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model called MOS Model 20 (MM20) is presented. MM20 has been
developed for circuit simulation of power integrated citsu MM20
describes the electrical behaviour of a high-voltage MO8cge like

a Lateral Double-diffused MOS (LDMOS) device or an exterrdeain
MOSFET. The model combines the MOSFET operation of the aélann
region with that of the drift region of such high-voltage ams.

Since MM20 is a surface-potential-based model, it givecanrate de-
scription in all operation regimes, ranging from sub-thiad to above
threshold, in both the linear and saturation regime. MM2fludes
strong inversion, depletion, and accumulation, in bothdhannel re-
gion and the drift region of the device. In addition to thevioes
MM20 model (level = 2001), in this MM20 model (level = 2002y asi-
saturation is included, an effect which is typical for higbltage LD-
MOS devices.

The objective of this report is to present the full definitahMM20,
level = 2002, including the model parameter set, the tentperand
geometrical scaling rules, and all the implemented modeatons for
the currents, charges, and noise sources. The parametsstexi strat-
egy is briefly explained.
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Preface and History of Model and Documentation

Preface

The first version of the compact LDMOS model, MOS Model 20,dme available in October
2003. Future changes and additions to the model have beeménted by extending or changing
the documentation in this report.

History of Model

October 2003 : Release of MOS Model 20, level 2001, test version.
January 2004 : Update of MOS Model 20, level 2001, test version.
This update, for instance, omits the source-drain intergbdor the
DC current description.
October 2004 : Introduction of MOS Model 20, level 2001.
This update includes some practical changes, like the gifffch
voltage Voo, the clip-low values ofr and of Ap, and the
implementation of the noise transfer function.
May 2005 . Introduction of MOS Model 20, level 2002.
This update includes velocity saturation in the drift regio
August 2006  : Update of MOS Model 20, level 2002.
This update includes some practical changes, like thel@lip-
values ofl’ andWp,, and improved avalanche-current modelling.
February 2007 : Update of MOS Model 20, level 2002.
Release of version 2002.2, which includes self-heating.
March 2008 : Update of MOS Model 20, level 2002.
Several minor bugs fixed in version 2002.2 of the model.

History of Documentation

August 2003  : First documentation of MOS Model 20, level 2001, test \@1si
January 2004 : Update of documentation of MOS Model 20, level 2001, tession,
according to the model formulation of January 2004.
October 2004 : Introduction of MOS Model 20, level 2001.
This update includes some practical changes, like the gffch
voltageVixp0, and the clip-low values af: and of \p.
May 2005 . Introduction of MOS Model 20, level 2002.
This update includes velocity saturation in the drift regio
August 2006  : Update of documentation of MOS Model 20, level 2002.
This update takes into account the contribution of both trenoel and
drift regions to the weak-avalanche current.
March 2007 . Update of documentation of MOS Model 20, level 2002.
This update includes a section on the parameter extradtiategy.
March 2008 : Update of documentation of MOS Model 20, level 2002.
This update details aspects new to version 2002.2 and t®Imreaor errors.
May 2009 : Update of documentation of MOS Model 20, level 2002.
This update corrects minor errors related to self-heatimjtamperature scaling.

iv ©NXP Semiconductors 2009
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1 Introduction

MOS Model 20 (MM20) is a compact MOSFET model intended follagae circuit simulation in
high-voltage MOS technologies. MOS Model 20 describes lbetrical behaviour of the region
under the thin gate oxide of a high-voltage MOS device, likeateral Double-diffused MOS
(LDMOS) device or an extended-drain MOSFET; see Figure thus combines the MOSFET
operation of the channel region with that of the drift regiorder the thin gate oxide in a high-
voltage MOS device. As such, MOS Model 20 is aimed as a suacesthe combination of MOS
Model 9 (MM9) [1] for the channel region in series with MOS Ma@1 (MM31) [1] for the drift
region under the thin gate oxide, in macro models of variagk-kioltage MOS devices.

G

channel region 3 drift region
B S :
ﬁ oy
p—well

- Di
! n -
Figure 1: The region under the thin gate oxide ofigithannel LDMOS device, described by MOS
Model 20.

The model is based on the Silicon-on-Insulator (SOI)-LDM®&lel developed by the University
of Southampton [2]. MOS Model 20 has especially been deeeldp improve the convergence
behaviour during circuit simulation, by having the voltagtethe transition (node Di) from the
channel region to the drift region calculated inside the ehddelf.

MOS Model 20 gives a complete description of all transistction—related quantities: nodal cur-
rents, nodal charges, and noise-power spectral denditiesequations describing these quantities
are based on surface-potential formulations, resultirapjimations valid over all operation regimes
(i.e. accumulation, depletion, and inversion in both tharctel region and the drift region). The
surface potential as a function of the terminal voltagesbisioed by the explicit expression as
derived in Ref. [3] and used in MOS Model 11 (MM11), level 11@]. Additionally, several im-
portant physical effects have been included in the modebilityreduction, velocity saturation,
drain-induced barrier lowering, static feedback, chameeyth modulation, and weak avalanche
(or impact ionization).

MOS Model 20 only provides a model for the intrinsic MOSFEhagour of the region under
the thin gate oxide of a high-voltage MOS device, as well agytte/source- and gate/drain over-
lap regions. Junction charges, junction leakage curr@rtexconnect capacitances, and parasitic
bipolar transistors are not included; they should be cal/bseseparate models. For instance, to
describe the electrical behaviour due to the pn-junctidwéen the backgate (B) and drain (D),
an additional diode model for this pn-junction has to be d¢dee Figure 2. Furthermore, for very
high-voltage MOS transistors with an additional thick fiekide, like in Figure 3, MOS Model

©NXP Semiconductors 2009 1
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20 can be used in series with a separate model for the drifirraqder the thick field oxide. In

the case of the SOI-LDMOS transistor in Figure 3, MOS Mode(MM40) [1] has been used to

model the part of the drift region underneath the thick oxiBimally, self-heating of the device,
which may significantly affect the electrical behaviourn@w included via a thermal network as
of version 2002.2 of the model.

Figure 2: Macro model for an LDMOS transistor.

mm20 @

MM 40

e R

\

A\
HW

Figure 3:Macro model for an SOI-LDMOS transistor with a thick field dei

2 ©NXP Semiconductors 2009
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1.1 Structural Elements of MOS Model 20

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

e Model embedding: It is convenient to use one single model for bethand p-channel
devices. For this reason, apychannel device and its bias conditions are mapped onte thos
of an equivalent:-channel transistor. This mapping comprises a number ofdignges.

Since a DMOS transistor is an asymmetric device, no soun@ie-éhterchange 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 ube ekternally applied volt-
ages mapped onto an equivalenthannel transistor.

e Preprocessing: The complete set of all the parameters, as they occur in thatieqs for
the various electrical quantities, is denoted as the sattofl parameters. Since most of
these actual parameters scale with temperature, and gifideeating is significant for high-
voltage devices, each of them can be determined by eldatneasurements over a range of
temperatures. The set of electrical parameters at a refetemperature including the tem-
perature scaling parameters and reference temperatelfeigglenoted as theiniset. This
miniset forms the input for the so-calletectrical model, from which the actual parameters
for an arbitrary temperature are obtained by applying thegperature scaling rules. These
temperature scaling rules thus describe the dependerictee actual parameters on the
temperature of the device.

Since most of the electrical parameters also scale with gagnthe process as a whole
is characterized by an enlarged set of parameters, uswdlgdadhemaxiset. This maxiset
consists of the transistor dimensions, the electrical patars for certain device dimen-
sions at a reference temperature, the reference tempeitgelf, and all temperature- and
geometry scaling parameters. Together, they form the ifgguhe so-calledyeometrical
model. From the maxiset parameters, the actual parameters forb#ragy transistor are
obtained by applying the temperature and geometry scalileg.r These scaling rules thus
describe the dependencies of the actual parameters oniftaedion length, device width,
and temperature of the device.

Since the application of the scaling rules is done only oneeprior to the actual electrical
simulation, this procedure is callgueprocessing.

e Clipping: To prevent the scaling rules from generating actual pams¢hat are outside
a physically realistic range or that create numerical diffies (such as division by zero),
the actual parameters may be clipped to a pre-specified .rartge clipping of actual pa-
rameters is donefter the preprocessing. The pre-specified clipping ranges mattual
parameters are taken as those in the electrical model peraliseéin Section 3.3.1.

Furthermore, in order to prevent numerical difficultiestie preprocessing procedure, the
model parameters of both the electrical and geometricaleinméy also be clipped to a
pre-specified range. This clipping of model parameters redefore the preprocessing.
The pre-specified clipping ranges for both the electrical geometrical model parameters
are taken as those in the geometrical model parameter [Bsdtion 3.2.1.

e Current equations: These are all expressions needed to obtain the DC nodahtuas a
function of the bias conditions. They can be separated m@ions for the channel current
and the avalanche current.

©NXP Semiconductors 2009 3
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e Charge equations: These are all the equations that are used to calculate baihttinsic
and extrinsic charge quantities, which are assigned toddes) They can be separated into
equations for the channel-region charges and the drifenecharges.

e Noise equations: The total noise output of a transistor consists of a thermaenand a
flicker noise part, which create fluctuations in the chanoelemt. Owing to the capacitive
coupling between the gate and channel region, current fitions 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 embedd#OS Model 20 in a circuit simulator
is outlined. Next, the nomenclature is explained, while étt®n 4 the implemented equations
are listed. Finally the operating point output parametegsdascribed.

4 ©NXP Semiconductors 2009
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2 Embedding

In high-voltage technologies, both andp-channel LDMOS transistors are supported. It is con-
venient to use one single model for both types of transiststead of two separate models. This
is accomplished by mappingpachannel device with its bias conditions and parameterrgetan
equivalentn-channel device with appropriately changed bias conditi@®. currents, voltages,
and charges) and parameters. In this way, both types ofistansan be treated as anchannel
transistor. In MOS Model 20, we let the electrons and hole® lthe same electrical behaviour.
As a result, the same equations are used for hetimdp-type transistors.

