
for (n=1,...,20) and ({errort, ; < 1x 107 ¢r)
do begin
H {VGDit,eﬁO} -1
{VeDiemno by = {VoDieo by — [ - ] (5.89)
H’ [{VGDit,effO}nfl]
{error}n — ‘{VGDit,eﬁo}n - {VGDit,eﬁO}n_1|
end
VGDit,eﬁo = {VGDit,eﬁo}n
VoDier = VoDiero — VeDiero (5.90)
VDiSdr,eff = VDSdr,eff - VDDieff (591)
Vepiier = Ves — Visyen (5.92)
5.3 Charge Equations
Recalculation of factor&:
K
§ = 2 (5.93)
2 \/hyp[% + Aaco E5:|
E=1+0 (5.94)
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Surface potential for accumulation in the channel region:

flaCC[VGBp VGBeff; ACC] = AccC - (VGBt — VGBeff) (595)

f1ace [VGBI » VB> ACC]

fZaCC[VGBp VeBes: ACC] = > (5.96)
1+ flacc[VGBt’ VGBeff; ACC]
16- ¢1°
faacc| Var: Vaper: ACC] = Vap, — Vo — faacc| Vo Varey: AcC] (5.97)
‘Ijsacc[VGBp VeBes K, ACC]
f3 VGBp VGBe ; Acc i
( i ” - ] — faace[VeBi» Vegey: Acc] (5.98)
=—¢1r-In| 1+
ér =
Vsacc= \I’sacc[VGBp V6B ko, ACC] (5.99)
Charges in the channel region:
Vox = VGBI - % “(¥so+ ¥sL) — Vsace (5-100)
VeTo = Vinv [VGBeff’ Vso, Aaco ko] (5.101)
VoL = Vi [ VoBers Vst Aace Ko] (5.102)
AVgt = Vero— VetL (5.103)
Vot = 3 - (Vero+ Vot (5.104)
AV,
=T (5.105)
Ver+§ - ¢r
Qe = Cox- (Vox+ —— - AV, (5.106)
Gmos — “~OX * [o)'¢ 12. 5 . GT .
Cox [— AVor F,  F?
=== (Vor - 1-J L 5.107
Qs 2 ( T 6 { 2 20 (5.107)
Cot (g—, AVer FiFf
N Y/ D (R R 5.108
Qsmos 2 ( GT+ 6 { + 2 20 ( )
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QBimos = — (Qeimes + Qbinos + Qsines)
QG = QGios

Qb = FL * Qbyos

Qs = Qspos + (1 = FL) - Qppos

Qg = — (QGch + Qog, + QSch)

Surface potentials in the drift region:

38

Vbeer = hyp[—Vopye: €7]

Aace, = @1 - <8Xp|:— Acco (VDGeff _ 67)i| _ l)

¢t
Vsab = Wsat| Vbeer: Aaco: Kop]
Vpg, = hyp [VSB + Vbsyer + 0.9 - ¢BD;: 62] + 0.1 ¢gp,
Ysp = s [VDGeff’ Vsap» Aace» V0B Kobs mo]
Vsaco = Wsacc| —VoDyers VDGer: Kop, ACCh |

VbiGer = hYP[— Ve €7]

Aacg = @1 - (exp |:— AcCo (VDiGeﬂ — E7)j| _ )

ér
Vsap = Wsat| VDiGers Aace: Kop]
Vpig, = hyp[Vsg + Vbisyer + 0.9 ¢8p;; €2] + 0.1 dgp,
¥spi = Ws [ Vbicer: Vsati» Aacai» Visy: Kob. Mo

Vsace = leSaCC[_VGDit'ef-f’ VbiGes: Ko, ACCD]

Unclassified Technical Note

(5.109)

(5.110)

(5.111)

(5.112)

(5.113)

(5.114)

(5.115)

(5.116)

(5.117)

(5.118)

(5.119)

(5.120)

(5.121)

(5.122)

(5.123)

(5.124)

(5.125)
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Charges in the drift region:

Voxe = 3 + (Vop, + Vi, + ¥sp + Yspi + Vsace + ¥sace:) (5.126)
VGDiace = VDiGer T VGDig e (5.127)
V6Dace = VDGei + VoD et (5.128)
AVace = VeDigee — VGDace (5.129)
Vace= 3 (VGDiaco + VGDacc) (5.130)

oo = _AVace (5.131)

