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Abstract: This document presents the definition of the CM C world stardard
model Mextram, for vertical bipolar transistors.

The goal of this document is to present the full definition of the
model, including the parameter set, the equivalent circuit and all
the equations for currents, charges and noise sources.

Apart from the definition aso an introduction into the physical
background is given. We have given also a very basic parame-
ter extraction procedure. Both the background and the parameter
extraction are documented separately in dedicated documents.

Thetransition from Mextram 503 to Mextram 504 is described, to
enable the tranglation of a 503 parameter-set to a 504 parameter-
set. At last we have given some numerical examples that can act
as atest of implementation.
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Preface

October 2004 The Mextram bipolar transistor model has been put in the public domain
inJanuari 1994. At that timelevel 503, version 1 of Mextram was used within Koninklijke
Philips Electronics N.V. In June 1995 version 503.2 was released which contained some
improvements.

Mextram level 504 contains a complete review of the Mextram model. The preliminary
version has been completed in June 2000. This report documents version 504.5.
October 2004, J.P.

March 2005 In the fall of 2004, Mextram was elected as a world standard transistor
model by the Compact Model Council (CMC), a consortium of representatives from over
20 mgjor semiconductor manufacturers.

This report documents version 504.6.
March 2005, RvdT.

Spring 2008 In 2007, the notion of flexible topology was introduced by the community
of compact model developers and model implementation specialists. In the 2008 release
of Mextram, this was used to extend the topology of Mextram and add the distribution of
the collector resistance in a backwards compatible manner.

This report documents version 504.7.
Spring 2008, RvdT.

History of model and documentation

June 2000 . Release of Mextram level 504 (preliminary version)

Complete review of the model compared to Mextram level 503
April 2001 . Release of Mextram 504, version 0 (504.0)

Small fixes:

— Parameters Ry, and Cy, added to MULT-scaling
— Expression for o in Eq. (4.214) fixed

Changes w.r.t. June 2000 version:
— Addition of overlap capacitances Cggo and Cgco
— Change in temperature scaling of diffusion voltages
— Change in neutral base recombination current (4.173)
— Addition of numerical exampleswith self-heating

September 2001 : Release of Mextram 504, version 1 (504.1)
Lower bound on Ry, isnow 0°C/W
Small changesin Fe (4.161) and Qp, B, (4.168) to enhance robustness

March 2002 . Release of Mextram 504, version 2 (504.2)
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December 2002

October 2003

April 2004

October 2004

March 2005

March 2008

Numerical stability improvement of xj /Wepi at small V¢, c,, p. 43
Numerical stability improvement of pg, Eq. (4.196)

: Minor changes in documentation, not in model

. Release of Mextram 504, version 3 (504.3)

MULT has been moved in list of parameters
Lower clipping value of T,ef changed to —273°C
Added I, Ig and Sy to operating point information

. Release of Mextram 504, version 4 (504.4)

Noise of collector epilayer has been removed [originaly Eq. (4.178)].

. Release of Mextram 504, version 5 (504.5)

Addition of temperature dependence of thermal resistance
Addition of noise due to avalanche current

. Release of Mextram 504, version 6 (504.6)

Added parameter dA,, for fine tuning of temp. dep. of Ist; egn. (4.37)
“Gegm = 0" added to equation (4.66)
Upper clipping value 1.0 of K introduced

. Release of Mextram 504, version 7 (504.7)

Added resistances of buried layer Rcpixand Repyi, and their
temperature scaling parameter Acp.

Lower clipping value of resistances Rg, Rgc, Rev, Rce, Rey, SCRey
increased to 1mQ

Bug fix high temperature limit BT .
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1 Introduction

Mextram is an advanced compact model for the description of bipolar transistors. It con-
tains many features that the widely-used Gummel-Poon model lacks. Mextram can be
used for advanced processes like double-poly or even SiGe transistors, for high-voltage
power devices, and even for uncommon situationslike lateral NPN-transistorsin LDMOS
technology.

Mextram level 503 has been put in the public domain [1] by Koninklijke Philips Electron-
ics N.V. in 1994. Since the model update of 1995 it had been unchanged. A successor,
Mextram level 504, was developed in the late nineties of the 20th century for several rea-
sons, the main ones being the need for even better description of transistor characteristics
and the need for an easier parameter extraction. In the fall of 2004, Mextram was elected
asaworld standard transistor model by the Compact Model Council (CMC), aconsortium
of representatives from over 20 major semiconductor manufacturers.

The goal of this document is to give the model definition of Mextram 504. Since espe-
cially section 4 isaso meant as an implementation guide, the structure of our presentation
will be more along the lines of implemented code than structured in a didactical way. But
we have also added an introduction of the physics behind the model and an introduction
to the parameter extraction. These |atter two are more extensively documented in separate
reports[2, 3]. Anintroduction into the usage of Mextram 504 can be found in Ref. [4].

The improved description of transistor characteristics of Mextram 504 compared to Mex-
tram 503 were achieved by changing some of the formulations of the model. For instance
Mextram 504 contains the Early voltages as separate parameters, whereas in Mextram
503 they were calculated from other parameters. This is needed for the description of
SiGe processes and improves the parameter extraction (and hence the description) in the
case of normal transistors. An even more important improvement is the description of the
epilayer. Although the physical description has not changed, the order in which some of
the equations are used to get compact model formulations has been modified. The result
is a much smoother behaviour of the model characteristics, i.e. the model formulations
are now such that the first and higher-order derivatives are better. Thisis important for
the output-characteristics and cut-off frequency, but also for (low-frequency) third order
harmonic distortion. For the same reason of smoothness some other formulations, like
that of the depletion capacitances, have been changed.

In Mextram almost all of the parameters have a physical meaning. This has been used
in Mextram 503 to relate different parts of the model to each other by using the same
parameters. Although this is the most physical way to go, it makes it difficult to do
parameter extraction, since some parameters have an influence on more than one physical
effect. Therefore we tried in Mextram 504 to remove as much of this interdependence as
possible, without losing the physical basis of the model. To do this we added some extra
parameters. At the same time we removed some parameters of Mextram 503 that were
introduced long ago but which had a limited influence on the characteristics, and were
therefore difficult to extract.

The complete Mextram model has been thoroughly revised. Many of the formulations
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have been changed athough not all changes where large. Also the documentation of the
model is being extended. In this document an overview is given of the various features of
the level 504 version of the Mextram model.

In Sec. 2 an introduction is given of the physical basis of the model. The transistor pa-
rameters are discussed in the relevant sections. More information about the usage of
Mextram can be found in Ref. [4] More information about the physical background is
givenin Ref. [2].

Most of the parameters can be extracted from capacitance, DC and S-parameter mea-
surements and are process and transistor layout (geometry) dependent. Initial/predictive
parameter sets can be computed from process and layout data. Parameter extraction is
shortly discussed in Sec. 3. More information can be found in Ref. [3]. The translation of
Mextram 503 parameters to Mextram 504 parametersis discussed in Sec. 5.

The precise model description is given in Sec. 4. The model equations are al explicit
functions of internal branch voltages and therefore no internal quantities have to be solved
iteratively. As ahelp for the implementation, numerical examples are given in Sec. 6.

1.1 Survey of modelled effects

Mextram contains descriptions for the following effects:
* Bias-dependent Early effect
* Low-level non-ideal base currents
* High-injection effects
» Ohmic resistance of the epilayer
* Velocity saturation effects on the resistance of the epilayer
» Hard and quasi-saturation (including Kirk effect)
» Weak avalanche (optionally including snap-back behaviour)
* Charge storage effects
* Split base-collector and base-emitter depletion capacitance
* Substrate effects and parasitic PNP
* Explicit modelling of inactive regions
* Current crowding and conductivity modulation of the base resistance
* First order approximation of distributed high frequency effectsin
the intrinsic base (high-frequency current crowding and excess phase-shift)
» Recombination in the base (meant for SiGe transistors)
* Early effect in the case of a graded bandgap (meant for SiGe transistors)
» Temperature scaling
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* Self-heating
» Thermal noise, shot noiseand 1/ f-noise

Mextram does not contain extensive geometrical or process scaling rules (only amultipli-
cation factor to put transistorsin parallel). The model iswell scalable, however, especially
since it contains descriptions for the various intrinsic and extrinsic regions of the transis-
tor.

Some parts of the model are optional and can be switched on or off by setting flags. These
are the extended modelling of reverse behaviour, the distributed high-frequency effects,
and the increase of the avalanche current when the current density in the epilayer exceeds
the doping level.

Besidesthe NPN transistor also a PNP model descriptionisavailable. Both three-terminal
devices (discrete transistors) and four-terminal devices (1C-processes which also have a
substrate) can be described.

Delft University of Technology 3
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2 Physical description of the model

In this section we introduce the physical origins of the Mextram model. Extensive doc-
umentation is given in Ref. [2]. Some experience with the Gummel-Poon model [5] will
help, since we are not able to give all the basic derivations. Even then, for some parts of
the model we can only give an idea of where the equations come from, without giving a
detailed overview.

Mextram, as any other bipolar compact model, describes the various currents and charges
that form the equivalent circuit, given in Fig. 1 on page 32. In tables 1 and 2 we have
given alist of the currents and charges of this equivalent circuit. For every current and
charge in this equivalent circuit we will give a description. We will first describe the
active transistor. Thisistheintrinsic part of the transistor, which is also modelled by the
Gummel-Poon model. Next we will discussthe extrinsic regions.

To improve the clarity of the different formulas we used different typografic fonts. For
parameters we use a sans-serif font, e.g. Vg and Rey. A list of all parametersisgivenin
section 4.3. For the node-voltages as given by the circuit ssimulator we use acaligrafic V,
e.g. Vs,g, and Vg,c,. All other quantitiesare in normal (italic) font, like I¢,c, and ngcz.

2.1 Activetransistor
2.1.1 Main current

In the Mextram model the generalisation of the Moll-Rossrelation [6, 7], better known as
the integral charge control relation (ICCR) [8], is used to take into account the influence
of the depletion charges Q. and Q. and the diffusion charges Qgg and Qgc on the
main current. The basic relation is*

In =g (eVBZEl/VT — evgzcz/VT) i (2.1)

as

The thermal voltage is as always VT = kT/q. (In table 3 we have given alist of various
physical transistor quantities.) The normalized base charge is something like

_ Qpo + Qte + Qtc + Qe + QBcC
Qgo ’

where Qg is the base charge at zero bias. This normalized base charge can be given
as a product of the Early effect (describing the variation of the base width given by the
depletion charges) and aterm which includes high injection effects. The Early effect term
is

4B (2.2)

_ Qpo + Qtz + Qtc 14 Vie VB,E,) n Vic VB,cy» Icicy)
QBO Ver Vef

*Note that V§2c2 is a calculated quantity and not the node voltage Vg,c,. For its interpretation the
differenceis not very important, but for the smoothness of the model it is. See Sec. 2.2.

o)1 (2.3)
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Table 1. The currents of the equivalent circuit given in Fig. 1 on page 32.
Currents

In Main current

lc,c, Epilayer current

Ig,B, Pinched-base current

IS Ideal side-wall base current

g,  Idedl forward base current

IB, Non-ideal forward base current
I B, Non-ideal reverse base current
lavi Avalanche current

l ex Extrinsic reverse base current
Xlex  EXtrinsic reverse base current
lsub  Substrate current

Xlap Substrate current

|5t Substrate failure current

The voltages Vi and V;. describe the curvature of the depletion charges as function of
junction biases, but not their magnitude: Q. = (1 — XCj;) - Cjc - Vi and Q. = XCj. -
Ci. - Vic (seesection 2.1.4 and 2.1.5). Thetotal normalized base charge is

ds = q1 (1 + 3no + 3nB), (2.4)

where ng and ng are the electron densities in the base at the emitter edge and at the
collector edge. Both are normalized to the (average) base doping. These densitiesdirectly
depend on theinternal junction voltages Vg,g, and Vg ,, and can befound by considering
the pn product at both junctions. They aso include high injection effects in the base for
which we have a single knee current .

The following parameters are involved:

ls The transistor main saturation current
Ik The knee current for high injection effects in the base
Ves and Ve  Theforward and reverse Early voltages

The parameters for the charges will be discussed |ater.

2.1.2 ldeal forward basecurrent
The ideal forward base current is defined in the usual way. The total base current has a
bottom and a sidewall contribution. The separation is given by the factor Xlg, . Thisfactor

can be determined by analysing the maximum current gain of transistors with different
geometries.

—(1_ I_S VBoE /T _
5, = (1= Xlg,) (e 1), (2.5)

I
Igl = Xlg, ES (eVBlEl/VT — 1) : (2.6)
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Table 2: The charges of the equivalent circuit given in Fig. 1 on page 32.
Charges

Qpeo Base-emitter overlap charge

QBco Base-collector overlap charge

Qe Emitter charge or emitter neutral charge
Qte Base-emitter depletion charge

Qf  Sidewall base-emitter depletion charge
Qge  Base-emitter diffusion charge

Qec  Base-collector diffusion charge

Qtc Base-collector depletion charge

Qepi Epilayer diffusion charge

Qg,B, AC current crowding charge

Qux  Extrinsic base-collector depletion charge
XQiex Extrinsic base-collector depletion charge
Qex Extrinsic base-collector diffusion charge
XQex  Extrinsic base-collector diffusion charge
Qts Collector-substrate depletion charge

Table 3: Alist of some of the physical quantities used to describe the transistor.
q Unit charge
V1t Thermal voltage kT /q
Len Emitter length
Hem Emitter width
Aem  Emitter surface Hem Lem
Qo Base (hole) charge at zero bias
N Intrinsic electron and hole density.
No Normalized electron density in the base at the emitter edge
N Normalized electron density in the base at the collector edge
ngex Normalized electron density in the extrinsic base at the collector edge
Po Normalized hole density in the collector epilayer at the base edge
pw Normalized hole density in the collector epilayer at the buried layer edge
Wepi  Width the collector epilayer
Nepi  Doping level of the collector epilayer

& Dielectric constant
vsa  Saturated drift velocity
U Mobility

6 Delft University of Technology
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The parameters are:

B Ideal forward current gain
Xlg, Fraction of ideal base current that belongsto the sidewall

2.1.3 Non-ideal forward base current

The non-ideal forward base current originates from the recombination in the depleted
base-emitter region and from many surface effects. A general formulation with a non-
ideality factor is used:

lg, = Igs (eVBzEl/ MV _ 1) . 2.7)

When recombination is the main contribution we have m s = 2.

Igf  Saturation current of the non-ideal forward base current
my s Non-ideality factor of the non-ideal base current

2.1.4 Base-emitter depletion charge

The depletion charges are modelled in the classical way, using agrading coefficient. Since
this classical formulation contains a singularity (it becomes infinite when the forward
bias equals the built-in voltage) we have modified it: beyond the built-in voltage the
capacitance becomes constant. This maximum value is the zero-bias capacitance times a
pre-defined factor (3.0 for the base-emitter depletion charge, 2.0 for the other depletion
charges).