Since a DMOS transistor is an asymmetric device, no souie-thterchange is applied in case
the external voltage mapped ontoraithannel transistor is negative. Thus, in MOS Model 20, the
DC currents and charges are calculated by use of the eXteamdlied voltages mapped onto an
equivalentn-channel transistor.

The total transformation procedure is explained in deta$éction 2.3.

2.1 External Electrical Quantities and Variables

No. Variable Program Units Description

Name
VS VDE \Y Potential applied to the drain node
2 V& VGE V Potential applied to the gate node
3 VE VSE \Y Potential applied to the source node
4 vg VBE \% Potential applied to the bulk node
5 I§ IDE A DC current into the drain
6 IS IGE A DC current into the gate
71§ ISE A DC current into the source
8 I§ IBE A DC current into the bulk
9 £ 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 Qse QSE C Charge in the device attributed to the source node
12 og QBE C Charge in the device attributed to the bulk node
13 S‘B SDE A’s Spectral density of the noise current into the drain
14 58 SGE As Spectral density of the noise current into the gate
15 f SSE As Spectral density of the noise current into the source
16 %G SDGE As Cross spectral density between the drain and the gate
noise currents
17 Sgs SGSE Rs Cross spectral density between the gate and the source

noise currents

18 §D SSDE As Cross spectral density between the source and the
drain noise currents

©NXP Semiconductors 2009 5
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The definitions of the external electrical variables angsiflated in Figure 4.

% g5+ 4%
%

Ve goig+ L
S

e 16 4
<

i:g ovg lgzlg—i-%

Figure 4: Definition of the external electrical quantitieslarariables.

2.2 Internal Electrical Quantities and Variables

No. Variable Program Units

1  Vps
2 Vgs
3 VsB
4 Ips
S5 Iavy
6 Qo
7 Qg
8 Qs

9 Qs

6

Name

VDS
VGS
VSB
IDS
IAVL
QD
QG
QS
QB

\Y

Description

Drain-to-source voltage applied to the equivalent
n-MOST

Gate-to-source voltage applied to the equivalent
n-MOST

Source-to-bulk voltage applied to the equivalent
n-MOST

DC current through the channel flowing from drain to
source
DC current flowing from drain to bulk due to the
weak-avalanche effect

Intrinsic charge in the equivalentMOST attributed

to the drain node

Intrinsic charge in the equivalentMOST attributed

to the gate node

Intrinsic charge in the equivalentMOST attributed

to the source node

Intrinsic charge in the equivalentMOST attributed

to the bulk node

©NXP Semiconductors 2009
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10 Sp, SDTH A’s Spectral density of the thermal-noise current of the
channel region

11 Sp, SDFL A’s Spectral density of the flicker-noise current of the
channel region

12 Sq,, SGTH A’s Spectral density of the thermal-noise current induced
in the gate

13 Sgp,, 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 Simulat®

In order to embed MOS Model 20 correctly into a circuit sintotathe following procedure
(illustrated in detail in Figure 2.3) should be followed. Wave assumed that indeed the simulator
provides the nodal potentialg§, VE, V€, andV§ based on aa priori assignment of drain, gate,
source, and bulk. As a DMOS is an asymmetric device, no seilnaia interchange is applied as
is done in a conventional (symmetric) MOSFET. The followstgps are taken:

1. Calculate the voltage\z’,gs, V(';S, and V;B, and the additional voltage\sl;G and V;G. The
latter are used for calculating the charges associatedowvéHap capacitances.

2. Based om- or p-channel devices, calculate the modified voltaggs, Vss, andVsg. From
here onwards, only-channel behaviour needs to be considered.

3. Evaluate all the internal output quantities — channelenir weak-avalanche current, nodal
charges, and noise-power spectral densities — using the M@l 20 equations and the
corresponding voltages.

4. Correct for a possiblg-channel transformation.

5. Change from branch current to nodal currents, estabiisihie external current output quan-
tities. Add the overlap charges to the nodal charges, thusifig the external charge output
quantities.

©NXP Semiconductors 2009 7
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VE, VE, VE VE

Y

77

”

7

_\/€ e
VDS_VD_VS

_ /€ e
=Vg— Vg
__\/€ e
=Vg—Vg
__\/€ e
=Vp - Vg

e e
VSG = Vs - VG

n-channel
Vps = Vpg
VGS = VGS
Vsg = VSB

Channe p-channel
type |
Vbs = —Vps
Vs = _VGS
Vsg = —Vgp

Y

@ = QO (Vps,Ves, Vsg)
Ips = Ips (Vbs,Ves, Vsg) Qs = Qs (Vbs,Vas, Vsp)
Iave = IavL (Vs Ves, Vsg) Qs = Qg (Vbs,Ves, Vss)
Qg =-(Qp+ Qs+ Q)

S = Sy (Vs Vs, Vss)
Sy, = Sy, (Vs Ves: Vse)
Soy, = Soy, (Vos:Vas: Vss)
Sepy, = Sepy, (Vbs:Ves, Vss)

©NXP Semiconductors 2009
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S,D = Sy + Sy

S<,3 = Soy

Sé = Sy + Sy, + Sey, T 2Re {SGDth}
S;G = SéDth

Styzs = _SGth - SGDth

’

Ssp = _SGDth B SDﬂ B SDth

no
Iog =0
lsg = IavL

S'D =Sy, + Sy + Sgy, + 2Re {Seoth}
S = Soy

S; = S + oy

S;)G = _SGth - S:BDth

5%;5 = Sopy,

Ssp = —Séoth - SDth B SDﬂ
|

n-channel Channe p-channel
S = S, =
. B=® K= . B=-® K=
IDS — IDS ” 1 ] IDS _IDS ” 1
Iu Il QG = QG SS = 7 - I: G - _QG SS =
DB _— DB ” ” 7 DB —_ DB ” ”
” ’ Qs = Qs Soe = Se ) Qs = —0Qs Soe = Se
ISB = ISB " " ) ISB = —ISB " o
O = Ses = Ses s =-Cs Ses = Ses
Ssp = Ssp Ssp = Ssp
| |
©NXP Semiconductors 2009 9
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CE
1€ =1+ Ing Q8 = @ + Copo * Vs £=-%
=0 Q€=Q:—Copo-Vps—Coso-Ves  E£=5
I§ = Ibs +Isg Q€ = Qs + Coso * Ve e = Se
I§ = —Ipg — Isg QBGZQ; Es = "S

SSD_S;D

!
51 IS 15 QO @B & & S £ £ S B 5

Figure 5: Transformation scheme.

It is customary to have separate user models in the circuillators forn- andp-channel transis-
tors. In that manner, it is easy to use a different set of egiee and scaling parameters for the two
channel types. As a consequence, the changes in the paramiletes necessary forachannel
type transistor are normally already included in the patansets 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

No. Constant  Program name Value Units

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

2 kp K_BOLTZMANN 1.3806226 - 10723 JK~!
Boltzmann constant

3 q Q_ELECTRON 1.6021918 -10~1? C
Elementary unit charge

4 €ox PHY_EPSOX 3.4531438 - 10~ Fm!
Absolute permittivity of the oxide layer

3.1.3 List of Circuit Simulator Variables

No. Symbol Program name Units Description

1 T, Ta °C Ambient circuit temperature

2 f F Hz Operation frequency

©NXP Semiconductors 2009
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3.2 Geometrical Model

To characterize a high-voltage MOS process as a whole, thragfeical model can be used. This
model uses as input the actual transistor dimensions, t@rieal parameters for a reference
device dimension and temperature, the reference temperaid all temperature- and geometry-
scaling parameters, together referred to asitheset. The model parameters of the geometrical
model are listed in Section 3.2.1, while its scaling ruleslested in Section 3.2.3. For simplicity,

in the geometrical MOS Model 20, botlkchannel ang-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 set to 2002

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 Tret °C Reference temperature

6 VFB VrB V Flat-band voltage of the channel region, at reference
temperature

STVFB ST Virg VK~!  Temperature scaling coefficient fokg
VFBD VFBD \% Flat-band voltage of the drift region, at reference tem-

perature

9 STVFBD Srvess  VKT! Temperature scaling coefficient fofsp

10 KOR kor V1i/2 Body factor of the channel region of an infinitely wide
transistor

11 SWKO SW ko - Width scaling coefficient fok;

12 KODR kopRr Vv1/2 Body factor of the drift region of an infinitely wide
transistor

13 SWKOD SWikep - Width scaling coefficient fokqp

14 PHIB oB \% Surface potential at the onset of strong inversion in the
channel region, at reference temperature

15 STPHIB ST.m VK~!  Temperature scaling coefficient for

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

drift region, at reference temperature
17 STPHIBD Sresn  VKT!  Temperature scaling coefficient fopp

18 BETW Bw AV~2  Gain factor of a channel region of dm width, at ref-
erence temperature
19 ETABET 13 - Temperature scaling exponent for

12 ©NXP Semiconductors 2009
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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

Parameter
BETACCW

ETABETACC
RDW

ETARD
LAMD

THEIR

SWTHE1
THE1ACC

THEZ2R

SWTHE?2
THES3R

ETATHE3
SWTHES
MEXP

THE3DR

ETATHE3D
SWTHE3D
MEXPD

ALP

VP
SDIBL
MSDIBL

MO
SSF

Symbol

/8&CCW

nﬁacc
Rpw

"Rp
AD

thr
SW;Gl
Hlacc

Oor

SW;@Q

Mo

Sw04

O3pR

N0sp
SWiap

mp

Vp
Tdibl

mgdibl

Osf

©NXP Semiconductors 2009

Units

AV 2

v—1/2

v—1/2

MOS Model 20, Level 2002.2 May 2009

Meaning

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

Temperature scaling exponent ..