Vace + Voxp

Qay = Coxo (voxdr + Fl‘z : Avacc) (5.132)
Qomz—c‘;D - (ch— A\éa""- {1—':’7—%» (5.133)
QS&CC:_C?D(V&CCJF%&‘CC. {1+FJT_%}> (5.134)
V1, = Veg; + ¢8; — VeeDr + Ko - \/FBM (5.135)
VeDiim = Vebier + YR [V — Ve, o €7] (5.136)
VeDim = V6Diim — VoDigg (5.137)
V6Daeim = NYP[ Vo €7] (5.138)
VDiaeeim = NYP[Vobiim: €7] (5.139)
AVacglim = V6Diacim — VGDacciim (5.140)
Vacciim = 2+ (V6Diaccim + V6Daccim ) (5.141)

ety = 2T (5.142)

B Vacclim + Voxp

2

Coxp
Qsdcclim =— . (Vacclim + 6 > 20

2
AVacclim ) {1+ Fjact;lim _ Fjacclim }) (5.143)
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Vdep, = Vaep[Vsp, Aace: Kop, €5] (5.144)
Vdepy, = Vdep| ¥spir Aacay; Kop. €6 (5.145)
QGep = — % * (Vden, + Vden,) (5.146)
Vivo = VbGey — Vsp — Veep, (5.147)
Vinvo: = VbiGer — ¥sDi — Vdep, (5.148)
Qg = % * (Vinvp + Vinvgi) (5.149)
Qby = Qpacc T FL - Qsiee + (1 = FL) - Qspim — QGgep (5.150)
Qsy = — (Qay + Qoy + Q) (5.151)

Total charges:

Qs = Qg + Qay (5.152)
Qb = Qb,, + Qo (5.153)
Qs = Qs,, + Qsy (5.154)
Qe =—-(Qc+Qp+ Qs (5.155)

5.4 Noise Equations

Noise transfer function:

[ A Viw
Omg, = Max| Br - Vs (1- 01—~ ],1x10°° (5.156)
L Gmob I:mob
Vivo + & - Viimit — & - As — % - 02 - £ - (Aro)?
os, = max| gy - ot S Yimt GE l'lis 2 or 150 BV ,0} (5.157)
L mob * Fmobsat
f
gmdr = max[ Racc . (VGDilO - VGDtO) ) 1 X 10—10] (5158)
Dr
flin facc 10
gder = max + =" VGD[()a 1x10 (5159)
Ro; = Ro;
r+ r
Qtransfer= Jdsy T I (5.160)

gdsch + gdsdr + gmdr
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Flicker noise:
€ox
No = ——  Vinvew (5.161)
q : tOX
€ox
NL = * Vinveq (5.162)
q : tOX
= g (5.163)
= - _
q 'tox
q-¢% tox- Br - lps 2 No + N*
Sp,, = Nia — N*- N N*“. N n| ———
oo €ox - N* - Gmop ( A . fC) N + N*
N
+ (NfB—N*-Nfc)'(NO—NL)—F%-(NoZ—NLZ)} (5.164)
Na + Nig - NL+ N¢c - N2
+¢r - 126 (L= GaL) -
ér - lps - ( AL) N+ N2
max| Sp,, O
Spy = gtzransfer' # (5.165)
Thermal noise;:
F . G 2 A 2
SDtho = lgT : { mobsat AL : (Vinv + E_ : —71/13 )
Frmob 12 Vi + & - ¢r
_ (5.166)
_ 93T - Viny - A ) (2_ 937 WANV/S >
I:mob I:mobsat' GAL
SDth = gtzransfer' NTT : maX[SDthO’ O] (5-167)
2.7 - Con)?
Sey = Ny, - & Cod” 2 (5.168)
3- gmch

Sepy, = 0.4+ - /Say - Soy, (5.169)
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6 Parameter Extraction Strategy

The parameter extraction strategy for MOS Modele26luding the effect of self-heating is ana-
loguous to the four different steps described 4h [However, in case of a non-negligable tem-
perature rise due to self-heating, one can not divide the parameter extraction procedure into a
separate parameter extraction of miniset parameters at room temperature and a separate param-
eter extraction of the temperature scaling parameters. The reason is that once self-heating has
been incorporated, the miniset parameters are internally corrected for this temperature rise due
to self-heating, and can therefore not be determined from measurements performed at one single
temperature only. Hence, to extract parameters for a device including self-heating, the following
three steps are performed:

1. measurements
2. extraction of miniset parameters (including temperature scaling parameters)
3. extraction of width scaling parameters

Notice that, in contrast to a conventional MOS transistor, mostly the LDMOS transistor has only
one gate length. available in a process. Therefore, the division of this length into a lehgth

of the channel region and a lengthy, of the drift region is difficult. Further insight into this
division can be obtained if one has various LDMOS transistors of different drift region lebgths
available.