The base-emitter depletion capacitance is partitioned in a bottom and a sidewall compo-
nent by the parameter XCj.

thE CJ

Ci = = (1 - XC; E , 2.8

e dVBZEl ( ]E) (1 - VBzE]_/VdE)pE ( )
dQg C

CS = —F = XC; = . 2.9

te dVBlEl e (1 - VB]_E]_/VdE)pE ( )

The model parameters are:

Cic  Zero biasemitter base depletion capacitance

Vge  Emitter base built-in voltage

Pe Emitter base grading coefficient

XCj. Thefraction of the BE depletion capacitance not under the emitter
(sidewall fraction)

Delft University of Technology 7



March 2008 M extram version 504.7 Mextram definition document

2.1.5 Base-collector depletion charge

The base-collector depletion capacitance Ci. underneath the emitter takes into account
the finite thickness of the epilayer and current modulation:

thc ( f (|C1C2) )
Ci. = = XGC;. C; 1-X + X5, 2.10
tc deunc lc ~ic ( p) (1- Vjunc/Vdc)pC P ( )
| me
flec,) = (1- _ G ) (2.11)
IC1C2 + IhC

The capacitance depends on the junction voltage Vjunc that is calculated using the external
base-collector bias minusthe voltage drop over the epilayer, asif there were no injection.
The current modulation (Kirk effect) has its own ‘grading’ coefficient m¢c and uses the
parameter |, from the epilayer model.

Cj.  Zero bias collector-base depletion capacitance

Vg.  Collector-base built-in voltage

Pc Collector-base grading coefficient

XCj. Thefraction of the BC depletion capacitance under the emitter.

Xp Ratio of depletion layer thickness at zero bias and epilayer thickness
mc  Collector current modulation coefficient [mc =~ 0.5 (1 — Xp)].

2.1.6 Emitter diffusion charge

The emitter diffusion charge Qg isgiven by:

| 1/m;—-1
Qe =1 ls (eVBzEl/mf Vi 1) (I_s) ) (2.12)
k

The actual transit time corresponding to this charge is a function of the current. When
m, > 1it hasaminimumwhichfor atransistor without quasi-saturation occursat | ¢ >~ Ii.
The formulation above is such that the minimum is approximately given by zg, indepen-
dent of m,. Note that this charge Qg is not a part of the collector current description, in
contrast to the (normalized) depletion and base diffusion charges.

e Minimum delay time of emitter diffusion charge
m, Non-ideality factor of the emitter diffusion charge

2.1.7 Basediffusion charges

The diffusion charges are given in terms of the normalized electron densities np and ng
discussed earlier. The base transit time determines the zero bias base charge Qgo = 75 Ik.
Also the Early effect isincluded viaqs:

Qse = 301 Qso o, (2.13)

Qsc = 301 Qso Ne. (2.14)

8 Delft University of Technology
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Note that ng and ng are almost proportional to I /Ix. The diffusion charges are therefore
almost independent of the knee current, and so is the transit time.

g Thebasetrangt time

2.1.8 Base-charge partitioning

Distributed high-frequency effects [9] are modelled, in first order approximation, both
in lateral direction (high-frequency current-crowding) and in vertical direction (excess
phase-shift). The distributed effects are an optional feature of the Mextram model and
can be switched on and off by flag EXPHI

Excess phase shift can only be modelled accurately when all the charges and resistances,
especialy in the extrinsic transistor and in the interconnect, are modelled properly. Even
then the intrinsic transistor can have a (small) influence. Thisis modelled in Mextram
using base-charge partitioning. For simplicity it isonly implemented for the forward base
charge (Qge) and with a single partitioning factor, based on high-level injection. The
previously calculated diffusion charges are changed according to:

Qsc — % Qse + Qse. (2.15)
Qse — % Qse. (2.16)

In lateral direction (current crowding) a charge is added parallel to the intrinsic base re-
Sistance

QB,B, = %VB:LBZ (CtE + Cge + CE) . (2.17)

2.2 Modélling of the epilayer current and charges

In this subsection the modelling of the epilayer resistance and charge will be discussed.
This resistance is modelled as a current source Ic,c,, but it is also sometimes |oosely
denoted as R¢,, the variable part of the collector resistance. The resistance depends on
the supplied collector voltage and the collector current, imposed primarily by the base-
emitter voltage. The effective resistance of the epilayer is strongly voltage- and current-
dependent for the following reasons:

* In the forward mode of operation the internal base-collector junction voltage Vg,c,
may become forward-biased at high collector-currents (quasi-saturation). A region
in the collector near the base will then be injected by carriers from the base. This
injection region with thickness x; has alow resistance.

* Inthe reverse mode of operation, both the external and internal base-collector junc-
tions are forward biased. The whole epitaxia layer is then flooded with carriers
and, consequently, has a low resistance.

Delft University of Technology 9
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» The current flow in the highly resistive region is Ohmic if the carrier density n is
low (N < Nepi) and space-charge limited if the carrier density exceeds the doping
level Nepi. In the latter case the carriers move with the saturated drift velocity ey
(hot-carrier current-flow).

* Current spreading in the epilayer reduces the resistance and is of special importance
if the carrier density exceeds Ney;.

A compact model formulation of quasi-saturation is given by Kull et a. [10]. The model
of Kull isonly valid if the collector current is below the critical current for hot carriers:

lhc = g Nepivsat Aem. (2.18)

The Kull formulation has served as a basisfor the epilayer model in Mextram. In the next
section the model of Kull will be summarized and extended with hot carrier current flow
(seedso[11, 12, 13)).

2.2.1 Collector epilayer resistance model

The model of Kull is based on charge neutrality (p + Nepi =~ n) and gives the current
Ic,c, through the epilayer as afunction of the internal and external base-collector biases.
These biases are given by the solution vector of the circuit ssimulator. The final equations
of the Kull formulation are [10]

lc,c, = E(:;i:vclcz (2.199)
.= Vr [2 po—zpw—m(ﬁvovill)], (2.19b)
po = $,/1+ 4 expl(Ve,c, — Va)/ V] — 3. (2190
pw = 3,/1+ 4 expl(Ve,c, — Vao)/ Vil — 3. (219d)

The voltage source E takesinto account the decrease in resistance due to carriersinjected
from the base into the collector epilayer. If both junctions are reverse biased (Vg,c, <

Vg and VB,c, < Vq.) then Ec is zero and we have a simple constant resistance Rcy.
Therefore thismodel does not take into account the hot-carrier behaviour (carriers moving
with the saturated drift-velocity) in the lightly-doped collector epilayer.

Themodel isvalidif thetransistor operatesin reverse mode, which means negative collec-
tor current Ic,c,. Normally this happens when the base-emitter junction is reverse biased
and the base-collector junction isforward biased. The entire epilayer then getsfilled with
carriers and therefore a space-charge region will not exist.

In forward mode we have to change the formulation to include velocity saturation ef-
fects. The effective resistance for higher currents then becomes the space-charge resis-
tance SCR¢,. Furthermore, the Kull model as described above, is not smooth enough
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(higher derivatives contain spikes) [12]. Mextram uses the following scheme in forward
mode.

» Caculate Ic,c, from the Kull model, Eq. (2.19), using the junction biases Vg,c,
and Vg,c, given by the circuit simulator.

+ Calculate the thickness x; / Wepi Of the injection region from the current, now in-
cluding both Ohmic voltage drop and space-charge limited voltage drop

Vdc _VBzcl Vdc _VBzcl +SCRCV th(l_Xi /Wepl

)
X . (2.20
SCRcy (1—Xi / Wepi)? Vde—VB,c: + Rev Ihe (220)

IC1C2 =

The resulting thickness x; will be different from that of the Kull model alone. Inthe
implemented formulation we made sure that the equation does not lead to negative
Xi / Wepi, Dy using a smoothing function with parameter ay .

» The Kull model is perfectly valid in the injection region. For this region we have
the following equation

Xi

Po+ Ppw+1

. 2.21
Py + Pw + 2 (2:21)

lc,c, Rev = Ec = 2Vt (pg — pw)

The approximation is such that both for very small and for very large pg and pyy it
givesthe correct results, whilein the intermediate regimeit is off by maximally 5%.
From X; / Wepi, Ic,c,, and pw we can therefore calculate pj, the hole density at the
internal base-collector junction. The * is used to denote the difference between p;
calculated here and pg from the Kull model, calculated in Eq. (2.19).

« From p; we can calculate the physica value of the internal base-collector bias
Vi o,
22

» Thisphysical internal biasis smooth and contains all effects we want to include. It
can therefore be used for the main current Iy in EqQ. (2.1), for the diffusion charge
Qgc and for the epilayer charge Qepi.

Summarizing, the epilayer resistance model takes into account:

» Ohmic current flow at low current densities.

» Space-charge limited current flow at high current densities.

» The decrease in resistance due to carriersinjected from the base if only the internal
base-collector junction isforward biased (quasi-saturation) and if both the internal
and external base-collector junctions are forward biased (reverse mode of opera-
tion).
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We have used a different formulation for reverse mode (Ic,c, < 0) and forward mode
(Ic,c, > 0). This does not give discontinuities in the first and second derivative. The
third derivative however is discontinuous. This is no real problem since normally the
transistor is not biased in thisregion.

The model parameters are:

Vg4 Built-in voltage of the base-collector junction (also used in the depletion
capacitance Qt.)

Ihe Critical current for hot carrier behaviour

Rev Ohmic resistance of the total epilayer

SCRcy Space-charge resistance of the epilayer

Ay, Smoothing parameter for the onset of quasi-saturation

C

The model parameters can be given in physical quantities. Note that this is not part of
the model itself, but rather of the scaling one should perform around the model. It is
important to take current spreading into account [11]. Therefore we present the scaling
formulahere for the parameters of the epilayer model. Other parameters need to be scaled
too of course. (Seetable 3 for the meaning of some of the quantities.)

Vg, = Vr In (Nezpi /niz) , (2.22)
Ihe = dNepi Aemvsat (1 + SL)Z, (2.23)
Wi 1
Rey = @ , 2.24
' QNepistAem (1+ S1)2 (229
W2,
SCRgy = @ . (2.25)

2evsAem (14 SH)?

The emitter area and the low and high-current spreading factors can be given as function
of the emitter length L ¢y and width Hem:

Aem = HemlLem, (2.26)
SL = tan(a)) Wepi (i + i) , (2.27)

Hem = Lem

S = 2 tan (an) Wepi ( 1 i) (2.28)

Hem  Lem

Here ay is the spreading angle at low current levels (Ic,c, < Inc) and an isthe spreading
angle at high current levels(Ic,c, > Inc). Notethat S isin principle equal to the current
spreading factor Sy used in the high-current avalanche model.
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2.2.2 Diffusion charge of the epilayer

The diffusion charge of the epilayer can be derived easily by applying the ICCR [7] to the
injection region only:

le,e, = ls (eV§zc2/ Vi _ E,‘VBZCI/VT) Qeo (2.29)
eri
Using the expressions from the epilayer current model this can be rewritten to
2VT X «
Qepi = Tepi 5— I - (Po + Pw +2). (2.30)
RCv Wepl

The transit time can also be given in terms of other quantities.

W2, Reu \ 2
epi Cv Va~/VT
= — = — ) e"d/ T, 2.31
Tepi 4D, s QBo (ZVT) ( )

This can be used as an initial guessin the parameter extraction (and was implicitely used
in Mextram 503).

Tepi  Transit time of the epilayer

2.2.3 Avalanche multiplication model

Due to the high-electric field in the space-charge region avalanche currents will be gen-
erated. This generation of avalanche currents strongly depends on the maximum electric
field. For low currents the maximum of the electric field will be at the base-collector junc-
tion. Inthe model of Ref. [14] the avalanche current is only afunction of the electric field
at the internal base-collector junction. Therefore the validity of thismodel is restricted to
low current densities (Ic,c, < Inc). Our avalanche model [15] is based on Ref. [14], but
does take this current dependence into account.

As an optional feature (using the flag EXAVL) the model is extended to current levels
exceeding Iyc, taking into account that the maximum of the electric field might reside
at the buried layer. Snap-back behaviour is then modelled as well, which gives a better
physical description. For these high current densities current spreading in the collector
region changes the electric-field distribution and decreases the maximum electric-field.
Because the generation of avalanche current is very sensitive to the maximum electric-
field it is difficult to make an accurate and still simple model for high collector current
densities, so we have chosen an emperical solution [15]. Because thisoperating area (high
voltages, high current levels) is not of very practical interest (due to power dissipation)
and, more importantly, the convergency behaviour of the model degrades considerably
(the output resistance can become negative), we have made it an optional feature. Without
using the extended model the output resistance can be very small but it is always positive.

The generation of avalanche current is based on Chynoweth’s empirical law for the ion-
ization coefficient [16]. The probability P, of the generation of an electron-hole pair per
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unit of lengthis

-B

Py = An exp ( ”) . (2.32)
|EI

Because only weak-avalanche multiplication is considered, the generated avalanche cur-

rent is proportional with the main current Ic,c, through the epilayer

X=Xd —B,
la = | A, ex dx, 2.33
al = 16 /x:o " p(|E(x>|) (239

where Xq is the boundary of the space-charge region. To calculate the avalanche current
we have to evaluate the integral of Eq. (2.33) in the space-charge region. Thisintegral is
strongly determined by the maximum electric field. We make a suitable approximation
around this maximum electric field

- X - EM
E(X) = Ewm (1_ Z) TR (2:34)

where 1 is the point where the extrapolation of the electric-field is zero. The generated
avalanche current becomes:

lavi An —Bn —Bn Xd
=—E — 14+ — . 2.
|C1C2 Bn m [exp|: Ewm ] exp|: Ewm ( * A )]] ( 35)

The maximum electric field Ey, the depletion layer thickness x4, and the intersection
point A are calculated using the smple model for the capacitance of an abrupt junction.
In the high current model also quasi-saturation and the Kirk effect are included.

The parameters are

Wau  The effective thickness of the epilayer for avalanche
Vav A voltage describing the derivative of the electric field at low currents
Sty High current spreading factor [see Eq. (2.28); used only when EXAVL=1]
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2.3 Extrinsicregions
2.3.1 Reversebasecurrent

The reverse base current, similar to | g, , is affected by high injection and partitioned over
thetwo external base-collector branches (with parameter Xey:). It usesthe electron density
Npex iN the external region of the base

1
lex = 5 [3 Ik nBex(Vacy) — Is] - (2.36)
|

The current Xle is calculated in a similar way using the density Xngex(Vec,). As the
convergency may be affected by this partitioning, it is an optional feature (with flag
EXMOD).

Bi |deal reverse current gain

Xext Partitioning factor of the extrinsic regions

2.3.2 Non-ideal reverse base current

The non-ideal reverse base current originates from the recombination in the depl eted base-
collector region:

VB Ca/ VT
e -1
- (2.37)

s = ler &V81C/2VT | Vie/2Vr
The formulation of this non-ideal base current differs from the Gummel-Poon model. It
is meant to describe a transition from ideality factor 1 (Vg,c, < V|,) to ideality factor 2

(V51C4 > VLr)-
gy  Saturation current of the non-ideal reverse base current.
Vi, Cross-over voltage of the non-ideal reverse base current.