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

Temperature scaling exponent f8p

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

Mobility reduction coefficient of an infinitely wide
transistor, due to the vertical strong-inversion field in
the channel region

Width scaling coefficient foé,

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

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

Width scaling coefficient fof,

Mobility reduction coefficient in the channel region of
an infinitely wide transistor, due to velocity saturation

Temperature scaling exponent
Width scaling coefficient fof

Smoothing factor for the transition from the linear to
the saturation regime

Mobility reduction coefficient in the drift region of an
infinitely wide transistor, due to velocity saturation

Temperature scaling exponent 3
Width scaling coefficient fofsp

Smoothing factor for the transition from the linear to
the quasi-saturation 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

13
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No. Parameter
44 AI1CHR
45 STA1CH
46 SWAILCH
47  A2CH

48 A3CH

49 AI1DRR
50 STA1DR
51 SWAI1DR
52 A2DR

53 A3DR

54 COXW
55 COXDW
56 CGDOW
57 CGSOW
58 NT

59 NFAW

60 NFBW
61 NFCW
62 TOX

63 DTA

64 MULT

14

Symbol

A1chR

ST?“lch
SW?“lch
a2ch,

A3ch

A1drR,

ST;aldr
SW;aldr
QA2dr

A3dr

C’ox W

CoxD w

Capow

Casow

NfAW

NyByy,

MOS Model 20, Level 2002.2
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V—im—2
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Meaning

Factor of weak-avalanche current of an infinitely wide
transistor, at reference temperature, accounting for the
contribution of the channel region to the total avalanche
current

Temperature scaling coefficient for.,
Width scaling coefficient fot; .,
Exponent of channel-related weak-avalanche current

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

Factor of weak-avalanche current of an infinitely wide
transistor, at reference temperature, accounting for the
contribution of the drift region to the total avalanche
current

Temperature scaling coefficient far,,
Width scaling coefficient fot, 4,
Exponent of drift-region weak-avalanche current

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

Oxide capacitance for an intrinsic channel region of
1 pm width

Oxide capacitance for an intrinsic drift region offin
width

Gate-to-drain overlap capacitance for a drift region of
1 pm width

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

Coefficient of thermal noise, at reference temperature

First coefficient of flicker noise for a channel region of
1 pm width

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

Third coefficient of flicker noise for a channel region
of 1 pm width

Thickness of the oxide above the channel region
Temperature offset to the ambient temperature
Number of devices in parallel
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The additional parameters for the model including selftihgaare listed below.

No. Parameter Symbol Units  Meaning

64 RTH Rty °C/W  Thermal resistance

65 CTH Cru JPC Thermal capacitance

66 ATH ATH - Thermal coefficient of the thermal resistance

The parameter MULT for all level-2002 models is detailedeher

No. Parameter Symbol Units  Meaning
67 MULT M - Number of devices in parallel

©NXP Semiconductors 2009 15
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3.2.2 Default and Clipping Values of Geometrical Model Pareneters

No. Parameter Symbol Units Default Clip low Clip high
0 LEVEL level - 2002 - -
1 w 1474 m 20x10°6 1.0x107? -
2 WVAR AW m 0 - -
3 WD Wn m 20x10°6 1.0x107° -
4 WDVAR AWp m 0 -
5 TREF Tt °C 25 —273 -
6 VFB Vi V -1.0 - -
7 STVFB ST Ve VK1 0 - -
8 VFBD VFBD \Y —0.1 - -
9 STVFBD Srivess  VKT! 0 - -
10 KOR kor Vv1i/2 1.6 - -
11 SWKO SW ko - 0 - -
12 KODR kobR Vv1i/2 1.0 - -
13 SWKOD SW kop - 0 - -
14 PHIB b8 Y 0.86 - -
15 STPHIB ST.bm VK1 —1.2x10°3 - -
16 PHIBD #BD V 0.78 - -
17 STPHIBD STibmn VK~! ~12x107% - -
18 BETW B AV 2 7.0x10°° - -
19 ETABET s - 1.6 - -
20 BETACCW  Bacew AV 2 7.0x10°° - -
21 ETABETACC 1, - 1.5 - -
22 RDW Rpw §) 4.0x10° - -
23 ETARD NRp - 1.5 - -
24 LAMD AD - 0.2 - -
25 THE1R O1r Vs 0.09 - -
26 SWTHE1 Sw .0, - 0 - -
27 THE1ACC O1ace v-! 0.02 - -
28 THE2R Bar v-1/2 0.03 - -
29 SWTHE2 Sw 6, - 0 - -
30 THE3R O3r \Val 0.4 - -
31 ETATHE3 Mo - 1.0 - -
32 SWTHE3 Sw .05 - 0 - -
33 MEXP m - 2.0 - -

©NXP Semiconductors 2009
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No. Parameter Symbol Units Default Clip low Clip high
34 THE3DR O3pR Vs 0.0 - -
35 ETATHE3D 1, - 1.0 - -
36 SWTHE3D  Sw.g,, - 0 - -
37 MEXPD mp - 2.0 - -
38 ALP a - 2.0x1073 - -
39 VP Ve \Y; 0.05 - -
40 SDIBL Odibl V12 1.0x10°3 - -
41 MSDIBL Moo, - 3.0 - -
42 MO mo Y 0.0 - -
43 SSF Ot v—1/2 1.0x10712 - -
44 A1CHR Q1ehR - 1.5x10" - -
45 STALCH STia10 K1 0 - -
46 SWA1CH SWear, - 0 - -
47 A2CH e V 7.3x10" - -
48 A3CH asen - 0.8 - -
49 A1DRR aldrR - 1.5x10" - -
50 STA1DR STa14 K1 0 - -
51 SWA1DR SWeary, - 0 - -
52 A2DR a2dr \% 7.3x 10! - -
53 A3DR asdr - 0.8 - -
54 COXW Coxw F 0.75<10°% - -
55 COXDW CoxDW F 0.75<10° 1> - -
56 CGDOW Cecpow F 0 - -
57 CGSOW Cesow F 0 - -
58 NT Nr J 1.645¢10720 - -
59 NFAW Niay V-im™*  1.4x10%° - -
60 NFBW Ny, V-Im—2 2.0x10° - -
61 NFCW Nycy Vs 0 - -
62 TOX tox m 3.8x10°8 - -
63 DTA AT, K 0 - -
64 RTH Rru °C/W 300.0 0 -
65 CTH Crtu JPC 3.0 x 107 0 -
66 ATH Aty - 0.0 - -
67 MULT M - 1.0 0 -
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3.2.3 Geometry and Temperature Scaling

Effective temperature and dimensions:

T amb To+ Ty + AT,
TK dev To+ Ta + AT, + Var
T ret To + Tret
AT T dev — TKref
Wr W+ AW
WgD Wp + AWp
WenN 1.0 x 107% (m)

Actual parameters:

¢T kB . TKdeV
q
VEBT Vig + AT - S7.vp
VEBDT Veep + AT - ST.Viesn
WEeN
k kor - [ 14+ —— - .
0 OR < + We SW,ko>
Wi
kop kopr - <1 + WEE 'SW;k0D>
¢BT ¢B + AT - ST;¢B
®BDT ¢BD + AT - S7.451,
Wg <TKref )m
br Bw WeEN  \TKdev
WeD < Tk ret >nﬁ ace
ﬁaccT /BaCCW WEN Tchv
WEN  [TKdev \ P
R R .
pr "W Wep <TKref
WEeN
91 91R <1 + WE SW,61>
WEeN
02 Oor (1 + We SW,92>

©NXP Semiconductors 2009
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(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)

(3.19)
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Ticrer \ " WeN
%r = fr (TKdev> A\ Wg Sy (8:20
Tk yer ) 730 WEN
0 = 0 . -1 . . 3.21
3DT 3DR <TKdov> + Wen SW6p (3.21)
B WEN
AichT = Q@l1chR " (1 + AT - ST;a1ch) |1+ Wg : SW;alc;L (322)
W,
aidrr = QldrR - (1 + AT - ST§a1dr) : N : SW;(IMT) (323)
Wg
Cox Coxwv * =—— 3.24
W Ve (3.24)
WEeD
C’ox C’ox : 3.25
D DW (3.25)
%%
Caepo Cepow - WED (3.26)
EN
W,
Caso Casow - WE (3.27)
EN
Np, Ny - Tidev (3.28)
TKref
WEN
N N C—_— 3.29
A AW i (3.29)
WEN
N N . 3.30
/B B T (3.30)
WEN
N N C— 3.31
fie oW T (3.31)
Ticamp | ™"
Ry, Ry - <%> (3.32)
Kref

20
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3.3 Electrical Model

To characterize a single LDMOS device including self-haptgffects, the electrical model can be
used. This model uses as input the electrical parametessréderence temperature, the reference
temperature, and all temperature-scaling parametersthegreferred to as thiniset. The model
parameters of the electrical model are listed in Sectioril3\8hile its temperature scaling rules
are listed in Section 3.3.3. For simplicity, in the eleatit1OS Model 20, botm-channel and
p-channel devices have been assigned the same default peramdaes.