The above three steps of the parameter extraction strategy will be briefly described in the following
sections.

6.1 Measurements

The parameter extraction routine consists of four different dc-measurements and one capacitance
measurement

e Measurement | (idvg): Ip andg,, versusVgs characteristics in the linear region:
n—channel Vgs=0,..., VGs, max

Vps =100 mV

Vsg=0,1,2,3and 4V

p—channel Vgs=0... —VGs max
Vps=—-100 mV
Vsg=0,-1,-2,—-3and—4V

e Measurement Il (subvt): Sub-thresholdp versusVgs characteristics:
n—channel Vgs= V1 -06V,..., V7T +03V
Vs = 3 values starting from 100 mV t@ps. max
Vsg=0,1,2,3and 4V

p—channel Vgs= V7t +06V ...V —-03V
Vs = 3 values starting frora-100 mV to—Vps, max
Vsg=0,-1,-2,—-3 and—4V

IThe bias conditions to be used for the measurements are dependent on the maximum Voitagarsy and
Vs, max Of course it is advisable to restrict the range of voltages to these maximum voltages. Otherwise physical
effects a-typical for normal transistor operation and therefore less well described by MOS Model 20 may dominate the
characteristics.
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e Measurement Ill (idvd): Ip andgpg versusVps characteristics:

n—channel Vps=0,..., Vbs max
Ves=V1+01V,Vr+11V,Vr+21V,Vr+31V
Vsg =0, 2and 4 V.

p—channel Vps=0,..., —Vps, max
Vgs=V7+-01V,Vr—-11V,V;:-21V,Vr-31W
Ves=0,-2 and—4V

e Measurement IV (idvdh): Ip andgpg versusVps characteristics:
n—channel Vps=0... Vps, max
Vs = 4 values starting froniVps, may'4) t0 Vps, max

VSB =0V

p—channel Vps=0... —Vps, max
Vs = 4 values starting from-(Vps, may/'4) t0 —Vbs. max
VSB =0V

e Measurement V (ibvg): Ip and/g versusVss characteristics in high-field operation regions:
n—channel Vgs=0,..., VGs, max
Vbs = Vs, max— 4V, VGs, max— 2V and—Vgs, max

VSB =0V
p—channel Vgs=0,..., —VGs, max
VSB =0V

e Measurement VI (Cvg): Cyg, Csg, Cug and Gyg versusVgs characteristics:
n/p—channel ¥Vgs = —VGs, max - - -» VGS, max

VDS =0V

VSB =0V

The values of transconductangg, and output conductancg,g are determined from thé-V-

curves by calculating in a numerical way the derivativepto Vs and Vps, respectively. In

the measurements Il and Ill use is made of threshold voltggevhich has to be determined for

all the used source-bulk bias valudgg from measurement | (idvg). The wa¥; is determined

is rather arbitrary: it can be either obtained by the use of a linear extrapolation method or by a
constant current criterion.

For the miniset extraction, measurements | through V have to be performed for a certain device
width at various temperatures, ranging from ab®ui, = —40°C to Thax = 125°C. Finally,

to determine the width scaling parameters, the measurements at room temperature need to be
performed for a narrow and broad transistor.
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6.2 Extraction of Miniset Parameters (including Temperature Scaling)

In case of a non-negligable temperature rise due to self-heating, the extraction of miniset param-
eters is performed by the use of an external thermal network. This thermal network provides the
temperature risé\ Tsei-neaingdue to self-heating. The reference temperafiigeis chosen equal

to the chuck temperatur® e, While the temperature ris&T is set equal to the temperature rise
ATselr-heatingdue to self-heating, according to

ATself—heating= Rth ' IDS‘ VDS- (6-1)