2.3.3 Extrinsic base-collector depletion capacitance

The base-collector depletion capacitance of the extrinsic region isdivided over the external -
base node (charge: XQtex), and the internal-base node B (charge: Qiex). The partitioning
isimportant for the output conductance Y12 at high frequencies. The model formulationis
obtained by omitting the current modulation term in the formulation of Q¢ in Eq. (2.10)

Ciey = =(1-X 1— XCi.)Ci Xp), (2.38

tex Vesc, ( ext) ( ic)Cic = V81C4/Vdc)pc + Xp ( )

XCiey = ———— =X 1-XCi ) C Xp ). 2.39

tex dVBC3 ext ( jc) ic (1 _ VBCg/Vdc)pc + p ( )
Parameter used:

Xext Partitioning factor for the extrinsic region
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2.3.4 Diffusion charge of the extrinsic region
These charges are formulated in the same way as Qgc and Qgpi, and depend on the

biases Vg,c, and Vgc,. The corresponding transit time should be the sum of zg and zep;
multiplied by the ratio of the corresponding surfaces.

TR Reversetransit time of the extrinsic regions

2.35 Parasitic PNP

The description of the substrate current of the parasitic PNP takes into account high in-
jection

2lssT (eV51c4/VT _ 1)

(2.40)

lsub = .
1+ \/1 +4 st eVe1c,/ VT
ksT

When EXMOD = 1 the substrate current is partitioned over the constant base resistance,
just as le.

Thereverse behaviour of the parasitic PNPisnot modelled. Only the simple diode current
lsr ispresent that can act as a signal to designers.

lss Substrate saturation current.
lks Kneein the substrate current, projected on I

2.3.6 Collector-substrate depletion capacitance.

The collector-substrate capacitance Cig is modelled in the usual way

dQts st
Ci. = = ) 241
T dVec, (11— Vec,/Vag)Ps (241
The parameters used are

Cj;  Zero bias collector-substrate depl etion capacitance
Vgg  Collector-substrate built-in voltage
ps Collector-substrate grading coefficient.

2.3.7 Constant overlap capacitances

The model has two constant overlap capacitances.

Cgeo Base-emitter overlap capacitance
Cgco Base-collector overlap capacitance
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2.4 Resistances
2.4.1 Constant seriesresistances

The model contains constant, though temperature dependent, series resistors at the base,
emitter and collector terminals. The resistances of the burried layer underneath the tran-
sistor are represented by two constant, temperature dependent resistances R cpixand Repyi;
see also ref. [17] . Note that the substrate resistance is not incorporated in the model
itself but should be added in amacro model or sub-circuit since it depends on the layout.

Re Constant emitter resistance

Rg: Constant base resistance

Rce  Coallector Contact resistance

Rcpx  Resistance Collector Buried Layer: extrinstic part
Rcpi  Resistance Collector Buried Layer: intrinstic part

The buried layer resistanceswereintroduced in Mextram 504.7, in abackwards compatibe
way. This implies that the default values of these resistances is zero. Because values
of 0Q thus are alowed for resistances Rcpix and Rcpji, the lower clipping value of the
resistances is zero and very small values of the resistances Rcpx and Ry are formally
allowed. Resistance values very close to zero are known to form a potential threat to
convergence however. In order to exclude the possibility that the resistances of the buried
layer take such small values during the convergence process due to temperature effects,
the lower clipping value for the temperature coefficient Acp, of the resistances Rcpx and
Rcpii has been set to zero.

In case one of both of the R¢px and Reypi resistances vanish, the corresponding node (C3
and or C,) effectively disappears from the equivalent circuit. Hence the circuit topology
depends on parameter values. Specia attention has to be paid to this in implementation
of the model.

2.4.2 Variablebaseresistance

The base resistance is divided in a constant part Rg. (See previous section) and avariable
part, loosely denoted by Rg, but formally given by Ig,g,. The parameter Rpy is the
resistance of the variable part at zero base-emitter and base-collector bias. The variable
(bias-dependent) part is modulated by the base width variation (Early effect) and at high
current densitiesit decreases due to the diffusion charges Qgg and Qpgc, just asthemain
current:

Ro = Rev/gs. (242)

The resistance model also takes into account DC current crowding. The resistances de-
creases at high base currents when Vg, g, is positive and it increases when Vg g, IS nega-
tive (reversal of the base current):

_ 2Vt VB1B,/ VT V8,8,
IBle—m (e 1B2 —1)+ 3R, (2.43)
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The AC current crowding is an optional feature of the model (EXPHI = 1) and has been
described earlier.

Rgy zero bias value of the variable base resistance

2.5 Modédling of SiGe and possibly other HBT's

The most important difference between SiGe and pure-Si transistors is the difference
between thetotal base hole charge (used for chargesand for Rg, ) and the Gummel number
(used in the main current). Its precise behaviour is important when the gradient of the
bandgap is non-zero. In that case we have adifferent normalized base ‘ charge’ g for the

current:
l Ver Vr Vef Vr (2 44)
qB - o dEg 1 : :
Y Vs

Normally onewould write dEg /KT intheseformulas. However, the value of dEg isgiven
in electron-Volt. This means we need to correct with g, the unity charge. It isthen correct
(at least in value) to divide dEg by V7.

In some cases SiGe transistors show neutral-base recombination. This means that the
base current is dependent on the base-collector voltage. We have added aformulation that
describes this effect and aso the increase of the base current in quasi-saturation, due to
Auger recombination. Theideal base current thenis:

_ I_S _ _ VBoE, /VT _
b=, X'Bl)|:(1 Xre) (e 1)

# X (S8 4 i 2) (14 ) . (245)
ef
Note that the parameter X;ec can be larger than 1.

dEy Gradient of the bandgap in the intrinsic base times its width
Xrec Pre-factor of the recombination part of the ideal base current

2.6 Miscellaneous
2.6.1 Temperaturescalingrules

The Mextram model contains extensive temperature scaling rules (see section 4.7). The
parameters in the temperature scaling rules are:

Vg Vger Vass Vg, dVggr, dVgpr, dVg,.  Bandgap voltages or differences

Agg, Exponent of zero bias base charge
A Exponent of thermal resistance
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The temperature rules are applied to the avalanche constant By, and to the following pa-
rameters:

Saturation and knee currents s, lss, Ik, lks

Gain modelling B, Bri, Ver, Vet, Igs, lgr

Resistances RE’ RBC! IQBV’ IQCC! RCb|X! RCb“’ RCV
Capacitances Cic» Cic» Cis» Vaer Vde» Vg Xp
Transit times TE, T8, Tepis TR

Thermal resistance Rin

2.6.2 Self-heating

Self-heating is part of the model (see section 4.14). It is defined in the usua way by
adding a self-heating network containing a current source describing the dissi pated power
and both a thermal resistance and a thermal capacitance. The total dissipated power is a
sum of the dissipated power of each branch of the equivalent circuit.

Note that the effect of the parameter DTA and dynamic selfheating are independent. This
isdiscussed in Ref. [4]. Theloca ambient temperatureisincreased as.

Tiocal ambient = Tglobal ambient + DTA.

Dynamic self-heating gives an extra and independent contribution:

Tdevice = Tiocal ambient + (AT)dynamic heating»
where (AT )dynamic heating 1S given by Vgr, the voltage at the temperature node of the self-
heating network shown in Fig. 2.

The temperature dependence of the thermal resistance is taken into account. At large
dissipation, the rel ation between dissipation and temperature increase becomes non-linear.
This can be implemented in a sub-circuit [18].

Rin  Thermal resistance
Cih Thermal capacitance

2.6.3 Noise model

Noiseisincluded in various branches of the model:

Thermal noise : resistances Rg, Rge, Ree, Rebixs Rebiis

and variable resistance Rg, [19]
Shot noise Iy Iy 180 18y, 1Bar lexs Xlex, lsub, @nd Xlsup
1/f noise[20] : gy, 1§, I8y IBs, lex @nd Xlex

Avalanche multiplication (due to impact-ionization) also adds noise [21]. This effect can
be switched on or off by using the parameter K,,;. Physically, it should be on: K5, = 1.
For increased flexibility Kay is allowed to have other values between 0 and 1; values
greater than 1 are excluded because those could lead to a noise-correlation coefficient, for
collector and base current noise, greater than 1.
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As  Exponent of the current dependence of the 1/f noise

Kt Pre-factor of the 1/f noise

Kiv  Pre-factor of the 1/f noisein the non-ideal base current
Kay Pre-factor (switch) for the noise due to avalanche

2.6.4 Number of transistor parameters

The parameters used in the Mextram model can be divided in:

Forward current modelling . 28
Reverse current modelling (including PNP) 6
Extra parameters used only in charge modelling : 14
Temperature scaling model : 16
Self-heating C 2
Noise model 4
HBT options 2
General parameters (level, flags, reference temperature) 7
Total .79

Of the total parameters mentioned above 4 parameters (XCi., XCj, Xlg,, and Xext) are
specially dedicated to geometrical scaling (other parameters scale too of course). A scal-
ing model itself, however, isnot part of Mextram.

2.7 Commentsabout the M extram model
2.7.1 Convergency and computation time

Mextram is a more complex model than Gummel-Poon. Therefore, the computing timeis
larger, especially when self-heating isincluded. For the same reason the convergency will
be less, although we cannot give any quantitative comparison. The computation time of
Mextram 504 is comparable to that of Mextram 503. However, tests show that Mextram
504 has better convergency than Mextram 503. Thisis probably mainly due to improved
smoothness of the model.

2.7.2 Not modelled within the model

Mextram does not contain a substrate resistance. We know that this substrate resistance
can have an influence on transistor characteristics. Thisis mainly seen in the real part
of Y2o. For optimimum flexibility we did not make it a part of the model itself, because
in the technology it is aso not part of the transistor itself. It depends very much on the
layout. The layout in afinal design might be different from the layout used in parameter
extraction. Also complicated substrate resistance/capacitance networks are sometimes
needed. Therefore we chose to let the substrate resistance not be part of the model.
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2.7.3 Possibleimprovements

Mextram does not contain a reverse emitter-base breakdown mechanism, because it was
not deemed relevant enough. This could be either an avalanche breakdown or, more
probable, atunnel breakdown.

The forward current of the parasitic PNP transistor is modelled. Mextram, however, does
not contain a full description of the reverse current of the PNP since we believe that this
is not important for designers.

The output conductance dl¢c/dVcg at the point where hard saturation starts seems to be
too abrupt for high current levels, compared to measurements. At present it isnot possible
to improvethis, without losing some of the other features of the model.

The clarity of the extrinsic current model describing Xlex and Xlg,, could be improved
by adding an extra node and an extra contact base resistance. Since the quality of the
description does not improve, the parameter extraction would be more difficult, and the
model topology would become dependent on a parameter (EXMOD) we choose not to do
this.
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3 Introduction to parameter extraction

The accuracy of circuit ssmulation depends not only on the performance of the transis-
tor model itself, but also on the model parameters used. The use of a very sophisticated
model with poorly determined parameters will result in an inaccurate ssimulation of the
electronic circuit. The determination of the model-parameter extraction methodology is
an important task in the development of a compact model. A strong correlation between
model parameters hampers unambiguous determination of individual parameters. Most
parameters are extracted directly from measured data. Therefore we need depletion ca-
pacitance (CV), terminal currentsversus voltages (DC) and high-frequency measurements
(S-parameters). Important is that these measurements are done over alarge range of col-
lector, base and emitter biasing conditions. This greatly improves the accuracy of the
parameters. The number of data pointsin an interval is of minor importance.

To extract Mextram model parameters the model is implemented in the characterization
and analysis program ICCAP of Agilent. Previous work on parameter extraction method-
ology has shown that accurate extraction of all Mextram parameters is feasible without
evaluation of the full model equations in a circuit smulator [22]. This method greatly
enhances the efficiency and user-friendliness of parameter extraction.

The general extraction strategy [22] isto put the parametersin small groups (typical 1-3)
and extract these parameters simultaneously out of measured data sensitive to these pa-
rameters. The composition of each individual group depends on the technology. However,
it is possible to give general guide lines. A more thorough documentation on parameter
extraction for Mextram 504, including temperature and geometric scaling, is given in
Ref. [3].

A typical grouping of Mextram parametersis given in the following table:

Base-emitter capacitance : Cic, Vdg, PE
Base-collector capacitance : CicrPci Xp
Collector-substrate capacitance - Cjs» Vds,» Ps
Avalanche at small collector currents, high Ve : Wau, Vau
Reverse Early effect © Ver

Forward Early effect o Vet

Forward Gummel plot small Ve N S

Substrate current small Ve o lss

Forward current gain up to medium current levels  : B, lgf, Mg+
Reverse current gain up to medium current levels B, lgr, Vir, lks

Giacoletto method . Rg
From forward Gummel plot at large Vgg,
Y -parameters, or scaling . Rpge, Rpy
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Substrate current in hard saturation © Ree

Geometry scaling . XCjg, XCj., Xlg,
Temperature scaling . Temperature parameters.
Decrease of Vg for constant | g at high Vg =

Collector current up to high Vce %

From the fall-of of hre and fr at highcurrents : Rcy, Vg,

From the ft vs. Ic . SCRey, lhe, TE, B,

Tepia (m‘t’ Mmc, aXi)
Reverse Gummel plot at large Vac . Xext

Output conductance as function of frequency : Cyy

Thefirst step in the determination of parametersisto generate aninitial parameter set. An
accurate calculation of the epilayer related parameters [see Egs. (2.22)—2.28)] preventsa
lot of trouble and improves the convergency of the parameter extraction.

It is not possible to extract all the Mextram model parameters from one measured tran-
sistor. For example the scaling parameters XCi., XC;. and Xlg, are determined from
geometrical scaling rules. The sameistruefor the overlap capacitances Cggpo and Cgeo.

It helps if the parameters are extracted in the sequence given in the table given above.

The extraction of the emitter and base resistances will give only satisfactory results when
the current gain in thisregion is accurately modelled. It is nearly impossible to get accu-
rate results for the variable part of the base resistance from DC measurements. Therefore
either Rp, is calculated from scaling information, or the resistances are extracted from
S-parameters [23].

At high collector currents and voltages the measurements often become distorted by rise
of the device temperature due to self heating. This complicates the extraction of R¢y,
SCRg¢y, Ihe, Ik @and the transit time parameters. Self-heating should therefore be included.
When doing this, the temperature scaling parameters should be known or estimated. First
I, isextracted from the collector current at high Ve in the output characteristic (I versus
Vce a constant Ig). At sufficient high Vce the transistor comes out of quasi-saturation
and therefore the epilayer resistance is of minor importance at these bias points. Next
at small values of Vg the DC current gain is optimised by extracting Rcy and V...
We can use the measured output characteristics or Ic and Ig from the Gummel plot of
the S-parameter measurement setup. The latter has the advantage that the high current
parameters and transit times parameters are extracted from the same device. In the final
step SCRey, Ihc and the transit times parameters are extracted from ft. The hot-carrier
current I, should be the collector current beyond the top of the ft. The spacing between
the different maxima of the ft curves for currents around Iy is determined by R¢, and
SCR¢y. These three extraction steps have to be repeated once or twice to get a stable
parameter set.