3.3.1 List of Electrical Model Parameters

No. Parameter Symbol Units  Meaning
0 LEVEL level - Must be set to 2002
TREF Tret °C Reference temperature
2 VFB ViB V Flat-band voltage of the channel region, at reference
temperature
STVFB Srves ~ VKT!  Temperature scaling coefficient fofp
VFBD VFBD \% Flat-band voltage of the drift region, at reference tem-
perature
5 STVFBD Srvess VKT! Temperature scaling coefficient fofsp
6 KO ko Vv1/2 Body factor of the channel region
7 KOD kop Vv1/2 Body factor of the drift region
8 PHIB oB V Surface potential at the onset of strong inversion in the
channel region, at reference temperature
9 STPHIB ST.m VK~!  Temperature scaling coefficient fog
10 PHIBD ®BD \Y, Surface potential at the onset of strong inversion in the

drift region, at reference temperature
11 STPHIBD Sr.esn  VKT! Temperature scaling coefficient fopp

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

13 ETABET 13 - Temperature scaling exponent for

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

15 ETABETACC 13, - Temperature scaling exponent ..

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

17 ETARD MRp - Temperature scaling exponent f8p

18 LAMD AD - Quotient of the depletion layer thicknesslag > 0 to
the effective thickness of the drift region &g = 0V

19 THE1 01 v-! Mobility reduction coefficient in the channel region
due to the vertical electrical field caused by strong in-
version

©NXP Semiconductors 2009 21
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No. Parameter
20 THE1lACC
21 THE2

22 THES3

23 ETATHES3
24 MEXP

25 THE3D
26 ETATHE3D
27 MEXPD
28 ALP

29 VP

30 SDIBL

31 MSDIBL
32 MO

33 SSF

34 Al1CH

35 STAI1CH
36 A2CH

37 A3CH

38 AlDR

39 STA1DR
40 A2DR

41 A3DR

42 COX

22

Symbol

elacc

6o

03

Moz

03p

M63p

Vp
T dibl

mo'dibl

Osf

A1ch

ST?“lch
a2ch,

A3ch

A1dr

ST;aldr
a2y

a3dr

MOS Model 20, Level 2002.2

Units
V—l

v—1/2

V—l

Unclassified Technical Note PR-TN-2005/00406

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

Mobility reduction coefficient at/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 iy

Smoothing factor for the transition from the linear to
the saturation regime

Mobility reduction coefficient in the drift region due to
the horizontal electrical field caused by velocity satu-
ration

Temperature scaling exponent 3

Smoothing factor for the transition from the linear to
the quasi-saturation 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, accounting for the contribution of the channel
region to the total avalanche current

Temperature scaling coefficient far.,
Exponent of channel-related weak-avalanche current

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

Factor of weak-avalanche current, at reference temper-
ature, accounting for the contribution of the drift region
to the total avalanche current

Temperature scaling coefficient far,,
Exponent of drift-region weak-avalanche current

Factor of drain-source voltage above which weak
avalanche occurs

Oxide capacitance for the intrinsic channel region
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No.

43
44
45
46
47
48
49
50
51
52
53
54
55

Parameter
COXD
CGDO
CGSO
NT
NFA
NFB
NFC
TOX
DTA
RTH
CTH
ATH
MULT

Symbol

CoxD
Cepo
Caso
Nr
Nya
Nyp
N¢c
lox
AT,
Rrn
Crr

ATH

©NXP Semiconductors 2009

Units  Meaning

F Oxide capacitance for the intrinsic drift region

F Gate-to-drain overlap capacitance

F Gate-to-source overlap capacitance

J Coefficient of thermal noise, at reference temperature

V~—Im—* First coefficient of flicker noise
V~Im~—2 Second coefficient of flicker noise

v-! Third coefficient of flicker noise
m Thickness of the oxide above the channel region
K Temperature offset to the ambient temperature

°C/W  Thermal resistance
JPC Thermal capacitance
- Thermal coefficient of the thermal resistance

- Number of devices in parallel

23
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3.3.2 Default and Clipping Values of Electrical Model Paraneters

No. Parameter Symbol Units Default Clip low Clip high
0 LEVEL level - 2002 - -
1 TREF Tt °C 25 —273 -
2 VFB Vi V —-1.0 - -
3 STVFB STV VK1 0 - -
4 VFBD VEBD \Y —0.1 - -
5 STVFBD St vVes, VKT 0 - -
6 KO ko Vv1/2 1.6 1.0<10712 -
7 KOD kop V1/2 1.0 1.0<10712 -
8 PHIB b8 V 0.86 1.0<10°12 -
9 STPHIB Stiom VK~! —-12x107% - -
10 PHIBD #BD V 0.78 1.0x10°12 -
11 STPHIBD ST bnn VK1 —1.2x10°3 - -
12 BET I6; AV 2 1.4x10°3 1.0x10°12 -
13 ETABET s - 1.6 - -
14 BETACC Bace AV 2 1.4x1073 1.0x10°12 -
15 ETABETACC 13, - 1.5 - -
16 RD Rp 9) 2.0x10? 1.0x10712 -
17 ETARD NRp - 1.5 - -
18 LAMD AD - 0.2 1.0<10°12 -
19 THE1 6, v-1 0.09 0 -
20 THE1ACC O1ace v-! 0.02 0 -
21 THE2 6 v-1/2 0.03 0 -
22 THE3 05 \Val 0.4 0 -
23 ETATHE3 Mo - 1.0 - -
24 MEXP m - 2.0 0.05 -
25 THE3D 63p v-1 0.0 0 -
26 ETATHE3D 1, - 1.0 - -
27 MEXPD mp - 2.0 0.05 -
28 ALP a - 2.0x1073 0 -
29 VP Vp \% 0.05 1.0<10°12 -
30 SDIBL Tdibl Vv—1/2 1.0x10°% 0 -
31 MSDIBL Mooy, - 3.0 0 -
32 MO mo V 0.0 0 0.5
33 SSF Ot Vv—1/2 1.0x10° 12 1.0x10° 12

©NXP Semiconductors 2009
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No. Parameter Symbol Units Default Clip low Clip high
34 AICH Qich - 1.5x 10! 0 -
35 STALCH STa10 K1 0 - -
36 A2CH A2ch \Y 7.3x 10! 1.0x10712 -
37 A3CH a3eh - 0.8 0 -
38 A1DR a1dr - 1.5x10" 0 -
39 STA1DR STara K1 0 - -
40 A2DR a2dr \Y 7.3x 10! 1.0x10712 -
41 A3DR asdr - 0.8 0 -
42 COX Cox F 15x 107 1% 0 -
43 COXD CoxD F 151015 0 -
44 CGDO Capo F 0 0 -
45 CGSO Caso F 0 0 -
46 NT Nr J 1.645¢1072° 0 -
47 NFA Nia V-Im=* 7.0x10% 0 -
48 NFB N¢p V-Im2 1.0x10 0 -
49 NFC N¢c V-1 0 0 -
50 TOX tox m 3.8x10°8 1.0x10°12

51 DTA AT, K 0 - -
52 RTH Rrh °C/W 300.0 0 -
53 CTH Ctu JrPC 3.0 x 1077 0 -
54 ATH Aty - 0.0 - -
55 MULT M - 1.0 0 -
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3.3.3 Temperature Scaling

Effective temperature:

Tk amb
TK dev

TK ref

AT

To + T, + AT,
To+To+ AT, + Var
TO + Tref

Tk dev — Tk ref

Actual parameters:

or

VEBT
VEBDT
OBT

¢BDT

Br

5aCCT

Rpr

031

O3p1

A1chT

A1drT

Nr,,

Ry,

26

kB ' TK dev
q

Ve + AT - ST;VFB
Viep + AT - ST.Vepp
¢B + AT - Sy

¢BD + AT - 573641,
6 . <§Kref )Uﬁ
Kdev

77 acc
6 . < TKrof > s
acc

TK dev

Rp - <TKdeV > D
Tk ref
0 < TK ref > 3
3 [ ——
TK dev

O3p - <_TKf0f )1793]3
TK dev

aren - (1 4+ AT - S130,,,)

argr - (14 AT - S1y0,,)

Tk dev
Ny - -Rdev
TKrof

A
RTH . <TKamb> TH
TKref

Unclassified Technical Note PR-TN-2005/00406

(3.33)
(3.34)
(3.35)

(3.36)

(3.37)

(3.38)
(3.39)
(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)
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3.4 Postprocessing
3.4.1 MULT Scaling

Since equal, parallel-circuited transistors are fredyesrhployed in circuit design, the specifica-
tion of one transistor together with a multiplication fackdULT ( M) in the circuit description is
convenient and saves computation time. In MOS Model 20, ithelation of currents, charges,
and noise spectral densities for these equal, paralleltitéd transistors is implemented by adjust-
ing the following parameters, according to

Br — Br-M (3.51)
/BaCCT - /BaCCT -M (352)
R Rpp - — (3.53)
pr — Ror- 47 :
Cox — Cox- M (354)
Coxp — Coxp- M (3.55)
Cepo — Cgpo-M (3.56)
Ceso — Caso M (3.57)
1
N Npep - — 3.58
s = Npac 47 (3.58)
N Nyg -~ (3.59)
— C— .
B /B
N Ny = (3.60)
— p—— .
fC 1C 7
R Ryt - — (3.61)
o Rrae 4 :
1
Crn — Crn- (3.62)

3.4.2 Clipping of Actual Parameters
After the geometry, temperature, and MULT scaling, the @lgbarameters are clipped. The clip-

ping values of these parameters are the same as those fdectrecal model parameters, as listed
in Section 3.3.2.
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4 Implemented Equations

In the following sections, a function is denoted Byvariable, . . .|, whereF denotes the function
name and the function variables are enclosed by brac@he definitions of the hyp- and hypm
functions are found in Appendix A.