Here, Ry, denotes the thermal resistance (in Kelvin per Watt), and has to be determined before one
starts the extraction of miniset parameters. In case of a one-dimensional heat-flow, the thermal
resistance is given by

tgox | tsi) 1 tsi 1
R =l—4+ =) -, or R = — . —, 6.2
thsol ( Kox + kSi) A thbulk ksi A ( )

for an SOIl-process and a bulk process, respectively. Hegreepresents the thickness of the
silicon wafer,tgox the thickness of the buried oxide (BOX) layer, aAddenotes the area over
which dissipation takes place, see FigéreThe physical constants;; andkoy are the thermal
conductivity of silicon and oxide, respectively. At = 27°C these conductivities are given by

kox = 1.4 W/(K-m) andks; = 1.41- 10> W/(K-m). Thus, in generaRy, depends on the device
temperature as well as device geometry. More details on how to incorporate the effect of self-
heating into the parameter extraction strategy can be found in/.g. [

)

chuck T_TChUCk>
Figure 6: Geometry for the one-dimensional heat-flow in a transistor in an SOI process (left) and
a bulk process (right).

A

< sol
"
tsi Q
’
)

Si—substrate

<
-
%

chuck T= ChUCk

Next, a first estimate of the miniset parameters is given for a certain device Widbtased on an
estimate for the oxide thickne&s, the channel length ., and drift region length_ 4, according
to the following table:
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Parameterr Program Parameter Value
Name NMOS PMOS
Ves VFB -1.0 -10
ST.Ves STVFB -1.0-10°3 -10-10°3
VreD VFBD 0.0 0.0
ST.Ves STVFB 0.0 0.0
Ko KO 16 16
Kop KOD 1.0 1.0
o8 PHIB 0.9 0.9
St.4g STPHIB -1.0-10°3 -10-10°3
®BD PHIBD 0.8 0.8
ST .m0 STPHIBD -10-103 -10-103
B BET (22-107%%/tox) - (W/Lcn) | (0.8-1071%/tox) - (W/Lcn)
np ETABET 1.6 16
Bace BETACC (22-107"%/toy) - (W/La) | (0.8-107"%/toy) - (W/La)
Mface ETABETACC | 1.6 16
Rp RD 5.0-1C°- (Lg/W) 15.10%- (Lg/W)
NRo ETARD 15 15
AD LAMD 0.2 0.2
61 THE1 0.05 0.05
Orace THE1ACC 0.05 0.05
6 THE2 0.03 0.03
63 THE3 0.4 0.4
Nos ETATHE3 1.0 1.0
m MEXP 2.0 2.0
o ALP 20-10°° 20-10°3
Vp VP 50-107? 5.0-107?
Odibl SDIBL 1.0-10°3 10.10°°
Moy MSDIBL 1.0 1.0
Mo MO 1.0-10°8 10.10°°
Ot SSF 1.0-10°° 1.0-10°
a Al 18 18
St.a STA1 0.0 0.0
a, A2 73 73
as A3 1.0 1.0
Cox COX (3.453- 107 /tey) - W - Lep | (3.453- 1071 /ty) - W - Len
CoxD COXD (3.453- 10 /tey) - W - Ly | (3.453- 1071 /ty) - W - Lgr
Cepo CGDO 3.0-10%0.w 30-10710.w
Ceso CGSO 3.0-10%0.w 30-10%0.w

Table 1: Starting miniset parameter values for parameter extraction of a typical DMOS transistor

with channel length. ¢, (m), drift region lengthL 4, (m), device widthW (m), and oxide thickness

tOX (m) .
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Parameters COX, COXD, CGSO and CGDO are only important for the charge model, and do not
affect the dc-model; they have to be extracted flOrvY -characteristics. Furthermore, in practice

the parameters PHIBD, STPHIBD, KOD, VFBD and STVFBD can not be determined accurately
from DC-measurements, and as a consequence they are determinddt-ffemeasurements.

In general the simultaneous determination of all miniset parameters is not advisable, because the
value of some parameters can be wrong due to correlation and suboptimization. Therefore it is
more practical to split the parameters into several groups, where each parameter group can be
determined using specific measurements.

Next, the parameter extraction strately is described, from both DC- and AC measurements.

DC-parameters The extraction strategy for the DC-parameters fomachannel DMOS tran-
sistor is outlined in Tabl. For p-channel DMOS transistors all voltages and currents have to
be multiplied by—1. The optimisation is either performed on the absolute (abs) or relative (rel)
deviation between model and measurements.