To extract Sy one needs to measure the avalanche effect at high currents (at least Ic) and
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voltages and fit the model to the measurements. It is very important to take self-heating
into account.

The reverse transit time can only be accurately determined from reverse high-frequency
measurements. These are not normally done, since they need dedicated structures. As
an alternative one can use the forward high-frequency measurements in or close to hard
saturation (Vcg = 0.2V), or one can calculate it according to Eq. (5.41).

The two SiGe parameters can be determined as follows. The bandgap difference dEg
in the base between collector-edge and emitter-edge can be estimated from the process.
The Early-effect on the base-current in the forward Early measurement can be used to
determine Xec.
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4 Formal mode formulation

In this section the formal definition of the model is given. We have given the description
that includes a substrate node and self-heating. It isaso possible to use Mextram without
the substrate node, self-heating or both.

We will start with the structural elements of Mextram, the notation, the parameters and
the equivalent circuit. Then afew model constants are defined and the temperature rules
are given. The major part of this section consists of the description of the currents and
of the charges. Then some extra modelling features are discussed, such as the extended
modelling of the reverse current gain, the distributed high-frequency effects and heter-
junction features. The noise model, MULT-scaling and self-heating are next. At last some
implementation issues, the embedding of PNP transistors and operating point information
are discussed.

4.1 Structural elementsof Mextram

Mextram has the following somewhat independent parts.

Parameters Theset of parameters consistsof thefollowing classes: the model -definition
parameters like LEVEL and the three flags; the electrical parameters; the temperature
scaling parameters; the noise parameters; and the self-heating parameters.

The model-definition parameters determine exactly which model is used. For some parts
of the model we provide some extended features. These can be included or excluded us-
ing the three flags. The main part of the model is the description of currents and charges.
For this description we need a set of electrical parameters. These parameters vary with
temperature. In the parameter set itself only the values of the electrical parameters at the
reference temperature are given. The temperature scaling parameters are used to calculate
the actual values of the electrical parameters from their value at the reference tempera-
ture. Thistemperature scaling can in general be performed in preprocessing. The noise
parameters are extra parameters use to cal cul ate the various noise-sources.

Geometric scaling is not part of the model. The parameter MULT gives the possibility of
putting several transistors in parallel. In this senseit is a very smple geometric scaling
parameter. The model parameters can be scaling dependent (some are even especially
made for this purpose, like the X-parameters). The scaling itself has to be done outside
the model.

Self-heating Self-heating increases the local temperature of the transistor w.r.t. the am-
bient temperature. Thisis due to power dissipation of the transistor itself. When taking
self-heating into account (this is an optiona feature) the actual temperature depends on
the actual bias conditions. This means that temperature scaling must be performed at
every bias-point, and not only in preprocessing.
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Clipping After temperature-scaling it is possible that some parameters are outside a
physicaly realistic range, or in a range that might create difficulties in the numerical
evaluation of the model, for example a division by zero. In order to prevent this, some
parameters are limited to a pre-specified range directly after scaling. This procedure is
called clipping.

Equivalent circuit The equivalent circuit describes how the various circuit elements
of the model (currents, charges and noise-sources) are connected to each other. From the
equivalent circuit and all the electrical equationsit isalso possible to derive asmall-signal
equivalent circuit.

Current and charge equations The current and charge equations are the main part
of the model. They are needed to calculate the various currents and charges defined in
the equivalent circuit. The currents are those through common resistances, diode-like
currents or more complicated voltage controlled current sources. The charges are the
various depletion charges and diffusion chargesin the model. The chargesare only needed
in AC and transient simulation, but not in DC simulations. Therefore some parameters
have no influence on the DC model. However a part of the charge formulationisneeded in
the DC model, e.g. the curvature of the depletion charges determines the bias-dependent
Early effect.

Noiseequations The noise equations describe the current noise sourcesthat are parallel
to some of the equivalent circuit elements. Only shot-noise, thermal noise and 1/ f -noise
ismodelled.

Operating point information When thetransistor isbiased in acertain way, it issome-
times convenient to gain some insight in the internal state of the model. Thisis possible
viathe operating point information. Thisinformation contains all the internal biases, cur-
rents and charges, all the elements of the complete small-signal circuit, the elements of a
very simplified small-signal circuit, and some characteristic values like fr.

Embedding for PNP transistors All the equationsthat will be given are for NPN tran-
sistors. For PNP transistors the same equations can be used after some embedding. This
only consists of changing signs of biases before currents and charges are calculated and
changing signs of currents and charges afterwards.
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4.2 Notation

We used different fonts for different kind of quantitiesto clarify the structure of the equa-
tions:
Ve » Rev Parameters
Vet » Reyr  Parameters after temperature scaling
VB,E, » VB,c, Node voltages as given by the circuit simulator
lc,c, V§202 Calculated quantities

When apreviously calculated quantity needs to be changed thisis denoted as

(new value) — (expression using previous values) (4.2

4.3 Parameters

The following table gives all the parameters of Mextram. This includes the extra param-
eters needed when a substrate is present and the extra parameters needed when using a
version with self-heating. The table containsthe parameter name as used in theimplemen-
tation as well as the symbol used in the formulas. Furthermore the unit of the parameter
and a short description are given. The parameters are sorted in alogical way. First we
have some genera parameters like the level and the flags. Next the current parameters
of the basic model, the parameters of the avalanche model, the resistances and epilayer
parameters, the parameters of the depletion capacitances and the transit times are given.
Then we have the parameters for the SiGe model features, followed by those of the tem-
perature model (mobility exponents and bandgap voltages) and the noise parameters. The
parameters specific for the four-terminal device are next. At last we have the self-heating
parameters.

The parameters denoted with a‘ «’ are not used in the DC model.

# symbol  name units  description

1 LEVEL LEVEL —  Model level, must be set to 504

2 Tref TREF °C  Reference temperature. Default is 25°C

3 DTA DTA °C Difference between the local ambient and global ambient
temperatures: Tioca ambient = Tglobal ambient + DTA

4 EXMOD EXMOD — Flagfor extended modelling of the reverse current gain

5 EXPHI  EXPHI — «Flag for the distributed high-frequency effects in transient

6 EXAVL EXAVL —  FHag for extended modelling of avalanche currents
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# symbol name units description
7 s IS A  Collector-emitter saturation current
8 Ik IK A Collector-emitter high injection knee current
9 Vg VER V  Reverse Early voltage
10 Vgt VEF V  Forward Early voltage
11 4 BF —  |deal forward current gain
12 gt IBF A Saturation current of the non-ideal forward base current
13 my; MLF —  Non-idedlity factor of the non-ideal forward base current
14 Xlg, XIBI —  Part of ideal base current that belongs to the sidewal
15 B BRI — ldeal reverse current gain
16 g, IBR A Saturation current of the non-ideal reverse base current
17 Vi, VLR V  Cross-over voltage of the non-ideal reverse base current
18  Xext XEXT —  Partof le, Qtex, Qex and Iy that depends on Vgc, instead
of VB, c,
19 Wy WAV L m  Epilayer thickness used in weak-avalanche model
20 Vay VAVL V  Voltage determining curvature of avalanche current
21 Sy SFH —  Current spreading factor of avalanche model (when
EXAVL = 1)
22 Rg RE Q  Emitter resistance
23 Rgc RBC Q  Constant part of the base resistance
24 Rgy RBV Q  Zero-biasvalue of the variable part of the base resistance
25 Rce RCC Q  Collector Contact resistance
26  Rcpix RCBLX Q  Resistance of the Collector Buried Layer: eXtrinsic part
27  Rcpii RCBLI Q  Resistance of the Collector Buried Layer: Intrinsic part
28 Rgy RCV Q  Resistance of the un-modulated epilayer
29 SCRgy SCRCV  Q  Spacecharge resistance of the epilayer
30 e IHC A Ciritical current for velocity saturation in the epilayer
31 ay AXI —  Smoothness parameter for the onset of quasi-saturation
32 Ci CJE F =«Zero-bias emitter-base depletion capacitance
33 Vg VDE V  Emitter-base diffusion voltage
34 pe PE —  Emitter-base grading coefficient
35 XCji XCJE — «Fraction of the emitter-base depletion capacitance that be-
longs to the sidewall
36 Cgeo CBEO — «Emitter-base overlap capacitance
37 Cj. cJC F =«Zero-bias collector-base depletion capacitance
38  Vy. VDC V  Collector-base diffusion voltage
39 pc PC —  Collector-base grading coefficient
40  Xp XP —  Constant part of Cj.
41 mc MC —  Coefficient for the current modulation of the collector-base
depletion capacitance
42 XCj. XCJC — «Fraction of the collector-base depletion capacitance under
the emitter
43 Cgco CBCO — xCollector-base overlap capacitance
28 Delft University of Technology




Mextram definition document 4. Formal model formulation March 2008
# symbol name units  description

4 m, MTAU — «Non-ideality factor of the emitter stored charge

45 e TAUE s «Minimum transit time of stored emitter charge

46 1 TAUB s «Transit time of stored base charge

47 Tepi TEPI s «Transit time of stored epilayer charge

48 1R TAUR s xTranst time of reverse extrinsic stored base charge

49 dEg DEG eV Bandgap difference over the base

50 Xrec XREC —  Prefactor of the recombination part of I,

51 Ag,, AQBO —  Temperature coefficient of the zero-bias base charge

52 Ag AE —  Temperature coefficient of the resistivity of the emitter

53 Ag AB —  Temperature coefficient of the resistivity of the base

54 Aepi AEPI —  Temperature coefficient of the resistivity of the epilayer

55  Aex AEX —  Temperature coefficient of the resistivity of the extrinsic
base

56 Ac AC —  Temperature coefficient of the resistivity of the collector
contact

57 Acp ACBL —  Temperature coefficient of the resistivity of the collector
buried layer

58 dA, DAIS —  Parameter for fine tuning of temperature dependence of
collector-emitter saturation current

59 dVgs DVGBF \% Band-gap voltage difference of forward current gain

60 dVgsr DVGBR V Band-gap voltage difference of reverse current gain

61 Vg, VGB \% Band-gap voltage of the base

62 Vg VGC \% Band-gap voltage of the collector

63 Vg VGJ \% Band-gap voltage recombination emitter-base junction

64 dVy, DVGTE V  xBand-gap voltage difference of emitter stored charge

65 Af AF — xExponent of the Flicker-noise

66 Ks KF — «Flicker-noise coefficient of the ideal base current

67 Ky KFN — xFlicker-noise coefficient of the non-ideal base current

68 Kayi KAVL — xSwitch for white noise contribution due to avalanche

69 lgs ISS A Base-substrate saturation current

70  Iys IKS A Base-substrate high injection knee current

71 Cjg CJS F  xZero-bias collector-substrate depletion capacitance

72 Vg VDS V  «Collector-substrate diffusion voltage

73  ps PS — «Collector-substrate grading coefficient

74 Vg VGS \ Band-gap voltage of the substrate

75 As AS —  For aclosed buried layer: As = Ac, and for an open buried
layer: As = Aepi

76 Ry RTH °C/W Thermal resistance

77 Ci CTH J°C *Thermal capacitance

78 A ATH —  Temperature coefficient of the thermal resistance

79 MULT MULT —  Multiplication factor
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The following table gives the default values and the clipping values of the parameters.
These values should not be circuit simulator dependent. The default values come from a
realistic transistor and are therefore a good indication of typical values,

# symbol name default cliplow clip high
1 LEVEL LEVEL |504 - -
2 Tref TREF 25.0 —273 -
3 DTA DTA 0.0 - -
4 EXMOD EXMOD | 1.0 0.0 1.0
5 EXPHI EXPHI |10 0.0 1.0
6 EXAVL EXAVL |00 0.0 1.0
7 s IS 22.0-1008 [ 0.0 —
8 Ik IK 0.1 1.0-10012 —
9 Vg VER 2.5 0.01 -
10 Vet VEF 44.0 0.01 -
11 A BF 215.0 1.0-107% -
12 gy IBF 27-100 | 00 -
13 mys MLF 2.0 0.1 -
14 Xlg, XIBI 0.0 0.0 1.0
15 B BRI 7.0 1.0-10710 _
16 g, IBR 1.0-107 | 0.0 -
17 Vi, VLR 0.2 - -
18  Xext XEXT | 0.63 0.0 1.0
19 Way WAVL [11-10° |10-107° -
20 Vavl VAV L 3.0 0.01 -
21 Sy SFH 0.3 0.0 -
22 Rg RE 5.0 1.0-10° -
23  Rpge RBC 23.0 1.0-107% -
24 Rgy RBV 18.0 1.0-107° -
25 Rce RCC 12.0 1.0-10° -
26 Rcpix RCBLX | 0.0 0.0 -
27  Rcypi RCBLI | 0.0 0.0 -
28 Rcy RCV 150.0 1.0-107% -
29 SCRgy, SCRCV | 1250.0 1.0.107% -
30 e IHC 40-10% |10-1072 -
31 a AXI 0.3 0.02 —
32 Ci CJE 73.0-107% | 0.0 —
33 Vg VDE 0.95 0.05 -
34 pe PE 0.4 0.01 0.99
35 XCj XCJE 0.4 0.0 1.0
36 Cgeo CBEO | 0.0 0.0 —
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# symbol name default cliplow clip high
37 Ci. cJc 780-10°" [0.0 —
38 Vg, VDC 0.68 0.05 -
39 pc PC 0.5 0.01 0.99
40  Xp XP 0.35 0.0 0.99
41 mc MC 0.5 0.0 1.0
42 XCj. XC} |[320-102 |00 1.0
43 Cgco CBCO | 0.0 0.0 -
44 m, MTAU | 1.0 0.1 —
45 e TAUE |20-10722 |00 —
46 g TAUB |4.2-10712 |00 -
47 Tepi TEPI 41.0-107% | 0.0 -
48 1R TAUR | 520.0-107% | 0.0 —
49 dEq DEG 0.0 - —
50 Xrec XREC | 0.0 0.0 —
51 Ag,, AQBO |03 - -
52 Ag AE 0.0 - -
53 Ag AB 1.0 - —
54 Aepi AEPI 2.5 - -
55  Aex AEX 0.62 - -
56 Ac AC 2.0 - —
57  Acp ACBL |20 0.0 —
58 dA, DAIS | 0.0 - —
59 dVgs DVGBF |50.0-107° | - —
60 dVgsr DVGBR|450-1073 | - —~
61 Vg, VGB 1.17 0.1 -
62 Vg, VGC 1.18 0.1 -
63 Vg VGJ 1.15 0.1 -
64 dVg. DVGTE |0.05 — -
65 A AF 2.0 0.01 —
66 K KF 20.0-107%2 | 0.0 -
67 Kin KFN 20.0-10712 | 0.0 —
68 Kau KAVL | 0.0 0.0 1.0
69 Iss ISS 48.0-1078 |00 -
70 lys IKS 250.0-107% | 1.0-107%2
71 Cj CJS 315.0-107%° | 0.0 —
72 Vg VDS 0.62 0.05 -
73 ps PS 0.34 0.01 0.99
74 Vge VGS 1.20 0.1 -
75 As AS 1.58 - -
76 R RTH 300.0 0.0 —
77 Cu CTH 3.0-107° 0.0* —
78  Am ATH 0.0 - —
79 MULT MULT [1.0 0.0 -

TThe physical and therefore recommended valueis K 5y = 1.
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4.4 Equivalent circuit
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Figure 1: The full Mextram equivalent circuit for the vertical NPN transistor. Schemat-
ically the different regions of the physical transistor are shown. The current | g,g, de-
scribes the variable base resistance and is therefore sometimes called Rg,. The current
Ic,c, describes the variable collector resistance (or epilayer resistance) and is therefore
sometimes called Rc,,. The extra circuit for self-heating is discussed in Sec. 4.14.