4.1 Internal Parameters

Gmin = 1-1071
e =2-1072
€2 =1-10"2
€3 =4-1072
e =1-10""
€5 =1-107*
€ =1-107"
e =2-107"1
g =3-1072
Vi=1

Viimit = 4 - o1

¢0 = 3 (éB7 + ¢BDT)

1
Ace =
1+ ko /vV2 - ér
Acep = 1
b 1+kOD/\/2'¢T
COX

F=———

L C(ox"i_cjoxD

28 ©NXP Semiconductors 2009



Unclassified Technical Note PR-TN-2005/00406 MOS Model 20, Level 2002.2

4.2 Current Equations
Effective potentials:
Veby = Vas + Vsg — Visr

Vsp, = hyp[Vsg + 0.9 - ¢pp;ea] + 0.1 - gy

Vbs, Vpbs >0
Vps1 =
hypm([Vps, Vs,;m], Vps <0

Vas, = Vas — VEBpT

Vep, = Vas, — Vbsi

Channel-region quantities:
Vinvo = hyp [VGBto — VeB, — ko -/ VsB,; 62]

ko
2-/V1 + Vsp,

=140

5=

‘/inVO
3

VDiSsato =

2- VDiSsato
1+ \/1 +2- 93T . VDiSsato

VDiSsat =

VsB,, = hyp[0.9 - ¢Br;ea] + 0.1 dppr
VdeO - k() © N/ Vth
Viepoo = ko - v/ VsByo

VdepO - VdepOO

Fmob:1+01"/ir1v0+92’ kO

Drift-region quantities:

Vb0 +hyp[Ves; e1] — Vo

fin =hyp |1—A re
1 P Voo ?
flin
Voxp = 75—
P /BaCCT . RDT

Fiobace =1+ % “Olace (hyp [VGSt; 62] + hyp [VGDt; 52])
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(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)
(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)
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Numerical iteration procedure for the internal drain volta ge:

Vbis.e = hypm([Vbis, Vbissat; m] (4.18)
( By (Viavo — 5 - € - Viis) - Vbis
Fmob : (1 - 03 . VDiS)
+ Grin - k3 - Vbis, Vpis <0
Zch [VDi87 VDiSsat7 ‘/inv07 67 Fmob] - (419)
Br - (Vimvo — 3 - € - Vbiser ) Vbisen
Fiob - (1463 - Vbis.g)
[+ Guin - K3 - Viis, Vbis > 0
VbiB, = hyp[Vsg + Vbis + 0.9 - ¢Bp7i€2] + 0.1 - oD 7 (4.20)
Vi s Vapi, = 0
hypm [Vapi, Vbis, + kop - /VbiB; 8], Vapi, <0
Vi s Vapi, = 0
VI (Vapi,] = Vexp + k oo \ 2 (4.22)
! t —kop - | — % + <%> — Vabi, |, Vepi, <0
v~ hyp [vg‘f o ;62} (4.23)
9. Vdr
VDDisat — g _cff (424)
b \/1 +2- 07 Vil g
Vopi = Vps1 — Vbis (4.25)
Vbpie = hypm[Vbpi, Vbbisat; mp] (4.26)
5 (‘@dreﬂr -1 VDDieg) - VDDigg
acel Fmobacc : (1 + 93DT . VDDiCH)
+ Gmin - k3p - Vopi,  Vopi > 0
Zar [Vbis, Vs, Vbs1 VsBs Finobace] = (4.27)
5 (quroﬁ —3- VDDi) - Vobi
aceT Fmobacc . (1 - 03DT . VDDi)
+ Gumin - k3p - Vopi,  Vopi < 0

30
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Newton-Raphson/bisection iteration procedure:

Ho = Z, [0, Vbissats Vinvo, &5 Finob] — Zar [0, Vas, , Vbs1, VsB, Finobace)
Hy = Ty [Vbs1, Vbissaty Vinvos € Fiob] — Zar [Vbs1, Vas,s Vbsts VeB, Finobace
if Hy=0thenVpis=0
if H; =0 thenVpis = Vpsy
if Hy <0 then{Vpis;, = 0; Vbisy = Vbs1}
else{Vbist, = Vps1; Vbisu = 0}

1
Vbis = 3 (Vpist, + Vbisn)

H = T, [Vbis, Vbissats Vinvo, &, Fmob] — Zar [Vbis, Vas,, Vbs1, VeB; Finobace]
7 7.
AH — 0 ch 0 dr

~ OVbis  OVbis

AVpiso = |Vpisa — Vbist|

AVpis = AVbisg

error= |AVp;g|

for (i =0;i < 100 and error> 1 x 107'%;i =i+ 1)

do begin

if { ((VDiS — VDiSH) -AH — H) . ((VDiS — VDiSL) -AH — H) >0

or [2-H|>|AVpiso - AH[}

{

AVpisg =1AVDis
AVpis = 3 (Vbisa — Vbist)
Vpis = Vpist, + AVbis

}
else
{
AVpisg = %IVDiS
AViys = <=
DiS = A F
Vpis = Vpis — AVpis
}

error= |AVp;g|
H = Ich [VDisa VDiSsat, Vvinv(]a 57 Fmob] - Idr [VD187 VGSm VDSla VSB7 Fmobacc]
AH — 8Ich _ a-'Z'-dr
0Vbis  OVbis
if H <0 thenVpist, = Vbis
elseVpisy = Vbis
end

Vopi = Vps1 — Vbis (4.29)
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Drain-induced barrier lowering and static feedback:

VGBCHO = hyp [VGBco; 61] (430)
2
wsato - ( VGBCHO 2) (431)
ko/2 + \/VGBCHO + (ko/2)

D (Zs < \/W]BC mcdibl (4 32)
dibl = Odibl - BT * .
VBT

Dyt = ot - \/hyp [¢sato - VSB;; 63] (4.33)

D = Dy + hyp[Dgt — Daini; €4 - 0] (4.34)
V 4

Vs, = D51 (4.35)

(Viimit + VD812)3/2

AV =D - Vps,, (4.36)

Surface potential at the source:

VGBt = VGBm + AVG (4.37)
Ve = hyp[Vas,; €1] (4.38)
Agee = OT - <eXp [— Ace- (Vopag = 61)} — 1> (4.39)
or
2
AaCC
\I’sat I:VGBCH7 Aau:c? k] = VGBCH i - Aau:c (440)
k/2 + \/VGBeH + Dpce + (k/2)?
Vsat = Ysat [VGBCH7 Aacv:§ kO] (4-41)
fl stata VCBt] = Psat — hyp [djsat - VCBE; 61] (442)

wsat - fl [wsata VCB@]

(Tzz)sat - fl [¢sat7 VCBc])2
\/1 + 16.- (25T2

f2 [¢sata VCB@] = fl [T;Z)saty VCBt] + (443)

I3 [Ysat, VoB,, VaB.g) = VaBos — f2 [Ysat, VoB,] (4.44)
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\IIS [VGBeff7 wsam Aacu VCBt; k, mO] - fl [¢sat7 VCBt]

( I3 [¥sat, VeB,, VaB.g

2
k ]> — J1 [Vsat, Ve — Dace (4.45)

+ép-(1+mg)-In |1+

ér
V50 = Vs [VaB.g > Usat, Daces VsBy; ko, Mo (4.46)
Recalculation of channel-region quantities:
Viny [VaB.g» Vs, Dace; k] = hyp [VGBCﬂ — s — k- /hyp[s + Aace; €] €5 (4.47)
Vinvo = Vinv [VaB.g s Y505 Dace; ko (4.48)
Viep [Vss Dacc; ks €] = k- /hyp[vs + Agec; €] (4.49)
Viepo = Vdep [¥s0, Dace; ko, €2] (4.50)
V500 = Vs [VaB.g, Ysats Aaces VSByo; Ko, o] (4.51)
Vdepoo = Vdep [¥s00» Dace; Ko, €2] (4.52)
Py =1 01 Vi + 6y - 2P L= Vet (4.53)
5= ko (4.54)
2-/Vi +hyplthso + Aace; €5]
f—144 (4.55)
Voisiatg = 20 (4.56)
3
o
Vbissater = Viimit + NYP[Vbissat — Viimit; €3] (4.58)
Surface potential at the internal drain:
Vbis.g = hyPM[Vbis, Vbissateg; 7] (4.59)
VDiB, ¢ = hyp[Vsg + Vbis.s + 0.9 - ¢p;€2] + 0.1 - dpp (4.60)
Usr, = W [VaBug s Ysats Dace VDIB, o K0» M0 (4.61)
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Drain-source current:

34

Vil’chx [¢S) Aacv:7 VCBt; ka mO]

b7 - exp s — Vo,
_ ! (1+mo) - ¢r (4.62)
hyp [ws + Aacc; 68] + (ZsT - €Xp [m} + \/hyp [¢s + Aacc; 68]
(1 + mo) - o7
‘/invexo = Vinvex [¢507 Aacc; VSBt; ko, mO] (463)
VvinvCXL = Vinvcx [wsLa Aau:c, VDiBtyeHS k707 mO] (464)
Aws = q/JsL - 1/150 (465)
Vinv = Vinvo — 5 - &+ At (4.66)
Fmobsat =1+ 93T : Aq/}s (467)
Gmob = Fmob ' Fmobsat (468)
Vbs1 — Vbisg + \/(VD81 — Vbisg)? + V3
GAL:hyp 1—a-In €5 (469)
Vp
2o = 2. Yot T 01— VoB, (4.70)
ér
sa - i
v —2. Ysat + ¢ — VDiB, o 4.71)
ér
explzo] + explzy] , xg < 80Ax; <80,
G = { 1+ explzg] + exp[z] (4.72)
1, zo > 80V xp > 80
m : A%
Tyire = N € S — 4.73
drift = Or G Oar (4.73)
Vinvy — Vi
I = X . IMVex0 MVexI, 474
dit = Or - ¢r G Ons (4.74)
Ips = ITavite + laiee (4.75)
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Avalanche current;

a a
ateny - [Ips| - exp | — 2ch . |Vbis| — asen - Vbissateg > — iih,
Iave, = |Vbis| — aseh - Vbissatog .
0, |Vbis| — aseh - Vbissates < — Zh
(4.76)
Fmobsatsat =1+ 03T : VDiSsateg (477)
G(mobsat - Fmob . Fmobsatsat (478)
Vvinvsat = hyp [VvinVO - % : g : VDiSsatCﬁ; 52] (479)
Vinves * VD
[sat _ 5T el 1nvbz DiSsateg (480)
mobsat
‘/Chsat - RDT . [sat (481)
‘R
acc — M (482)
Fmobacc
Voxpavl = & (483)
f acc
Vi -V 2 2. ‘/Chsat .
DSsat — Voxpaw + VGSt - hyp (V;)xpavl + VGSt - VDiSSatCﬁ‘) - f77 €5 (484)
acc
Vbssateg = Viimit + NYP[Vbssat — Viimit; €3] (4.85)
a a
ararr + [Ips| - exp [— = . |Vbs,| — asar - Vbssates > —%,
[AVLdr = ‘VDsl‘ — Q3dr * VDSSateﬂ‘ a
0, VDS, | — asdr - VDssatey < — er
(4.86)
Inve = Iavig, + IavL,, (4.87)