Step | Optimised Measure- Fitted | abs/| Specific
Parameters ment on rel | Conditions

1 ¢B, ko I (IdVg), T = Tref Ip abs Ip <0.1- ID,madeg

2 éB, Mo, Tdivl, M o gi 1] (SUth), T = Tret Ip rel Ip <0.1- ID.,madeg

3 ST.n I (idvg), T = Tmin, -+ -, Tmax Ip abs | Ip < 0.1 Ip maxg,

4 61, 03, Ng, IV (idvdh), T = Tmin, -+ -» Tmax | Ip abs | in saturation

5 B, np IV (idvdh), T = Tmin, .-+, Tmax | I abs | in saturation

6 o, Vp, O I (idvd), T = Tyet Obs rel | in saturation,
Vgs < Vr +31V

7 B, ng I (idvd), T = Tyet Jbs rel | in saturation,
Vgs=Vr +31V

8 Baco Npacer RD IV (idvdh), T = Tmin, -+ -» Tmax | Ip abs | in linear region,
nRD = nﬁacc

9 O acc | (idvg), T = Trer Ip abs | -

10 | 6, I (idvd), T = Tyet Ip abs | Vg > 0

11 | Ap | (idvg), T = Tres Ip abs | Vg > 0

12 aj, ap, az V (ibvg), T = Trer Is abs | -

13 St.ay V (ibvg), T = Tmin, + - - » Tmax Ig abs | -

Table 2: DC-parameter extraction strategy fomachannel DMOS transistor, including selfheat-
ing

AC-parameters The extraction strategy for the AC-parameters formachannel DMOS tran-
sistor is outlined in Tabl&. For p-channel DMOS transistors all voltages and currents have to
be multiplied by—1. The optimisation is either performed on the absolute (abs) or relative (rel)
deviation between model and measurements.
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Step| Optimised Measure- Fitted | abs/| Specific
Parameters ment on rel | Conditions

1 Coxs Coxp, ®8D, Kobs Vesp | VI(CVQ), T = The Gy abs | -

2 ST§¢BD1 ST;VFBv ST;VFBD Vi (CVg)v T= Tmin’ cee 1Tmax CGG abs | -

Table 3: AC-parameter extraction strategy forrenhannel DMOS transistor, including selfheat-
ing

6.3 Extraction of Maxiset Parameters

Since in most high-voltage processes the LDMOS transistor has only one gate lenlyéne is

no length scaling scheme present in MOS Model 20. Thus, geometry scaling consists of only
width scaling, and can be separated into a width scaling scheme for the channel region and a width
scaling scheme for the drift region. The most important part of the geometry scaling scheme is the
determination oAW and AWp, since it affects the DC-, the AC- as well as the noise model; see
Section3.2.3 Here,AW and AWp can be determined from the extrapolated zero-crossing in the
gain factorg and Bacc (Or 1/Rp), respectively, versus mask widti. As an LDMOS transistor

may have different mask widths for the source and the drain, also different valu®¥/adind

AWp can be obtained.

When using the physical scaling relations of Secah3 it is possible to calculate a parameter

set for a process, given the parameter set of typical transistors of this process. To accomplish this,
transistors of different widths have to be measured. Using these measurements the sensitivities of
the parameters on the width can be found. For the determination of a geometry-scaled parameter
set a three-step procedure is recommended:

1. determine minisetspg, ko, B, ...) including temperature scaling for all measured devices,
as explained in Sectiod.2

2. the width sensitivity coefficients are optimised by fitting the appropriate geometry scaling
rules to these miniset parameters.

3. finally the width and length sensitivity coefficients are optimised by fitting the result of the
scaling rules and current equations to the measured currents of all devices simultaneously.
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7 Pstar Specific Items

7.1 Syntax

n-channel geometrical model MN(D,G,S,B) <parameters
p-channel geometrical model M#®(D,G,S,B) <parameters
n-channel electrical model : MNE (D,G,S,B) <parameters
p-channel electrical model : MPE (D,G,S,B) <parameters
n . occurrence indicator

<parameters : list of model parameters

D, G, S and B are drain, gate, source and bulk terminals respectively.
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7.2 DC Operating Point Output

The DC operating point output facility gives information on the state of a device at its operation
point. Besides terminal currents and voltages, the magnitudes of linearized internal elements are
given. In some cases meaningful quantities can be derived which are then also givefir)e.g.