*Please note that a value of Cy, = 0 often leads to incorrect results, see Sec. 4.14.
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45 Mode constants

k = 1.3806226 - 10~ JK 1 (4.2)
q = 1.6021918-1071°C (4.3)

k
(a) = 0.86171- 1074V /K (4.4)
Gmin = 1.0- 10783 AV (4.53)
V. low = 0.05V (4.5b)
aje =3.0 (4.6)
aj. = 2.0 (4.7)
ajg =20 (4.8)

Constants A, and B,, for impact ionization depend on the transistor type:
For NPN:

An=7.03-10"'m™! (4.9)

Bn=1.23-108v m™! (4.10)
For PNP:

An = 158108 m™! (4.11)

Bn = 2.04-108v m! (4.12)

The default reference temperature T, fOr parameter determination is 25°C.

4.6 MULT-scaling

The parameter MULT may be used to put several transistorsin parallel. Thismeansthat all
currents, charges, and noise-current sources should be multiplied by MULT. It is however
much easier to implement this by scaling some of the parameters up front. MULT is
allowed to be non-integer for increased flexibility. To scale the geometry of a transistor
the use of a process-block is preferable over using this feature.

The following parameters are multiplied by MULT

|s, |k, IBf, IBra IhCa ISSa |ks,
Cic> Cic Cis» CgBeo. Cgco, Cin (4.13)

The following parameters are divided by MULT
Re, Rec, Revs Rce, Rebixs Rcbis Revs, SCRey, R (4.14)

The flicker-noise coefficients are scaled as

Ki — K¢ MULTY A (4.15)
Kin = Kin - MULTY-[2(Mu=D)+Ar(2—mip)] (4.16)
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4.7 Temperaturescaling

The actual simulation temperature is denoted by TEMP (in °C). The temperature at which
the parameters are determined is T (alsoin °C).

Conversion to Kelvin  Note the addition of the voltage Vgt of the thermal node (see
Sec. 4.14).

Tq = TEMP+ DTA 4 273.15 + Vgt (4.17a)

Tamb = TEMP+ DTA + 273.15 (4.17b)

Trk = Tref + 273.15 (4.18)
Tk

ty = —— 4.19

N = T (4.19)

Thermal voltage

Vr = (g) Tk (4.20)
)
r1_1_ 1 (4.22)

Vat V1 Vg

Depletion capacitances ThejunctiondiffusionvoltagesVq,, V.., and Vg, with respect
to temperature are

Uger = —3Vr Inty + Vg tn + (1 — t) Vg (4.239)
Vet = Uget + V1 In{1 + exp[(Vd,low — UdeT)/ V1) (4.230)
Udet = —3Vr Ity + Vg ty + (1= t) Ve (4.243)
VdeT = Uget + V1 In{1 + exp[(Vdjow — UdcT)/ Vr1} (4.24b)
Uder = =3V Inty + Vg ty + (1 — ty) Ve (4.25a)
Vst = Udst + V1 In{1 + exp[(Vd,low — UdsT)/ VT]} (4.25b)

The zero-bias capacitances scale with temperature as

Vd Pe
CjET = C]E (VdEET) (426)
Vd Ps
Cist = Cjs (Vd ST) (4.27)
s
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The collector depletion capacitance is divided in a variable and a constant part. The
constant part is temperature independent.

Vdc Pc
Ciet=Cic |(1=X) (G ) +% (4.28)
c
Vdc Pc -1
XpT = Xp (l — Xp) Var + Xp (4.29)
c

Resistances The various parameters A describe the mobility of the corresponding re-
gions. u tﬁA. The temperature dependence of the zero-bias base charge goes as

A
Qgor/Qro = t .

Rer = Re tiF (4.30)
Revt = Rey tSB_AQBO (4.31)
Rect = Rac (" (4.32)
Revr = Rey tﬁepi (4.33)
Rcet = Ree tﬁc (4.343)
Rebixt = Rebix tﬁcm (4.34b)
Reiir = Repii ty™ (4.34¢)

Conductances With the parasitic collector resistances, conductances are associated.
These are to be used in the noise model and for the calculation of dissipated power. For
those contexts, for the cases in which one or more of the resistances is zero, the appro-
priate value for the corresponding conductance is zero. In cases of vanishing resistance
values, the topology of the equiavalent circuit is effectively changed. Thisisto be taken
into account in implementations of the model.

if RCC > 0 then GCCT = 1/RCCT ,

ese GCCT =0 . (434d)
if Rcpix > 0 then Gepixr = 1/Repixt »
4.34e
else Gepxr =0 . ( )
if Rcpi > 0 then Gepjir = 1/Repit > (4.34f)

else Gepit=0 .
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Current gains

Br=Btes P exp[—dVgpe/Var] (4.35)
Bit = Bi exp[—dVgpr/VaT] (4.36)

Currents and voltages

4—Ag—Aqy, +dA

|sT = |s tN eXp[_VgB/VAT] (4-37)

et = Ity 7 (4.38)
6—2myy)

lsr = Igf ty exp[—Vg; /MLt VaT] (4.39)

lgrr = lgr tF exp[—Vge/2VaT] (4.40)
Ag Vg \Pc -1

Verr = Ver ty 2 | (1= Xp) (v < ) + Xp (4.41)

dcT

A V —Pe

Vert = Ver tNQBO (Vi) (4-42)

deT

The temperature dependence of Iss and Iys is given by Ag and V..
As equals Ac for aclosed buried layer (BN) and Ag equals Aepi for an open buried layer.

4-As

lssT = Iss ty ~ €Xp[—Vgs/VaT] (4.43)
A | |
s lssT

When either Is = 0 or Isst = O wetake lgst = Iks t,ﬂ_AS-

Transit times

ter = e ty® > eXp[—dVge/Var] (4.45)
A Ag—1
IBT = 7B tNQBO+ ° (446)
Agpi—1
TepiT = Tepi tN P (4.47)
+ .
TRT = TR BT T TepiT (4.48)
7B + Tepi
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Avalancheconstant Notethat thistemperature ruleisindependent of T,es Since we take
B, asamateria constant. For Tx < 525.0K we have

Bt = By [14 7.2-107% (Tx — 300) — 1.6-107° (T — 300)7] (4.49)
whereasfor Tx > 525.0K
Bt = B, * 1.081 (4.49b)

Heter ojunction features

A
dEgT = dEg t,**° (4.50a)
Self-heating
Tamb Ath
Rih, Tamb = Rih - (%) (4.500)

4.8 Description of currents
4.8.1 Main current

Ideal forward and reverse current:

It = IgT €BEr/ VT (4.51)

I = ls7 €/B2C/ VT (4.52)
The value of Vi ., isnot always the same as the node voltage Vg,c,. The expression for
e”8:¢2/ VT js given in Egs. (4.104) and (4.106).

The Moll-Ross or integral charge-control relation is used to take high injection in the
base into account. To avoid dividing by zero at punch-through in Eqg. (4.56) the depletion
charge term qp is modified. (Note that for SiGe transistors q(') might differ from q(? ,
defined in Eq. (4.84). See Sec. 4.12).

Vie Vic

— + 453
qo VerT VefT ( )
. G +4/(dg)?+001
dg =0d; (14 3o+ 3ne) (4.55)
= - I (4.56)
O

The expressionsfor Vi, Vi, No, and ng are given by Egs. (4.112), (4.128), (4.143), and
(4.146), respectively.
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4.8.2 Forward basecurrents
The total ideal base current is separated into a bulk and a sidewall component. The bulk
component depends on the voltage Vg,g, and the sidewall component on the voltage

VB,E;- The separation is given by the parameter Xlg,. (Note that Ig, becomes more
complicated when Xec # 0. See Sec. 4.12).

Bulk component:

|
g, = (1— Xlg,) /;TI (eVBZEl/VT _ 1) (4.57)

Sidewall component:

|
1S = Xlg, e (eVlel/VT — 1) (4.58)

The non-ideal base current is given by:
Is, = Igfr (GVB2E1/ MV 1) + Gmin VB,E,; (4.59)

See section 4.15 for adiscussion about G min.

483 Reversebasecurrents

In Mextram the non-ideal reverse base current is

eBicy/ VT _ 1

Ig; = lgiT + Gmin VB,C,4 (4.60)

@VB1Cy/2VT + gVLr/2VT

See section 4.15 for adiscussion about G min.

The substrate current (holes injected from base into the substrate or reversely, the main
current of the parasitic PNP), isgiven by

2lseT (eV51c4/VT _ 1)

(4.61)

lsup =
1+ \/1.,. 4 st eVB1C,4/ VT
ksT

which includes high injection. Note that in this expression 4 1s7/lkst IS Used instead of
4lss1/lksT Which simplifies parameter extraction [3].

The current with substrate biasin forward is only included as a signal to the designer (no
physical meaning should be attached to it)

lst = lseT (eVscl/ Vr _ 1) (4.62)
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The extrinsic base current (electrons injected from collector to extrinsic base, similar
to Ig,) isgiven by

01 = 4I—ST evBiCs/ VT (4.63)

It
01

n = 4.64

SR gy (469
1

lex = . (3 Ikt NBex — IsT) (4.65)
]

4.8.4 Weak-avalanche current

Inreverse mode (Ic,c, < 0) or hard saturation (Vg,c, > V. 1) both the avalanche current
lay = 0 and the generation factor Ggy are zero

lan =0, Gem =0 (4.66)

In forward mode we have the following gradient of the electric field for zero bias

2 Vavl

2
avl

dEdxo = (4.67)

The depletion layer thickness becomes

2 VT — VBocy
= 4.68
X0 \/ddeo \/ 1— Tep/Iho (4.68)

The current |5 Will be givenin Eq. (4.125).

The generation of avalanche current increases at high current levels. Thisis only taken
into account when flag EXAVL = 1.

When EXAVL = 0, then the effective thickness of the epilayer is
Wett = Way (4.69)

When EXAVL = 1, then

2
Xj
Wit = W 1-— 470
ef avl( 2Wepi) (4.70)

For either value of EXAVL the thickness over which the electric field isimportant is

W,
Wp = D Vel (4.71)

2 2
VXp + W
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The average electric field and the field at the base-collector junction are

VT — VB,C
Eq = ————— 22 4.72
a Wo (4.72)
|
EO::EW4—§NDdEd&)( —-FE) (4.73)
hc

When EXAVL = 0, then the maximum of the electric field is
Em = Eo (4.74)
When EXAVL = 1, then

«
&M:4+2aH(L+z—L) (4.75)
1+S
Ej— — 1 >H (4.76)
1+ 2SH
Ew = Ea — £ Wp dEdxo (Eq— —SC2 (4.77)
w = Eav — 5 WD o | Efi T -
Ev=23(Ew+E Ew — E0)2 + 0.1 E2, lcgp/! 4.78
M 2( w + O+\/( W 0) + 0. av cap/hc) ( )

Theinjection thickness xj / Wep; isgivenin Eq. (4.101).
For either value of EXAVL the intersection point Ap and the generation factor Ggy are

Em Wb
In=—6/ - 479
° 7 2(Ew - Ea) (4.79)
An Bnt Bnt Wet
G =—Euy 1 exp|l—|—exp|——(1+ — 4.80
M By P [ p[ EM] p[ EM( * AD )“ (4.80)

When Ey ~ Eg the expression for Ap will diverge. Hence for (1 — Eq/Em) < 1077
we need to take the appropriate analytical limit and get:
Bnt

G = An Werr Xp [—E—M] (4.81)

The generation factor may not exceed 1 and may not exceed

\%s dg Rer

Gmax = +
T lcc, (ReeT+ Rey) Bt Reer + Rg,

(4.82)
The variable base resistance Rg, isgiven by Eq. (4.87). The base charge termsq'B isgiven
by Eq. (4.55). Thecurrent Ic,c, isgiven by Eq. (4.93). The avalanche current thenis

e Gem Gmax
2 Gewm Gmax + Gem + Gmax

(4.83)

Ialvl =
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485 Seriesresistances

Thethree external seriesresistancesfor the emitter (RgT), the base (Rgc1) and the collec-
tor (Reet) are al constant.

4.8.6 Variablebaseresistance

The variable part of the base resistance is modulated by the base charges and takes into
account current crowding.

Vic

V.
Q14 & 4 4.84
qo VerT VefT ( )
Q Qy2
0 + 1/ (G5)% + 0.01
P = > (4.85)
g8 =0 (1+ 2no+ ing) (4.86)
3R
Rg, = ngT (4.87)
B
2V %
lp,p, = —. (eVBle/ Vr 1) 4 B2 (4.88)
Bo RBZ

Note the correspondance and differences between Rg, and Iy from Eq. (4.56).

4.8.7 Variablecollector resistance: the epilayer model

Thismodel of the epilayer resistance takes into account:

—Thedecreasein resistance dueto carriersinjected from the base if only theinternal base-
collector is forward biased (quasi-saturation) and if both the internal and external base-
collector junctions are forward biased (hard saturation and reverse mode of operation).

— Ohmic current flow at low current densities.

— Space charge limited current flow at high current densities (Kirk effect; only in forward
mode).

The current through the epilayer is given by

Ko = \/ 1+ 4eVe2CoVac/ VT (4.89)
KW — \/1 + 4e(VBZC1—VdCT)/VT (490)
2 eVByc, Ve 1)/ VT
Pw = 1+ Ku (4.92)
For numerical reasons; when pw < =% wetake pyw — 0.
Ko+ 1
Ec = Vr [Ko— KW—In(K\?Vi 1)] (4.92)
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Ec +Vc,c,
Revr

In reverse mode the node voltage difference Vg,c, is the quantity that we use in further

calculations. In forward mode the relation between the voltage difference Vg,c, and the

current Ic,c, is not smooth enough. We will instead calculate Vg , that is to be used in

subsequent calculations. It has smoother properties than Vg,c, itself. In forward mode

the node voltage V¢, isonly used for Egs. (4.89) and (4.93).