4.3 Charge Equations

Surface potential for accumulation in the channel region:
frace [VaB,, VaB.g; Ace] = Ace - (Vap, — VaB.g) (4.88)
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flacc [VGB“ VGBCH; ACC]

Fance [Vam,, Vi Ace] = (4.89)
1 + f12aCC I:VGBty VGBeff7 ACC]
16 - ¢T2
f3acc [VGB“ VGBCH; ACC] - VGBt o VGBCH - f2acc [VGBt7 VGBCH; ACC] (490)

\I’sacc [VGBN VGBCH; ka ACC]

acc V Y V ; A ?
<f3 [ GBg¢ GBeg CC] > _ anCC [VGB“ VGBCH; ACC] (491)

k
=—¢r-In |1+ o7
Ysace = Ysace [VaB,, VaBg; ko, Acc] (4.92)
Charges in the channel region:

Vox = VaB, — 5 - (¥s0 + ¥s) — Psacc (4.93)
Varo = Viny [VaB.gs ¥s0s Dace; Ko (4.94)
Varr = Viny [VaBug s UsL, Dace; ko] (4.95)
AVgr = Varo — VatL (4.96)
Var = 3 - (Varo + Varw) (4.97)

j = % (4.98)
Qi = Co (Vi + 135 Ve (4.99)

12.¢

QDyes = — 02"" : (E —~ AZGT : {1 - % - Z—i}) (4.100)
QSpes = — 02"" - (EJr NgGT : {1 + % - %}) (4.101)
@Buos = ~ (QCumos T @Dinos + @Sunos) (4.102)
Q8 = QG (4.103)

D =FL QDo (4.104)
Q" = Q8o + (1= FL) - Qo (4.105)
Qf =— (Q%’ +QF + Q%h) (4.106)

36 ©NXP Semiconductors 2009



Unclassified Technical Note PR-TN-2005/00406 MOS Model 20, Level 2002.2 May 2009

Surface potential at the internal drain in the drift region:

VDiSy, o = VDis (4.107)
VaDi, o = Vas, — VDiSuren (4.108)
VbiGes = hyP[—VaDi, oqi €7) (4.109)
Busey = 0+ (exp | - 2L 2T ) (4.110)
or
Ysatn; = Ysat [VDiGess Dacen:; Ko ] (4.111)
Vbis, = hyp [VsB + Vbis,, or +0.9 - ¢BD7; €2] + 0.1 - D7 (4.112)
Yspi = Vs [VDiGug s Ysatp;» Dacen;» VDiB, ; koD, Mo (4.113)
Ysacen; = Vsace [—VaDiy o> VDiGeg koD, Acep) (4.114)

Drift-region charges at the internal drain:

Vo(irDi = VGDityeg + ¢sDi + ¢SaCCDi (4115)
VdepDi = Vdop [wsDia Aachi; kop, 62] (4116)
VvinvDi = Vinv [VDiGCﬁ ) ¢sDi, Aacq;;ﬁ kOD] (4117)
Vaccdcp — Vdr Vi . (4 118)
g Di ox Di INVp; .
VAL = Vi + Vccdep (4.119)
Vel o = Viimie + hyp [v;}; — Wiimit; €7 (4.120)
2.y
Vbbisat = 1Dicft (4.121)
1+\/1+2‘93DT"@C§€H
Vobis = hyPM[Vbpi, Vbbisat; mp] (4.122)
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Surface potential at the drain in the drift region:

VDSureqr = VDiSaren T VDDieg (4.123)
Vb, . = Vas, — Vbsaus (4.124)
Vba.s = hyp[—Vap, .4 €7] (4.125)
Aacer, = ¢1 - <exp [— Accp (Vz:ﬁf - 67)} - 1> (4.126)
Vsatp = Ysat [VDG g s Aacep ; kop) (4.127)
VbB, = hyp [V + Vbsy, . + 0.9 - ¢BD7; €2] + 0.1+ ¢Bpr (4.128)
Ysp = Y [VDGog > Ysatn » Dacen > VDB, koD, 0] (4.129)
Ysacen = Psace [—VaD, o> VDGug s Kop, Accp] (4.130)

Drift-region charges at the drain:

Vel = Vi, uq + YD + Psacen (4.131)
Vaepp, = Vdep [¥sD, Aacep; kop, €2] (4.132)
Vinvp = Vinv [VDGes > ¥sD > Aacen s Kop] (4.133)
yacedep _ydr (4.134)
Vil = Voxp + V500P (4.135)
Vel o = Vit & hyp [Vl = Viwies e (4.136)

Total charges in the drift region:

ydr 1 dr dr
V;ld off — 27 (VQDiOH + ‘/;lDeﬂ') (4.137)
accde accde accde
Aypeedep — yacedep _yacedep (4.138)
A accdep
Fj,, = 7“% (4.139)
q eff

accdep COXD dr A‘/qaCCde F,’jdr F’]2dr
L R A S ) S T (4.140)
accdep COXD dr A‘/qaCCde F,’jdr F’]2dr

R N N R ) (4141
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Inclusion of asymmetry:

Vr, = Vet + 9B — VEBDT + K0 - £/ VDIiB, ot (4.142)
VaDiym = Vabic.r — hYP [Vabi, o — Vs €7] (4.143)
VGDym = VaDiy, — VDDieg (4.144)
VDo v = hyP[Vany,; €7] (4.145)
VGDigeesim = NYPIVGDIy; €7] (4.146)
AVicelim = ViDincetim — VGDaco tim (4.147)
Vacejim = 3 * (VaDisesim + VaDacotim ) (4.148)

Jacetim = %ﬁ—;‘“}m (4.149)
Qe tim = — C‘;‘D : (vacc,hm + LV&QC’“‘“ : {1 - FJQI — F%S“"‘ }) (4.150)

Total drift-region charges:

& — QP Ly QY 4 (1 - Fr) - Qs (4.151)
Qf = (1—Fp)- (ngdep - Qsm,“m) (4.152)

= C"QXD - (Vinvp + Vinvny) (4.153)
QY =— (Qé“ +QF + QdBr> (4.154)

Total charges:

Qc = Q& + Q¥ (4.155)
Qp = Qf + QY (4.156)
Qs = Q" + QF (4.157)
QB = — (Qc + Qp + Qs) (4.158)
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4.4 Noise Equations

Noise transfer function:

A Vioy 10
. = . (1-0 - 1 x1 4.159
Fmen e |:5T Gmob < ! Fmob) X 10 :| ( )
Vinw Nimit — & Athg — 2 - 037 - € - (Arhg)?
dons = ma |y Vo 6V tGé ? 5 bsr - € (Ady) ,0] (4.160)
mob * £'mobsat
Vbis, = hyp[Vss + Vbis + 0.9 - ¢p s e2] + 0.1 - ¢ppr (4.161)
Veiy Vepi, > 0
VaDiceg = (4.162)
hypm [Vapi,, Vois, + kop - /Vois,; 8], Vapi, <0
Vy'or = hyp [fo " [Vapices] ;62} (4.163)
2.V
Vbbisat = il (4.164)
1+\/1+2-93DT'qurOH
Vbpig = hypm[Vbpi, Vbbisat; mp] (4.165)
F et = 14 05p7 - VbDig (4.166)
OV o OV Vo
q eff GDig eff DDieg —10
ms. = Max | Bacer - . . , 1 x10 4.167
I Pacer aVGDitOH OVapi,  Fiobace - Fr?lf)bsat ( )
Ve Vopi. — - 03pr - (Vopig)?
i = Mk | ey - et~ VODix = 3 B501 - (VoDiea)” | 010 (4.168)
dr T dr 2
FmObaCC ’ (Fmobsat)

9dsq, + Gma,
Gtransfer — = L (4.169)
gdsch + gdsdr + gmdr

Flicker noise:
No =~ Vi (4.170)
q- ZL/ox
N, =~ Vi, (4.171)
q- ZL/ox
N*= % g (4.172)
q- tox
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. h2 tox N . . Ny + N*
Sy = L 0 Ny = N Npp + N7 ) - In |
N
+ (Nyg — N* - Nyc) - (No — N) + % - (No? - NLZ)} (4.173)
Nya + Nyp - Ni + Nyc - N7
+or-Is - (1 —Gar) -
DS ( ) (NL —|—N*)2
max [Sp,,,0
SDH = gt2ransfer ’ % (4.174)

Thermal noise:

Fmosa’G 2 A 52
SDure :gT.{M. <va_|_§ L)

b Sor (4.175)
_93T’WHV'A¢S‘<2_ 93T'Aws >}
Fmob Fmobsat ' GAL
SDth - gt2ransfor : NTT - max [SDthm O] (4176)
(2-7- C’OX)2 9
Sy, = Ny =2 ===/ (4.177)
Mch

Sepy, = 04-j- /Sy, - Spy, (4.178)

4.5 Self-Heating
4.5.1 Equivalent Circuit

Self-heating is part of the model. It is defined in the usuay a adding a self-heating network
(see Figure 6) containing a current source describing thsipdited power and both a thermal
resistanceRy and a thermal capacitancery. The resistor and capacitor are both connected
between ground and the temperature node dT. The value obltagel; at the temperature node
gives the increase in local temperature, which is inclugethé calculation of the temperature-
scaling relations; see Eqns. (3.2) and (3.34). For the wvafluéry, we recommend using values
from literature that describe the temperature scaling eftttermal conductivity. For the most
important materials, the values are given in Figure 6, wigdargely based on Ref. [8]; see also
[1]. For example, if the value dfyr is 0.5 V, the increase in temperature(is degrees Celsius.