The objective of the DC operating point facility is twofold:

e Calculate small-signal equivalent circuit element values

e Open a window on the internal bias conditions of the device and its basic capabilities.

Below the printed items are described. HE&gy, indicates the derivative of the charge at
terminalx to the voltage at terminal, when all other terminals remain constant.

No. Symbol Program Units Description

Name

0 Ips IDS A Drain current, excluding avalanche current

1 lavi IAVL A Substrate current due to weak-avalanche

2  Vps VDS \% Drain-source voltage

3 Vas VGS \Y Gate-source voltage

4 Vs VSB \% Source-bulk voltage

5 V1o VTO \% Zero-bias threshold voltage of the channel region (after
geometric and temperature scalind)ro = Vg, +
der + Ko+ /B

6 Vts VTS V Threshold voltage including back-bias effectsis =
Ve + ¢Br +ko- \/R

7 V1H VTH \% Threshold voltage including back-bias and drain-bias
effects:Vry = Veg, + ¢, + Ko+ /Vsg — AVg

8 VoT VGT \% Effective gate drive voltage including back-bias and

drain voltage effectsVet = Vinve,
9 VTop VTOD \% Treshold voltage of the drift regiorWrop = Vesp, —

¢BDT - kOD RV ¢BDT

10 Vpis; VDISEFF V Effective internal drain to source voltage at actual bias

11  Vpissay; VDISSAT V Internal drain saturation voltage at actual bias

12 Vpssayy VDSSAT V Drain-source saturation voltage at actual bias

13 Om GM A/V  Transconductance (assumeds > 0): gn =
dlps /0Ves

14 gmp GMB A/ Substrate-transconductance (assumégs > 0):
Omb = lps /0Ves
15  Qas GDS AV Output conductancejys = dlps /9Vps
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No. Symbol Program Unit Description
Name
16 Cpp CDD
17 Cpe CDG
18 Cps CDS
19 Cpg CDB
20 Cep CGD
21 Cqgo CGG
22 Cgs CGS
23 Ces CGB Cog = 3Qc /3Vss
24 Csp CsD Csp=—09Qs /3Vps

F Cpp = 0Qp /0Vbs
F
F
F
F
F
F
F
F
25 Css  CSG F Css = —9Qs /3Vas
F
F
F
F
F
F
m
m

Cpc = —3Qp /Ves
Cps=Cpp — Cpc — Cps
Cpg = 3Qp /Vss

Cep = —9Qg /dVps
Cee = 9Qc /0Vas
Ces=Ccc — Cep — Cas

26 Css CSS Css=Csg+Csp+Csp
27 Csp CSB Csg = 8Q5/8VSB

28 Cpgp CBD Cep = —905g /8VDS

29 Cge CBG Cgg = —005g /3VGS

30 Cpgs CBS Css =Cgg — Cpp — Cga
31 Cgp CBB

32 Wg WEFF
33 Wegp WDEFF

Cgg = —3Qp /0Vsp
Effective channel region width for geometrical model
Effective drift region width for geometrical model

34 u u - Transistor gainu = gm /Jas

35 Rout ROUT Q Small-signal output resistancBq, = 1 / Ods

36 VEany VEARLY V Equivalent Early voltageVeany = |lps| / Jds

37 Pett BEFF AN? Gain factor:Ber = 2 - | Ips| /Viﬁ\,exo

38 fr FUG Hz Unity gain gfrequency at actual bias: fr =
m

2.7 - (Coe+ Csso+ Cepo)
39 Omg, GMMOS AN Transconductance of channel region

40 /Svem SQRTSFW VA/Hz Input-referred RMS thermal noise voltage density:
VSven = /S0 / Gma

41 /Sve; SQRTSFF VA/Hz Input-referred RMS flicker noise voltage density at 1
kHz: \/Svey = v/Spy[1kHZ] /Gme,

42 frnee FKNEE Hz Cross-over frequency above which thermal noise is
dominant: fynee = 1Hz - Sp,[1HzZ] /Sp,,
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A Auxiliary Functions

The hyp-function:

1
. - . 2 €2
hyp[x; €] = > (x+ X2+ 4 e) (A.1)
The hypm-function:
X-
hypm[x. y:m] = Y (A2)

(X2~m + y2~m)l/(2~m)
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