For the rest of the quantities in the epilayer model a distinction must be made between
forward and reverse mode.

lcic, = (4.93)

Forward mode (Ic,c, > 0) The voltage and current at which quasi-saturation or Kirk
effect start are given by

I R
th C1C, Revt
Vi = Vger +2Vr In (T ; 1) Ve, (4.94)
Vos = 3 (Va2 + /(ViD)? + 4 (0.1Vgc1)?) (4.95)
V, V, Ihc SCR
|qs _ gs gs T Ihc Cv (4.96)
SCRCv Vqs + Ihe RCVT
From this we calculate
= 1t ax In{l+expl(ic,c,/lgs — 1)/ax]} (4.97)
1+ ay In{1+ exp[—1/ay]}
We need to solve
V, V SCRc¢y lhe Vi
o lgs = s , gs T cv Ihc Yi (4.98)
SCR¢y Yi Vqs + Revt Ihe
which leadsto
V,
D= — 45 (4.99)
Ihc SCRcy
1 1+4 1
. +JV1+4a0 A+ 0) (4.100)
20 (1+0)
The injection thicknessis given by
Xi Yi
-1 4.101
Wepi 1+ pwyi ( )
The hole density py at the base-collector junction is given by
I R Xi
g= C1Cy RCvT i (4102)

2Vt W
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~1 —1\?
p6=g—+\/(g—) + 29+ pw(pw +9+1) (4.103)

For numerical reasons: when pg; < e~4° we take pg — 0.

e%c2/ VT = pg(pg + 1) eVecT/M (4.104)

Reverse mode (Ic,c, < 0) The hole density at the base-collector junction is given by

2 eVBoCo Ve 1)/ VT

=2 (4.105)
eVBsc,/ VT — gVByc,/Vr (4.106)

Theinjection thicknessis
X Ec (4.107)

Wepi B EC + VBZC2 - VBQC]_

Numerical problems might arise for Ic,c, = 0. When |Vc,c,| < 107° V5 or |E¢| <
e~ V1 (Ko + Kw) we approximate

= Po + Pw (4.108)
2
Xi Pav
= 4.109
Wepi Pav + 1 ( )
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4.9 Description of charges

4.9.1 Emitter depletion charges

The total base-emitter depletion capacitance is separated into a bulk and as sidewall com-
ponent. The bulk component is located between nodes E; and B, and the sidewall com-

ponent between nodes E; and B; (see Fig. 1)
The bulk component is

VEE = Ve (1 - a-_l/pE)

Ie

Vie = VB,g; — 0.1Vq1In{1 4 exp[(VB,E; — VFE)/0.1V4 7]}

Vet
Ve =T pe

QtE = (1 - XCjE) CjET VtE

[1 — (1= E/VdET)l_pE] + aje (VB,E; — VjE)

The sidewall component is
V% = Ve,e; — 0.1Ver In(1+ ep[(Ve,e; — Vre)/0.1Vg1])

VdET
1-pe

QtSE = XCjg Cjer (

4.9.2 Intrinsic collector depletion charge
In forward mode (Ic,c, > 0)

By = 3SCRcy(lc,c; — Ihe)

B2 = SCRcy Revt Ihe leyc,

Vi—o= B1+/BZ+ B

In reverse mode (Ic,c, < 0)
Vx=0 = Vc,c,
The junction voltage for the capacitance is given by
Vjune = VB,c; + Vxi=0
The capacitance can now be calculated using

0.1 VdCT for |C1C2 <0

|
Vi T (o.1+2 ©1C2 ) for Ie,c, > O
IC1C2 + |qs

Vch =

[1— A=V /Vaen) P | + ajEWBlEl—V,-SE))

(4.110)
(4.111)

(4.112)

(4.113)

(4.114)

(4.115)

(4.116)
(4.117)

(4.118)

(4.119)

(4.120)

(4.121)
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b — dic = Xpr
Vec = Vaer (1 - b))

Vic = Viunc — Ven In{1 + exp[(Vjunc — VFc)/ Venl}

The current dependence is given by

Ihe + lcic,
|C1C2 for |(;1(;2 <0

leap) ™
f :( _ﬂ)
Ih

The charge is now given by

Ihe Ic,c
_he ©1C  for 1g,c, > O
Icap:

(s
VCV = 1 _Cpc

Vtc = (1 - XPT) VCV + XpTVBzcl

Qtc = chc Cch Vic

4.9.3 Extrinsic collector depletion charges

1= f1 @= Vie/Vaen™Pe | + fi bic(Vius — Vic)

March 2008

(4.122)

(4.123)

(4.124)

(4.125)

(4.126)

(4.127)

(4.128)
(4.129)

The extrinsic collector depletion charge is partitioned between nodes C41 and B and nodes

C1 and B respectively, independent of the flag EXMOD.

Vice = VBicy — 0.1Vy 7 In{1 + exp[(VB,c, — VFc)/0.1Vq 7]}

Vgt
1-pc

texy

Qtex = Cj1 [(1 — XpT) Viexy + XpTV81C4] (1 —XCj) (1 — Xext)

XVjce = VBcs — 0.1Vy 7 In{1 4 exp[(Vec; — VFc)/0.1Vq 1]}

V4T
1-pc

texy

XQtex = Cjo1 [(1 = Xp1) XViexy + XpTVBC,] (1 — XCj) Xext

Delft University of Technology

1= (@ = Vica/VaeD' P | + bic (Vee, = Vica)

[1 — (1 - XV Cex/VdcT)l_pc] + bjc VBc; — XVjcy)

(4.130)

(4.131)

(4.132)

(4.133)

(4.134)

(4.135)
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4.9.4 Substrate depletion charge

is

Ves = VdST (l _ a—l/ps
Vis = Vsc, — 0.1V 1 In{1+ exp[(Vsc, — VFs)/0.1Vy 7]}

Vg1

Qts = CigT (1 —

495 Stored emitter charge

I T 1/m‘t
S
Qeo = teT lkT (—)

Lt

Qe = Qeo (eVBzEl/mf VT _ 1)

49.6 Stored basecharges

Qo = a7 Ikt
Base-emitter part

f— 4lst eVB,Ey / VT
kT
f1
np=——=—
1+J/1+ 1y

Qee = 3 Qo No QP
Base-collector part

4] *
ST Vi,c,/Vr

f2= e
It
fa
nNg= ————
1+J/1+ 1>

Qec = 3 Qgo s 0>

The expression for Ve’ VT g givenin Egs. (4.104) and (4.106).

4.9.7 Stored epilayer charge

4‘[ iT VT
erio = 72“
CvT
1. K
erl =3 erIO Wepi

46

. [1 Y S/VdsT)l_pS] + ajs(Vsc; — V;j s))

(po+ pw +2)

M extram definition document

(4.136)
(4.137)

(4.138)

(4.139)

(4.140)

(4.141)

(4.142)

(4.143)

(4.144)

(4.145)

(4.146)

(4.147)

(4.148)

(4.149)
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4.9.8 Stored extrinsic charges

G =4 eVe1c4—Vac)/ VT

_ 02
S Y
T
Qex = — 0 — (3 Qeo NBex + 3 Qepio Pwex)
78T t+ TepiT

The electron density ngey isgivenin EqQ. (4.64).

4.9.9 Overlap charges

The overlap capacitances Cggo and Cgco are constant.

Delft University of Technology
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(4.150)
(4.151)

(4.152)
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4.10 Extended modelling of thereverse current gain EXMOD=1
4.10.1 Currents
The reverse currents lg and lgp are redefined
lex = (1 — Xext) lex (4.153)
lsup = (1 — Xext) lsub (4.154)

The part Xext Of the reverse currentsin the extrinsic transistor are connected to the external
base node

41
Xgp = —>L gVcy/Vr (4.155)
liT
Xg1
N 4.156
Bex 1+ ﬁ-l— X91 ( )
X
XIMe = 2= (3 Ikt Xngec = s7) (4.157)
iT

2 ISST (eVBC3/VT _ 1)

1+ \/1 +4 st eVecs/ VT
lksT

To improve the convergency behaviour the diode-like currents in the branch B-C; are
limited by aresistance of value R¢ct:

X [ i [ R
Vex=VT [2_|n|: ext (sT/,BnT+ SsT) CcT:” (4.159)
Vr
VBex = 3 |:(VBC3 — Ve + \/ (Vacs — Ve)? + 0.0121} (4.160)
VB
Fex = = (4.161)
Xext (IsT/Brit + lssT) Reet + (XIMex + XIMgyp) Reet + VBex

Xlex = Fex XIMex (4.162)

Xlgib = Fex XIMap (4.163)
4.10.2 Charges
The charge Qex is redefined:

Qex = (1 — Xext) Qex (4.164)
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The charge in the branch B-C3 isalso limited by using Fex

ng — 4e(V803—VdCT)/VT (4165)
X2
XD — 4.166
PWex = 1 /T + X0 (4.166)
7]
XQex = Fex Xext — T (% QBo XNpex + % eriO XpWex) (4.167)
BT + TepiT

4.11 Distributed high-frequency effectsin theintrinsicbase EXPHI=1

Distributed high-frequency effects are modelled, in first order approximation, both in
lateral direction (current crowding) and in vertical direction (excess phase-shift). The
distributed effects are an optional part of the Mextram model and can be switched on and
off by aflag (on: EXPHI = 1 and off: EXPHI = 0).

The high-frequency current crowding is modelled by

dQte o dno n dQE)
dVs,E, 1 dVe,e;  dVB,E,

+ 3 Qgoq (4.168)

1
QB]_BZ =5 VB]_Bz (

For simplicity reasons only the forward depletion and diffusion charges are taken into
account. (Note that the second term is the derivative of Qgg = %QBO qf No, but with the

derivative of qf neglected).

In vertical direction (excess phase-shift) base-charge partitioning is used. For ssimplicity
reasons it is only implemented for the forward base charge (Qgg) and for high level
injection. Now Qpge from Eq. (4.144) and Qgc from Eq. (4.147) are redefined according
to

Qec — 3 Qse + Qsc (4.170)

Qse — 5 Qse (4.171)
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4.12 Heterojunction features

The most important difference between SiGe and pure S transistors is the functional
difference between hole charges and Gummel number. When the Ge concentration has a
non-zero slope (dEy # 0) we redefine the q(') describing the Early effect for the currents

(the q(? remains unchanged):
V dE -V, dE
exp ({vi + 1] VgT) — exp (—V tc —VgT)
q(l) N erT gEgT efT T (4.172)
-1
exp( \% )

Another feature that might be needed for SiGe transistors is recombination in the base.
This changes the forward ideal base current (when Xec # 0)

|
|Bl - =T (1 — XIBl) |:(1 — Xrec) (eVB2E1/VT — 1)
B

: v
+ Xrec (evszEl/VT 4 eVBe/ VT 2) (1 + Vi)] (4.173)
efT

The last term also describes Auger recombination in high injection.
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4.13 Noise model

For noise analysis noise current sources are added to the small-signal equivalent circuit.
In these equations f represents the operation frequency of the transistor and Af isthe
bandwidth. When A f istaken as 1 Hz, anoise density is obtained.

Thermal noise:
—— 4kTk
iN2 = Af 4.174
RE " Rer ( )
4KT
N2 =K Af (4.175)
®  Rger
iNZ.. = 4KkTk Geer Af (4.1763a)
Ngcmx = 4kTk Gepr Af (4.176b)
Ngcmi = 4kTk Gepit Af (4.176¢)

For the variable part of the base resistance adifferent formulais used, taking into account
the effect of current crowding on noise behaviour [19]
AkTk 4evBiB/VT 15

iN2 = Af 4.177
RBD RBZ 3 ( )

Correlation between base and collector current noise sources due to avalanche [21] 8

iNg INE = —Kay - 2qlay - 2+ 2Ggm) Af (4.178)

Collector current shot noise, including avalanche contribution

e df ]
INZ =2

B

A 4+ Koy - 291 an - (34 2Gem) Af (4.179)

Forward base current shot noise, 1/ f -noise, and avalanche contribution

iNZ =12 (1lg,] +1I I)+ﬁ(l—XI ) el )M
B~ Bl B Ty P17 \ 1= Xlg,

+

T ||Bz|2(mLf_l)+Af(2_mLf)] Af + Kayi - 2q|av| . (l+ ZGEM) Af (4180)

8In the formulation as given the noise due to the avalanche current uses a correlation between two
noise sources. In some simulators it is not possible or not easy to have correlated noise sources. An
equivalent implementation of the noise due to the avalanche current is then as follows. The noise source

iNg iNZ is not being used. Instead, a noise source between node B and node C; is added, having iN2, =

K% 49l - (1 + Gem)AT. The part due to avalanche in the collector current noise source is changed
to iNé = -+ Kau - 29l Af. The part due to avalanche in the base current noise source is changed to
iNZ = .- — Kayi - 2qlan A (notethe ‘ —’-sign). The disadvantage of thisimplementation is that iN 3 can

actually become negative! One should check that the simulator is able to handle this.
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Emitter-base sidewall current shot noise and 1/f -noise

— Kq sy

iN2 S 1

iNgs= 129 |IBll+TXIBl (XlBl) Af
Reverse base current shot noise and 1/f -noise

— Ks A

|Né3= [Zq |I|33|+T “53‘ f] Af

Extrinsic current shot noise and 1/ f -noise.
When EXMOD = 0 we have

K

INE, = [Zq lecl + = ||ex|Af} Af

When EXMOD = 1 we have

iN2 = 12q ]I |+Kf(1 Xext) el )™ Af
e — 149 Hex f ext 1 Xog

—— K Xlex|\™
|N>2<|GX={2q|XIex|+Terxt (' e"') } Af

Xext

M extram definition document

(4.181)

(4.182)

(4.183)

(4.184)

(4.185)

Substrate current shot noise (between nodes B; and S, resp. B and S)

iNZ =20 |lsi| Af

iNg_, =29 [Xlap| Af

52

(4.186)

(4.187)
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4.14 Sdf-heating

S 1.3
Cu Priss Ge 1.25
t
Rth,Tamb — T ilaf\‘s 112;
S .
InAs 1.1
i InP 1.4
a GaP 14
SO, 0.7

Figure 2: On the left, the self-heating network. Note that for increased flexibility the
node dT should be available to the user. On the right are parameter values that can be
used for Ai.

For self-heating an extra network is introduced, see Fig. 2. It contains the self-heating
resistance Ry tamb and capacitance Cyy, both connected between ground and the temper-
ature node dT. The value of the voltage Vgt at the temperature node givesthe increasein
local temperature. The dissipation is given by

Puiss = In (VB,E; — Vi,c,) + lcic, (Va,c, — VBocy) — la Ve, (4.188)
+ Vég,/Ret + Vig, /Rect
+V&c, Geer + Vé,c, Gobixt + Vé,¢, Gebit
+ le,8, VBig, + (I8, + 18,)Veoe, + 1§, Veues
+ (lex + IB3) VB1cy + Xlex Vies
+ lsuwVB,s + XlsubVBs — st Ve,s

Note that the effect of the parameter DTA and dynamic selfheating as discussed here are
independent [4, 24], see Sec. 2.6.2. To use a more complicated self-heating network, one
can increase Ry, to very large values, make Cy, zero, and add the wanted self-heating
network externally to the node dT. Examples of how to use thermal networks are given
in Ref. [24].