4.5.2 Model Equations

The total dissipated power is a sum of the dissipated poweacti branch of the equivalent circuit,
and is given by:

Paiss = IpVS + ISVE + I5VE (4.179)
= IpVls + Ifg - (Vs — VAR) + T4V (4.180)
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odT Material Ay
Si 1.3
Ge 1.25
RTH CTH GaAs 1.25
p—— Pdiss AlAs 1.37
InAs 1.1
InP 1.4
GaP 1.4
1 SiO, 0.7

Figure 6: On the left, the self-heating network, where théenooltageVyr is used in the
temperature-scaling relations. Note that for increasedbiléty, the node dT is available to the
user. On the right are parameter values that can be usetligr

where all variables are given in Figure 5 in section 2.3. Nb&t only the steady-state currents
contribute to the dissipated power. The total dissipatipplias for the electrical model (mriet
mpet, mos2002&) and geometrical model (mhtmptt, mos2002%).

4.5.3 Usage

A Pstar example is given below to illustrate how self-haativorks.

Example:
Title: Exanple of self-heating in MOS Model 20 (2002.2);

circuit;
e ddl (1, 0) 20;
e g (2, 0) 2
e ssl (3, 0) O;
e _bbl (4, 0) O;
met _1(1, 2, 3, 4, dT) level =2002, rth=300, cth=3e-9;
r_ 2 (dT, 0) 1le6;
end;

dc;
print: vn(dT), pdiss.nmet_1;
end;

run;

!Pstar model name
2Spectre/ADS model name
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Result:

DC  Anal ysis.
Ground node is set to node O.

VN( DT) 1. 066E+00
Pdi ss. MNET_1 = 3. 556E- 03

The voltage on node dT is 1.066E+00 V, which means that thed tecnperature is increased by
1.066 °C.
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5 Parameter Extraction Strategy

The parameter extraction strategy for MOS ModeleR€@luding the effect of self-heating is ana-
loguous to the four different steps described in Ref. [4].wideer, in case of a non-negligible
temperature rise due to self-heating, one cannot dividg@anameter extraction procedure into a
separate parameter extraction of miniset parameters iat termperature and a separate parameter
extraction of the temperature scaling parameters. Themneiasthat once self-heating has been
incorporated, the miniset parameters are internally ctecefor this temperature rise due to self-
heating, and can therefore not be determined from measuterperformed at only one single
temperature. Hence, to extract parameters for a devicedimg self-heating, the following three
steps are performed:

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

Notice that, in contrast to a conventional MOS transisteyally the LDMOS transistor has only
one gate length. available in a process. Therefore, the division of this ferigto a lengthL,
of the channel region and a length;, of the drift region is difficult. Further insight into this
division can be obtained if one has various LDMOS transsstifrdifferent drift-region lengths
Lg4, available.

The above three steps of the parameter extraction stratididpeviriefly described in the following
sections.

5.1 Measurements

The parameter extraction routine consists of four diffel2@ measurements and one capacitance
measurememt

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

Vps =100 mV

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

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

e Measurement Il (subvt): Sub-thresholdp versusVgs characteristics:
n-channel :Vgs= V7 —06V,...,V7+03V
Vs = 3 values starting from 100 mV t@ps, max
Vsg=0,1,2,3,and4 V

p-channel :Vgs= V1 +06V,...,Vr—03V
Vbs = 3 values starting from-100 mV to —Vps, max
Vsg = 0,-1,-2, -3, and—4V

'The bias conditions to be used for the measurements are dfatean the maximum voltage¥pg max and
Vs, max Of course, it is advisable to restrict the range of voltagethese maximum voltages. Otherwise, physical
effects atypical for normal transistor operation (andef@e 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=V7+01V,Vr+11V,Vr+21V,Vt+31V
Vsg=0,2, and4 V

p-channel :Vps=0,..., —Vps max
VGsz VT —0.1V, VT —1.1V, VT —2.1V, VT —-3.1V
Vgs=0,—-2,and—4V

e Measurement IV (idvdh): Ip andgpg versusVps characteristics:

n-channel :Vps =0, ..., Vbs max
Vs = 4 values starting fromiVgs maxy'4) t0 Vs, max
Vsg = oV

p-channel :Vps=0,..., —Vps max
Vs = 4 values starting from-(Vgs, may'4) 10 —VGs, max
Vsg = oV

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

Vsg = oV

p-channel :Vgs=0,..., —VGs, max
Vbs = —Vbs, max+ 4 V, —Vbs, max+ 2 V, and—Vps, max
VSB =0V

e Measurement VI (Cvg): Cyg, Csg, Cug, andCyg versusVgs characteristics:
nlp-channel :\Vgs= —VGs, max - - -» VGS, max

VDS =0V

VSB =0V

The values of transconductangg, and output conductancg,g are determined from théV
curves by numerically calculating the derivativelgfwith respect toVgs and Vps, respectively.
In measurements Il and lll, use is made of the threshold geltg, which has to be determined
for all of the source-bulk bias valuésg used in measurement | (idvg). The wiyis determined
is rather arbitrary: it can be either obtained by the use dfieal extrapolation method or by a
constant-current criterion.

For the miniset extraction, measurements | through V haveetperformed for a certain device
width at various temperatures, ranging from abdyt, = —40 °C to T = 125 °C. Finally,

to determine the width scaling parameters, the measurenagnbom temperature need to be
performed for a narrow and broad transistor.
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5.2 Extraction of Miniset Parameters (including Temperatue Scaling)

In case of a non-negligible temperature rise due to selfiigpathe extraction of miniset param-
eters is performed by the use of an external thermal netwinis thermal network provides the
temperature ris&\T.irneating due to self-heating. The reference temperafgeis chosen equal
to the chuck temperatutg,, .., While the temperature ris®T is set equal to the temperature rise
ATl —neating due to self-heating, according to

ATself—heating = Rth : IDS : VDS- (51)

Here, Ry, denotes the thermal resistance (in kelvins per watt), asddde determined before
one starts the extraction of miniset parameters. In cas@oéalimensional heat flow, the thermal
resistance is given by

tBOX tsi 1 tgi 1
RthSOI — < ]{,’OX + k_sll> . Z, or Rthbulk = —1 c = (52)

ksi A’

for an SOI process and a bulk process, respectively. Hereepresents the thickness of the
silicon wafer,tgox the thickness of the buried oxide (BOX) layer, aAddenotes the area over
which dissipation takes place; see Figure 7. The physicasteotsks; and k., are the thermal
conductivity of silicon and oxide, respectively. At = 27 °C, these conductivities are given
by kox = 1.4 W/(K-m) andkg; = 1.41 - 10> W/(K-m). Thus, in generaR,, depends on the
device temperature as well as device geometry. More demilsow to incorporate the effect of
self-heating into the parameter extraction strategy cdolned in e.g. Ref. [7].

A

< SOl
" Box

Q < Si—substrate
tsi N
g Si—substrate g

> chuck T—Tchuck> ) chuck T‘Tchuck

Figure 7: Geometry for the one-dimensional heat flow in a transist@anirs Ol process (left) and
a bulk process (right).

Next, a first estimate of the miniset parameters is given fmeréain device widthl/, based on an
estimate for the oxide thickness, the channel lengtlh,, and drift-region length.y,, according
to the following table:
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Parameterr Program Parameter Value
Name NMOS PMOS
VeB VFB —1.0 —1.0
ST:Ves STVFB ~1.0-1073 ~1.0-1073
VFBD VFBD 0.0 0.0
ST Ven STVFB 0.0 0.0
ko KO 1.6 1.6
kop KOD 1.0 1.0
o8 PHIB 0.9 0.9
ST STPHIB —~1.0-1073 —~1.0-1073
®BD PHIBD 0.8 0.8
STt STPHIBD ~1.0-1073 ~1.0-1073
3 BET (2.2 10712 /toy) - (W/Lep)) | (0810712 /toy) - (W/Ley,)
s ETABET 1.6 1.6
Pace BETACC (2.2 10712 /tox) - (W/Lg) | (0.8-10712 /toy) - (W/Lg,)
Nface ETABETACC | 1.6 1.6
Rp RD 5.0-10% - (Lg;/W) 1.5-10% - (La,/W)
MRy ETARD 1.5 1.5
AD LAMD 0.2 0.2
6, THE1 0.05 0.05
O1acc THE1ACC | 0.05 0.05
6, THE2 0.03 0.03
03 THE3 0.4 0.4
Mo, ETATHE3 1.0 1.0
m MEXP 2.0 2.0
3p THE3D 0.0 0.0
Nosp ETATHE3D | 1.0 1.0
mp MEXPD 2.0 2.0
a ALP 2.0-1073 2.0-1073
Ve VP 5.0-1072 5.0-1072
Odibl SDIBL 1.0-1073 1.0-1073
Moy MSDIBL 1.0 1.0
mo MO 1.0-1073 1.0-1073
Ot SSF 1.0-1076 1.0-1076
aieh A1CH 18 18
STearn STALCH 0.0 0.0
ageh A2CH 73 73
aseh A3CH 1.0 1.0
aigr A1DR 18 18
STara STA1DR 0.0 0.0
adr A2DR 73 73
asdr A3DR 1.0 1.0
Cox COX (3453 - 1071 /o) - W - Loy, | (3.453 - 107 Jto) - W - Ly,
CoxD COXD (3.453 - 1071 /o) - W - Ly | (3.453 - 107/t ) - W - Ly,
Capo CGDO 3.0-10710. W 3.0-10710. W
Caso CGSO 3.0-10710. W 3.0-1071°0. W

Table 1: Starting miniset parameter values for parametga&tion of a typical DMOS transistor
with channel length., (M), drift-region lengthl.q4, (m), device widthi’” (m), and oxide thickness

tox (M).
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Parameters COX, COXD, CGSO, and CGDO are only importantimcharge model, and do not
affect the DC model; they have to be extracted frorY characteristics. Furthermore, in practice
the parameters PHIBD, STPHIBD, KOD, VFBD, and STVFBD carnm®determined accurately

from DC measurements, and as a consequence they are de@tfincimC-1” measurements.

In general, the simultaneous determination of all minisgameters is not advisable, because the
value of some parameters can be wrong due to correlation apsmization. Therefore, it is

more practical to split the parameters into several groupgre each parameter group can be
determined using specific measurements.

Next, the parameter extraction strategy is described,ddr BC and AC measurements.

DC parameters:

The extraction strategy for the DC parameters fonachannel DMOS tran-

sistor is outlined in Table 2. Fgr-channel DMOS transistors, all voltages and currents have t
be multiplied by—1. The optimisation is either performed on the absolute (absglative (rel)
deviation between the model and measurements.

Step| Optimised Measurement Fitted | abs/| Specific
Parameters on rel | Conditions

1 0B, ko I (|dvg), T = Tret Ip abs | Ip < 0.1 IDvmaXidvg

2 éB, M0, Tdibl, Mo gin I (SUth),T = Tref Ip rel Inp <0.1- IDvmaXidvg

3 ST§¢B I (IdVg), T = Tiiny - -« I max Ip abs | Ip < 0.1- IDvmaXidvg

4 01, 03, no, IV (idvdh), T = Tinin, -« - Imax | Ip abs | in saturation

5 03D M5 IV (idvdh), T = Tinin, -« - v Imax | Ip abs | in saturation

6 B, ng IV (idvdh), T = Tiin, -« - Imax | Ip abs | in saturation

7 a, Vp, ogt I (idvd), T = Tyef gDS rel | in saturation,
Vas < Vp+3.1V

8 B, 13 I (idvd), T = Tyef gDS rel | in saturation,
Vas=Vr+3.1V

9 Baces Macer LoD IV (idvdh), T = Tinin, -« - v Imax | Ip abs | in linear region,
NRp = MBacc

10 01acc I (idvg), T = Tref Ip abs | -

11 0 I (idvd), T = T}t Ip abs | Vgg >0

12 AD I (idvg), T = Tref Ip abs | Vgg > 0

13 Q1chy @2chy A3ch \ (leg)a T =Tt Is abs | -

15 ST:a1.n V (ibvg), T = Twin, « - - » Tmax Is abs | -

16 Q1drs Q2drs A3dr \ (leg)a T =Tyt Is abs | -

17 ST:a14n V (ibvg), T = Tin, - - » Tmax Is abs | -

Table 2: DC-parameter extraction strategy forrachannel DMOS transistor,

heating.

AC parameters:

including self-

The extraction strategy for the AC parameters fomachannel DMOS tran-

sistor is outlined in Table 3. Fgr-channel DMOS transistors, all voltages and currents have t
be multiplied by—1. The optimisation is either performed on the absolute (absglative (rel)
deviation between the model and measurements.
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Step| Optimised Measurement Fitted | abs/| Specific
Parameters on rel | Conditions

1 Coxy CoxD, BD: kop, ViBD | VI(CVQ), T' = Tret G abs | -

2 ST;¢BD' ST;VFB' ST;VFBD VI (Cvg), T = Tminy - -+ » L max CGG abs | -

Table 3: AC-parameter extraction strategy forachannel DMOS transistor, including self-
heating.

5.3 Extraction of Maxiset Parameters

Since in most high-voltage processes the LDMOS transisaerdmly one gate length, there is

no length scaling scheme present in MOS Model 20. Thus, gegreealing consists of only
width scaling, and can be separated into a width scalingselier the channel region and a width
scaling scheme for the drift region. The most important pathe geometry scaling scheme is
the determination ofATV and AWp, since it affects the DC, the AC, and the noise model; see
Section 3.2.3. HereAdW andAWp can be determined from the extrapolated zero-crossingein th
gain factorsg andf,.. (or 1/Rp), respectively, versus mask widtii. As an LDMOS transistor
may have different mask widths for the source and the drdfferent values ofAW and AWp

can also be obtained.

When using the physical scaling relations of Section 3iRi8,possible to calculate a parameter

set for a process, given the parameter set of typical trmsisf this process. To accomplish this,

transistors of different widths have to be measured. Usirgd measurements, the sensitivities of
the parameters to the width can be found. For the deterromafi a geometry-scaled parameter

set, a three-step procedure is recommended:

1. determine minisetsyg, ko, 0, . ..) including temperature scaling for all measured devices,
as explained in Section 5.2.

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

3. finally, the width and length sensitivity coefficients apgimised by fitting the result of the
scaling rules and current equations to the measured cséatl devices simultaneously.
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n-channel geometrical model mnD,G,S,B) <parameters
p-channel geometrical model mpD,G,S,B) <parameters
n-channel electrical model mngD,G,S,B)  <parameters
p-channel electrical model mpe(D,G,S,B)  <parameters

Model including self-heating:

n-channel geometrical model mn(D,G,S,B,dT) <parameters
p-channel geometrical model mp(D,G,S,B,dT) <parameters
n-channel electrical model mneétD,G,S,B,dT) <parameters
p-channel electrical model mpetD,G,S,B,dT) <parameters

where:
i : occurrence indicator
<parameters : list of model parameters

D, G, S, and B are the drain, gate, source, and bulk termiagjsectively. For the model including
self-heating, the extra terminal dT is required (see Seetib).
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6.2 DC Operating Point Output

The DC operating point output facility gives information the state of a device at its operation
point. Besides terminal currents and voltages, the madgstwf linearized internal elements are
given. In some cases, meaningful quantities can be denwvhkith are then also given (e.g¢xr).
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 deviakienbasic capabilities.

The printed items are described below. Hefg, indicates the derivative of the chargg at
terminalz to the voltage at terminaJ, when all other terminals remain constant.

No. Symbol Program Units Description

Name

0 Ips IDS A Drain current, excluding avalanche current

1 Iavr, IAVL A Substrate current due to weak avalanche

2 Vbs VDS V Drain-source voltage

3 Vas VGS \% Gate-source voltage

4 Vsp VSB \% Source-bulk voltage

5 Vo VTO V Zero-bias threshold voltage of the channel regiorefaft
geometric and temperature scalingfro = Vesr +
¢ + ko - \/PBT

6 Vs VTS \Y Threshold voltage including back-bias effecisig =
VesT + ¢B7 + Ko - \/VsB,

7 Vo VTH \% Threshold voltage including back-bias and drain-bias
effects:Virn = Vesr + éBr + ko - / Ve, — AVg

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

drain voltage effectsVor = Vinv..o
9 Vrop VTOD Vv Threshold voltage of the drift region:Vyrop =
VDT — ®BDT — KOD * \/®BDT

10 Vpis,; VDISEFF V Effective internal drain to source voltage at attias

11 Vpissat.s VDISSAT V Saturation voltage of the channel region at achias

12 Vbpisat VDDISAT V Saturation voltage of the drift region at actuahbi

13 gm GM A/V  Transconductance (assuming tHdts > 0): gn, =
8[]33 /aVGS

14 gnp GMB A/V  Substrate-transconductance (assumivigs > 0):
Gmb = OIpg /OVBs

15 gas GDS AV Output conductancelys = dIps /0Vps
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No. Symbol Program Unit Description
Name
16 Cpbp CDD
17 Chbg CDG
18 (Cpg CDSs
19 Cbp CcDB
20 Cep CGD
21 Caa CGG
22 Cas CGS
23 Cgs CGB Co = 0Q¢ /OVsp
24 Csp CsSD Csp = —0Qs /0Vps

F Cpp = 9Qp /0Vbs
F
F
F
F
=
E
=
=
25 Csq  CSG F Cse = —0Qs [9Vas
F
F
F
F
F
F
m
m

Cpa = —0Qp /0Vas

Cps = Cpp — Cpc — Cps
Cpp = 0Qp /9Vsp

Ccp = —0Qc /0Vbs

Caa = 0Qa /9Vas

Cas = Cae — Cep — CaB

26  Csg CSS CUss = Csg + Csp + CsB

27 Csp CSB Csp = 0Qs /0VsB

28 Cgp CBD Cpp = —0QB /0Vps

29 Cgg CBG Cpe = —0QB /0Vas

30 Cgs CBS Cs = CB — Cp — UBa

31 CgB CBB Cpp = —0QB /0VsB

32 Wg WEFF Effective channel region width for geometrical model

33 Wep WDEFF Effective drift region width for geometrical model

34 u U - Transistor gainu = gy, /gas

35 Rout ROUT Q Small-signal output resistanc&,,; = 1 /gqs

36 Vgaly VEARLY V Equivalent Early voltageVa.y = |Ips| /9ads

37 et BEFF AN?  Gain factor:feg = 2 - [Ips| /Vi2,.

38 fr FUG Hz Unity gain frequency at actual bias:fr =

2.7 (Caa + Caso + Capo)
39 gm,, GMMOS AN Transconductance of the channel region

40 /Svg,, SQRTSFW VA/Hz Input-referred RMS thermal noise voltage density:
\/SVGth = \/SDth /gmch
41 /Svy, SQRTSFF Vi/Hz Input-referred RMS flicker noise voltage density at 1

kKHz: \/Sveq = /Spg[1KHZ /gm,,

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

The hyp function:

hyp[x;e] = -(X+ X2—|—4-62)

1
2
The hypm function:

Xy

hypm[x, y;m] = (x2m 1 yzm)1/Em)
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