For the value of Ay, we recommend using values from literature that describe the temper-
ature scaling of the thermal conductivity. For the most important materials, the values are
givenin Figure 2, which islargely based on Ref. [25], see also [26].

Please note that taking Ci, = 0in the self-heating model isincorrect for AC simulations
(and hence aso for transient simulations). The reason is that Cy, = 0 means that self-
heating isinfinitely fast. In reality, however, self-heating is much slower than the relevant
time scales in most applications. Therefore, for simulations always a non-zero thermal
capacitance should be used, even when the thermal capacitance has not been extracted.
Since in practice the thermal time delay is of the order of 1 s, a reasonable estimate for
the thermal capitance can be given by Cy, = 1 us/Rih.
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4.15 Implementation issues

Minimal conductance We have added a constant conductance Gpn to the forward and
reverse non-ideal base currents. These are needed in circuit simulatorsto improve conver-
gence. We do not need them to describe the transistor. Nevertheless, their influence can
be seen on some characteristics. For implementation testing and comparison it is there-
fore important to give Gin the prescribed value. Otherwise, when the circuit simulator
permits it, Gyin can be given another value. Gy is not included in the operating point
information.

Transition functions In several placesin the code atransition function is used, like the
hyp-functions and the 1og-exp-functions. These functions are the smoothed versions
of the functions min and max. These functions must be programmed in a numerical
stable way. This can be donein severa ways. Here we only give the basic formulations.

For the depletion charges we use the function
min 1Ogexp(x, Xo; @) = X — a In{1+ exp[(X — Xp)/a]} (4.189)

In the implementation thisis coded as

. X —a In{1+4 exp[(X — Xp)/a for x < x
MiN 1 ogexp (X, Xo; &) = { PL( 0)/al} 0 (4.190)
Xo — a In{1+ exp[(Xxo — X)/a]} for X > Xo
In the epilayer model we calculate o using
MaX 1 ogexp (X Xo; @) = Xo + @ In{1 + exp[(Xx — Xo)/a]} (4.191)
In the implementation thisis coded as
Xo +a In{1+4 exp[(x — xg)/a]} for x < X
MBK 1 o gesp (X, Xo; &) = 0 { pl( 0)/al} 0 (4.192)
X+ a In{l+ exp[(Xo — X)/a]} for x > Xg

The same is used for the temperature scaling of the diffusion voltages. Rea hyperbolic
functions are used for the calculation of qf ! , Vgs, and Vpex:

MaX 1y (X, X0; €) = 3 [\/ (X = X0)%2 +4e2 + X + xo] (4.193)

In the implementation this can be coded as

2 2
Xo + N, > € > for x < Xp
MaX pyp (X, X0 €) = XXy A+ X0 =X (4.194)
X for x > Xo

+
V(X = X0)? + 4€2 + X — Xo

One can also make a difference between the cases |x| < 2¢ and |x| > 2¢ to improve the
stability.
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Some derivatives For some of the equations the derivatives can be simplified by using
some math. For instance, for ng we have

f1
| 4.1953
1+ 1+ 1 ( )

For the implementation of no we need the first expression, especialy when f; is small.
But for the derivative we can take the second expression. The same holds for

No =

f

ng = w—iT =1+ -1 (4.195D)
NBex = 77 m =/1+g1—-1 (4.195c¢)
XNgex = % VIt Xg -1 (4.195d)
Puex = 77 m =Vi+g-1 (4.195¢)
XPwex = 1+J><++7ng — /It Xgp—1 (4.195f)

For the epilayer model we have similar equations, where again the second expression can
be used for calculating derivatives.

2 eVBoc1 ~VacT)/Vr

pw = o =3 (Kw—1) (4.1950)
2 eVB2c,~Va 1)/ VT
Po = T+ Ky =3 (Ko—1) (4.195h)

The latter is needed only in reverse mode.

Numerical stability of p; For any root of a quadratic equation there are two ways
of writing the solution. These differ in their numerical stability. Therefore, for pg, we
implement:

~1 —1\?
—92 +\/(—92 ) +29+ pw(pw +9+1), forg>1

Py = 1 29+ pw(pw+9+1)

1-9g 1-g)\?

T*\/(T) +29+ pw(pw + g+ 1)

(4.196)

forg<1
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4.16 Embedding of PNP transistors

Although NPN transistors are the most used bipolar transistors it is also necessary to be
able to describe PNP-transistors. The equations given above are only for NPN transistors.
It is however easy to map a PNP-device with its bias conditions onto an NPN model. To
do this we need three steps:

» The model uses the following internal voltages.

VB,C1» VB.Cp» VB.E;» VBiE;» VBiB»» VBiCi» VBC;» Vscy

For a PNP the sign of these voltages must be changed (V — —V). The value of Vg1 does
not change sign.

* Calculate the currents, charges and noise densities with the equations for the NPN tran-
sistor. Note that the parameters are still like those for an NPN. For instance all currents
like Is must be taken positive.

» Change the sign of all resulting currents (I — —1)

S
IN: IB]_BZ, IC1C2, Ia\/|a IB]_: IBl, IBza IBga |ex, Xlex, l&.lba XISUba ISf

and charges (Q — —Q)
Qe, Qte, Q. QBE, QBc, Qepi, QBB Qexs XQex, Qtexs XQtex, Qts, QBEO, QBCO

The noise current densities do not change sign. The power dissipation term Pgiss and the
thermal charge Cy, - Vg7 do not change sign. The following derivatives do need an extra
sign:

0 Piss

, etc.
Ve,

All other derivativesol /o0V and 0Q/oV do not need an extra sign.

Furthermore, note that the constants A, and By, for the avalanche model are different for
NPN’sand for PNP's.

4.17 Distribution of the collector resistance

Theburied layer resistanceswereintroduced in Mextram 504.7, in abackwards compatibe
way. This implies that the default values of these resistances is zero. Because values
of 0Q thus are alowed for resistances Rcpix and Rcpji, the lower clipping value of the
resistances is zero and very small values of the resistances Rcpx and Ry are formally
allowed. Resistance values very close to zero are known to form a potential threat to
convergence however. In order to exclude the possibility that the resistances of the buried
layer take such small values during the convergence process due to temperature effects,
the lower clipping value for the temperature coefficient Acyp, of the resistances Rcpx and
Rcpii has been set to zero.
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In case one of both of the R¢pix and Reyji resistances vanish, the corresponding node (C3
and or C,) effectively disappears from the equivalent circuit. Hence the circuit topology
depends on parameter values. Special attention has to be paid to this in implementation
of the model.
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4.18 Operating point information

The operating point information is a list of quantities that describe the internal state of
the transistor. When acircuit ssimulator is able to provide these, it might help the designer
understand the behaviour of the transistor and the circuit. All of these values have the
sign that belongs to NPN-transistors (so normally | c and Vg,g, will be positive, even for
aPNP transistor).

Thefull list of operating point information consists of four parts. First the external collec-
tor current, base current and current gain are given. Next we have al the branch biases,
the currents and the charges. Then we have, as usual, the elements that can be used if a
full small-signal equivalent circuit is needed. These are all the derivatives of the charges
and currents. At last, and possibly the most informative, we have given approximations
to the small-signal model which together form a hybrid-z model with similar behaviour
asthe full Mextram model. In addition the cut-off frequency isincluded.

Note that G is not included in the expressions of the operating point information (see
section 4.15).

The external currents and current gain:

Ilc External DC collector current
Ig  External DC base current
Bdc  External DC current gain Ic/1g

Since we have 5 internal nodes we need 5 voltage differences to describe the bias at each
internal node, given the external biases. We take those that are the most informative for
the internal state of the transistor:

VB,E, Internal base-emitter bias

VB,c, Internal base-collector bias

VB,c, Internal base-collector biasincluding epilayer

VB,c, External base-collector bias without parasitic resistances
Vec,c, Biasoverintrinsic buried layer

Vcsc, Biasover extrinsic buried layer

Ve,e  Biasover emitter resistance

The actual currents are:
In Main current
lc,c, Epilayer current
Ig,B, Pinched-base current
Ig,  Ideal forward base current
|5, Ideal side-wall base current
Is,  Non-ideal forward base current
s,  Non-ideal reverse base current
lavi Avalanche current
lex Extrinsic reverse base current
Xlex  Extrinsic reverse base current
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lsub Substrate current
Xlgp Substrate current
It Substrate failure current
I Re Current through emitter resistance
Irg.  Current through constant base resistance
Ire,,  Current through extrinsic buried layer resistance
Ireyi  Current through intrinsic buried layer resistance
Ire.  Current through collector contact resistance
The actual charges are:
Qe Emitter charge or emitter neutral charge
Qte Base-emitter depletion charge
Qf  Sidewall base-emitter depletion charge
Qge  Base-emitter diffusion charge
Qec  Base-callector diffusion charge
Qtc Base-collector depletion charge
Qepi Epilayer diffusion charge
Qg,B, AC current crowding charge
Qux  Extrinsic base-collector depletion charge
XQiex Extrinsic base-collector depletion charge
Qex Extrinsic base-collector diffusion charge
XQex  Extrinsic base-collector diffusion charge
Qts Collector-substrate depletion charge

The small-signal equivalent circuit contains the following conductances. In the terminol-
ogy we use the notation Ay, Ay, and A; to denote derivatives of the quantity A to some
voltage difference. We use x for base-emitter biases, y is for derivativesw.r.t. Vg,c, and
zisused for all other base-collector biases. The subindex 7 is used for base-emitter base
currents, u is used for base-collector base currents, Rbo for derivativesof | g, g, and Rco
for derivativesof Ic,c,.

Quantity Equation

Ox

Oy

0z

g7
Or,x
Oz.y
Or.z
Ou,x
Ou.y
Ou,z
Ouex
XQuex
ORco,y
gRCD,Z

0IN/OVB,E,
0In/0VB,c,
0IN/0VB,c,
8|§l/8V51E1

d(lg, + 18,)/ VB,
01B,/0VB,c,
0lg,/0VRB,c,
—5|a\/l/5VBzE1
—5|a\/l/5V82C2
—5|a\/l/5V82C1
O(lex + IB3/0VB,Cy
0 Xlex/0VBC,
dlc,c,/0VB,C,
dlcyc,/0VB,acy
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Description

Forward transconductance

Reverse transconductance

Reverse transconductance

Conductance sidewall b-e junction
Conductance floor b-e junction

Early effect on recombination base current
Early effect on recombination base current
Early effect on avalanche current limiting
Conductance of avalanche current
Conductance of avalanche current
Conductance extrinsic b-c junction
Conductance extrinsic b-c junction
Conductance of epilayer current
Conductance of epilayer current
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1/(0lg,B,/0VB,B,) Baseresistance

Early effect on base resistance
Early effect on base resistance
Early effect on base resistance

Constant base resistance

Collector contact resistance

Extrinsic buried layer resistance
Intrinsic buried layer resistance
Conductance parasitic PNP transistor
Conductance parasitic PNP transistor
Conductance substrate failure current

Description

Capacitance sidewall b-e junction
Capacitance floor b-e junction

Early effect on b-e diffusion charge
Early effect on b-e diffusion charge
Early effect on b-c diffusion charge
Capacitance floor b-c junction
Capacitance floor b-c junction
Capacitance extrinsic b-c junction
Capacitance extrinsic b-c junction
Capacitance AC current crowding
Cross-capacitance AC current crowding
Cross-capacitance AC current crowding
Cross-capacitance AC current crowding
Capacitance s-c junction

Orbo,x  01B;B,/0VB,E;
ORbw,y  01B,B,/0VB,C,
gRbl),Z aIB]_Bz/@]}BzC;]_
Re ReT Emitter resistance
Rec Reet
RCC RCcT
Reoix  Rebixr
Reonli Rewiit
ds dlsub/0VB,c,
Xgs 0 Xlsuh/3VRc,
Osf Olst/0Vsc,
The small-signal equivalent circuit contains the following capacitances
Quantity Equation
CSE aQtSE/aVBlEl
Ceex  9(Qte + Qe + QE)/0VB.E,
CgE,y 0QBe/9VB,c,
CgE,z 0QBE/0VB,c,
Cgc,x 0QBc/0Ve,E,
Cec,y  9(Qi + Qpc + Qepi)/0VB,c,
Cgc,z 9(Qtc + Qsc + Qepi)/VB,cy
Cecex  0(Qtex + Qex)/0VBicy
XCgeex  0(XQtex + XQex)/VBe,
Cg;B, 0Qg,B,/9VB;B,
CgiBox  9QB;B,/9VBE,
CgiBoy 09QB;B,/9VB,c,
CBle z 8(DB]_Bz/a])BzC]_
Cts 5Qt5/5vscl

The full small-signal circuit isin practice not very useful, since it is difficult to do hand-
calculations with it. We therefore include the elements of an approximate small-signal
model, shown in Fig. 3. This model contains the following elements:

Om Transconductance
b Current amplification

Jout

Output conductance

0.  Feedback transconductance
Re  Emitter resistance (already given above)
re Base resistance

re Collector resistance

Cge
Cgc
Cis

Base-emitter capacitance
Base-collector capacitance
Collector-substrate capacitance (already given above)

We make a few assumptions by making this approximation. It is meant to work in for-
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Figure 3: Small-signal equivalent circuit describing the approximate behaviour of the
Mextram model. The actual forward Early voltage can be found as Vess = Ic/Gout — VcE.

which can be different from the parameter value Vs, especially when dEg # 0.

ward mode. For usein reverse mode or for the equivalent hybrid-z version of the circuit
we refer to Ref. [2]. To keep the model ssimple, the base-emitter and base-collector ca-
pacitances are a sum of various contributions that are in the full model between different
nodes. The elements that have not been defined before can be calculated from the small

signal parameters of the full model. As help variables we use

y — gx - g,u,x

dX  ORres,y + Guy — Oy
d_y 92— ORew,z — Qu.z
dz ~ ORresy + Guy — Oy

d d
O = gf +0O0rx + 9ux + 9,z + 9u.z+ (gn,y + gy,y) |:d_)): + _y]

dz

The quantitiesin the small-signal circuit then are:

9Reo,y(Ox — Gu,x + 9z — 9u,z2) — (ORco,2)(Dy — Gpu,y)

m pr—
ORrev,y + 9,y — 9y
/3) = gm/gn
. (9y — 94,y)9Reo,z — (92 — 9u,2)IRev,y
Jout =

chv,y + g,u,y - gy
dy
g,u = Or.,z + g,u,z + (gn,y + g,u,y)& + guex + Xg,uex

re = Reet + '
rc = Reet + Repixt + Renit

d
Cge = Cgex + C5g + Cocx + (Cee.y + Crey) % + Cgeo

d
Cgc = (CBE,y + Cgc,y) d_)z/ + Cgc.z + Cecex + XCicex + Cico
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(4.197)
(4.198)

(4.199)

(4.200)
(4.201)
(4.202)

(4.203)

(4.204)
(4.205)

(4.206)

(4.207)

61



March 2008 M extram version 504.7 Mextram definition document

Note that we added the overlap capacitances to the internal capacitances for simplicity.

Apart from the small signal approximated hybrid-z model, we would also like to have a
rather good estimate of f, the cut-off frequency. We neglect the substrate current, but we
now do take into account that the capacitances have different positions in the equivalent
circuit. The derivation [2] is based on 1/(2z f) = dQ/dlc for constant Vce. The
formulas used to calculate ft are:

?x = (Oz,x + 9u,x — IRbo,x) Mo
Py = (z,y + 9u,y — ORbw,y) Moo
72 = (Oz,z+ 94,z — 9Rbw,2) Mbw

O8fx = Grox + 05 (1+7%)

OBty = Gry + 07 7y

OBf,z = Or,z + g,? Vz

1+ [chv,y%] rc + [gx+ng,x+(gy+ng,y)%] Rer

1- [chU,z+chU,y§—§] rc — [gz+ng,z+(gy + ng,y)%] Rer

dy dy\1~*
rx = gRCD,yd_X +a \ 9re,z + gRCD,yE

r, = ary
1—0Rre.zlz
ORco,y
Mbib2 = Px I'x +yyly + 7z Iz
rex = 'z +I'pibz — Repiit
Xex = rex+Rpet [(9Bf,x+9u,x) I'x + (OBf,y+9u,y) 'y
+(98f,z1+9,2) I'z] — Rebit — Rebixt
1 = CSg (rx + oane) + (Ceex + Ceex) Ix + (Cee.y + Cae.y) Ty
+ (CeE,z + CBc,2) 'z + Cicex l'ex + XCBcex Xrex
+ (Cgeo + Cco) (Xrex — Reer)

ry =

(4.208)
(4.209)
(4.210)
(4.211)

(4.212)
(4.213)

(4.214)
(4.215)
(4.216)

(4.217)

(4.218)
(4.219)

(4.220)

(4.221)

Apart from the cut-off frequency we also have some other quantitiesto describe the inter-
nal state of the model:

fr 1/(2z z7) Good approximation for cut-off frequency
lgs Current at onset of quasi-saturation

Xi / Wepi Thickness of injection layer

VE,c, Physical value of internal base-collector bias

Related to self-heating we have the following extra quantities

Pgiss Dissipation

Tk

62

Actual temperature
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5 Going from 503 to 504

In general it is possible to do Mextram 504 simulations using Mextram 503 parameters
as input, without losing much accuracy, even though Mextram 503 is not fully backward
compatible with Mextram 504. Most of the Mextram 503 model equations have been
modified to some extent. So even when the model parameters are not changed, like for
the three depletion capacitances, the simulation results may differ slightly as a function
of bias. To do Mextram 504 simulationswith Mextram 503 parameters as input, we have
developed a procedureto convert Mextram 503 parametersto Mextram 504 parameters. In
this section we describe this conversion. These conversion rules have been checked over
bias and temperature for transistors in several processes. A Pstar input deck is available
upon request that contains all the conversion rules explained in this section.

51 Overview

The Mextram 503 model contains 62 parameters while Mextram 504 contains 75 pa
rameters in total. In Mextram 504 new parameters are introduced for the Early effect,
avalanche multiplication, the non-ideal base current, transit times, temperature scaling
rules and self-heating. There are 22 new parameters and 9 parameters have been re-
moved. The parameter e is renamed to zg for consistency reasons. In Table 4 below
we have given an overview of the parameters that are new in Mextram 504 and those that
have been removed compared to Mextram 503.

The value of some parameters can directly be given, as has been done in the table. For
those parameters that do not have a fixed value we give the conversion rules below. Some
of the parameters that are present in both Mextram 503 and Mextram 504 have to be
changed dlightly for use in Mextram 504. These are Ig; for the non-ideal forward base
current and the temperature parameters Vg, and V.

Table 4: Overview of the new parameters in Mextram 504 and the parameters removed
compared to Mextram 503. For some of the parameters we have already given the value
that should be used when converting from Mextram 503 to Mextram 504.

Part of the model New Removed
Early Voltages Ver Qgo
Vet
Built-in field of the base n
Non-ideal base current mys Vit
Avalanche model Waui AVL
Vavl Ei
Epilayer model ay, = 0.3
Overlap capacitances Cgeo =0
Cgco =0
Transit times 8
Tepi
R
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Part of the model New Removed
Self-heating Rinh=20
Cih=0
An=0
SiGe modelling dEg =0
Xrec =0
Noise modelling Kai =0
Temperature model:
Emitter resistance A =0
Base width AQBO Na
Vi
Forward current gain dVgpf Ve
Reverse current gain dVgsr =0
Emitter transit time dVgq:
Non-ideal base currents Er
Total 22 9

For the conversion rules a few quantities have to be given beforehand. These are the
breakdown voltage BV g, for the avalanche model and the calibration temperature Tey
for the temperature rules. Since some of the temperature rules have been changed it is
not possible to get exactly the same results for Mextram 503 and Mextram 504 for all
temperatures. The calibration temperature Tey is used below as the temperature where
the Mextram 503 and the Mextram 504 temperature rules give the same result. A good
value for Ty is 100°C, which is in general not too close to the temperature at which
parameter extraction has been done but which gives a reasonable temperature range.

5.2 Temperature scaling

The Mextram 503 temperature scaling rules have been evaluated and many of them have
been dlightly adapted. This results in minor changes of the related parameters. We will
calibrate the new model at a certain temperature Tey. For the equations we need the
following definitions, that closely follow the definitionsin Sec. 4

Trk = Tref + 273.15 (5_]_)
Tk = Tea +273.15 (5.2)
Tk
IN = — 5.3
=t 53
k
V1 = (—) Tk (5.4)
q
k
V'|'R = (a) Trk (5.5)
1 1 1
= - == (5.6)

Vat V1 V1
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The temperature dependence of the neutral base charge Qgg in Mextram 503 is quite
complicated due to the base width modul ation and therefore many parametersareinvolved
(e9. Vgg, Vg, Na, and V). We removed Qpo from the parameter list. However, the
temperature dependent ratio Qgot/Qpo IS still needed in the model. We simplify it by

A . . .
using a power law Qgot/Qgo = tNQBO with parameter Aq,,. To determine this parameter
we must repeat a part of the Mextram 503 temperature model:

Vaer = =3 V1 Inty + Vg tn + (1 —1tN) Vg, (5.7
Va1 = —3 V7 Intn + Vg tn + (1 —tn) Vge (5.8)
cr=c (Vo)™ (5.9)
JeET = “ie VdET .
Vdc Pc
Ciet = Cic | (1=Xp) (g + Xp (5.10)
dcT
C.
Cict
1 — XC;
Qe = ——= Cj Vae (12
1-pe
1-X,
Qe =\1z pc Xp ) XCic Cie Ve (513)
-1
Na exp(Vi/VT1R)
=21+ |1+ 514
’ [ e -
Qimp = (Qgo + Qe + Qc) /9 (515
1-XC,
Qer = 1 pe Ciet Vet (510
1-X
Qct = ( =+ XpT) XCic Cjct Vet (5.17)
1-pc
=
Na exp(Vi/ V1)
itT=2-{14+ |1+ 518
aT [ \/ 6.04- 1014 T25 519
Qgot = 9T Qimp — QeT — Qc7 519

Finally the base charge temperature coefficient becomes

_ In(Qgot/QB0)

AQBO = Inty (5.20)

Next the parameters Vg, of the collector saturation current Is and Vg of the substrate sat-
uration current lsg are adapted. Thisis done by demanding that the temperature rules for
Mextram 503 and Mextram 504 lead to the same saturation currents at temperature Tcy.
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Thisleadsto
Vs ®® = Vg, ®® 4 Vat (024 05A5 — Ag,,) Inty (5.21)
Ve ™ = Vg + Vit (0.5 - 2Ag) Inty (5.22)

In the same way we demand that the forward current gain of both modelsis the same at
the calibration temperature. This leads to

dVgpr = Vgg ® — Ve + VaT (0.5A5 — Ag,, — 0.03) Inty (5.23)

Parameter V. isremoved from the list. The last bandgap voltage difference we need to
define isthat of the emitter transit time. Again we demand that the emitter transit timeis
the same for both models at the calibration temperature, but we simplify the case where

m;, #1
dVgee = Vg — Vgp * /m, (5.24)

5.3 Early effect

In Mextram 503 the parameters Qgg and XC;j.. are used to define the forward and reverse
Early voltage. In Mextram 504 we directly have the Early voltages Vs and Ve, as pa-
rameters. The advantage is that the correlation of the Early effect with parameter XCj.
is removed and that XC;. can be used solely to distribute the base-collector junction ca-
pacitance. In Mextram 504 the parameters 1 — XCj. and XC;j.. are defined as the fraction
of the base-emitter and base-collector depletion capacitance underneath the emitter and
have to be obtained from geometrical scaling rules. Parameter Qpgg is removed from the
list. The conversion rules for the new parameters are:

Ver = 280 (5.25)
(1-XCi) Cj
Qgo
Vg = <80 (5.26)
XCjc Cic

These parameters are the Early voltages at zero base-emitter and base-collector bias. The
real forward Early voltage increases with Vg and V¢ and its maximum is usually about
2 times higher than the parameter value.

5.4 Avalanche multiplication

In Mextram 504 the avalanche multiplication model is basically the same as that of Mex-
tram 503. The modelling of the base-collector depletion layer width Wp with collector
voltage is simplified. In Mextram 503 the bias dependency of Wp with collector voltage
and current is given by the base-collector depletion charge model. Therefore avalanche
multiplication is apart from the avalanche parameter AVL aso dependent on parameters
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Xp and pc of the base-collector capacitance model. X, and pc define the increase of the
avalanche current (slope) with collector voltage and they are average values of the total
base-collector junction capacitance. Avalanche currents are generated only in the base-
collector region underneath the emitter and X, and pc may be different there due to a
selective implanted collector, additional implantsin the extrinsic base regions or the side-
wall base-collector junction capacitance. In Mextram 504 we take the effective thickness
W, and punch through voltage V3, (defined by the dope and thickness) of the epilayer
underneath the emitter as parameters. A relatively ssmple model of a one-sided step junc-
tion is used to calculate Wp as a function of collector voltage and current. In this way
we decoupl e the avalanche model parameters from the base-collector capacitance model
parameters. To calculate the new parameters Wy, and Vg, from the Mextram 503 pa-
rameter set we have to calibrate the avalanche current at a certain collector voltage. A
suitable voltage is the collector-emitter breakdown voltage BV ¢e. This is the voltage
where the base current becomes zero with increasing collector voltage. Because this volt-
ageisdlightly bias and temperature dependent it has to be given asan input. At thisgiven
collector voltage the maximum electric field, and therefore the calculated avalanche cur-
rent, will be made the same for both models. In Mextram 503 the gradient of the electric
field 0E/0x under the condition I <« Ihc and the depletion layer thickness Wp as a
function of collector voltage are:

oE By \?
— =2Vy (= 5.27
X de (AVL) (27)
1-X
fo = P + X (5.28)
Pc p
AVL
Wp = 5.29
D=5 1 (5.29)

In Mextram 504 the depletion layer thickness xp using the same bias condition is:

2 (Vg + BV
XD =\/ (Vac ceo) (5.30)
oE/ox

The depletion layer thickness has to be the same in both models and therefore Wp also
equals Xp Wayi/y/ X3 + Way?. Thisleadsto

XD WD
Wy = —— (5.31)
VX8 — W3
OE Wy
= — 5.32
avl ox 2 ( )

In the improbabl e case that the equation for Wy, leadsto numerical problems (xp < Wp)
either the parameter set is unphysical or the process is not optimized. In both cases one
needsto give a physical value for Wy, by hand.
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5.5 Non-ideal forward base current

The non-ideal base current 1, has, in Mextram 503, a cross-over voltage V¢ where the
dopel/m= V1 dInlg,/0Vee decreasesfrom1to 1/2. Inmost casesV s issmall and in
the biasrange of interest the slope of | g, isconstant (1/2). With thismodel itisdifficult to
describe a steady increasing gain over severa decades. To be more flexible in this sense
we introduce in Mextram 504 a constant non-ideality factor mys. To keep the number
of parameters the same we remove Vs. In the conversion we define two base-emitter
voltages where the non-ideal base current of both models are the same

Vi = 0.45 (5.33)
Vo = 0.75 (5.34)
Iy = 15 5% exp(Vi/V1g) — 1 (5.35)

exp (V1/2Vre) 4+ exp (Vir/2 Vrg)
Iy = 15 exp(Va/Vrg) — 1 (5.36)

exp (V2/2 Vry) + exp (Vir/2 Vry)

Vo — V4

my=—o -+ 5.37
HT Vi In(l2/1y) 530
Igr > = 2 (5.38)

exp (Vz/mLf VTR) -1

When V¢ < 0.3we havemy s = 2 and Ig;®® = 155%.

5.6 Transgt times

In Mextram 503 we have only the emitter transit time zyg (renamed to g in Mextram
504) as parameter. All other transit times, like for the base and collector, are calculated
from DC parameters. In Mextram 504 we introduce transit times for the base, collector
and reverse mode. They can easily be calculated from the Mextram 503 parameter set.

5 = @ (5.39)
k
| Rev2exp (Vg / V-
opi — s Qo Rev 2p( de/ VTr) (5.40)
AVES
1 — XC;
R = (18 + Tepi) —onO (5.41)

XCj.
Because the cut-off frequency fr is sensitive to many parameters in some cases it might

be necessary to correct a transit time (e.g. ze or zg). This can be done by tuning the top
of the fr.
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6 Numerical examples

In this section we provide some numerical examples, based on Pstar 4.2. These resultscan
be used to check the correctness of a model implementation. More numerical examples
can be generated using the solver on the web [1]. Here we used the values of the default
parameter set givenin Sec. 4.3, but with dEg = 0.01 and Xec = 0.1, to include also the
SiGe expressions. Some flags were changed as indicated in the tables. Self-heating is not

M extram definition document

included, unless specifically stated. Substrate currents below 1fA were disregarded.

6.1 Forward Gummel plot

In this example the base voltage is swept from 0.4 to 1.2V, with emitter and substrate

voltages at 0V and the collector voltage at 1V.

Devicetemperature T = 25°C

Vee (V) lc (A) Is (A) lsub (A)
0.40 1.0474 - 10710 7.0562 - 10712 —
0.50 4.8522.10~9 743711071 —
0.60 2.2402 - 10797 1.7371- 1079 —
0.70 1.0254-10-%  7.1660- 10~% —
0.80 4.2490 - 10~ 3.1412 . 10~% —
0.90 5.5812-10-9  52923.10% —
1.00 1.5882 - 10~02 2.7185.10~% —7.3559. 10~ 14
1.10 2.7384.107%2 7.8543.107% —6.8642 . 10710
1.20 3.8631- 1092 1.6447 - 10~ —5.5645 - 10~%
Devicetemperature T = 100°C
Vee (V) lc (A) Is (A) lsub (A)
0.40 8.0045 .10~ % 5.9427 .10~ 10 —
0.50 1.6985-10%  9.9748.10® —
0.60 3.5649 . 10~% 2.0657 - 10797 —
0.70 6.6588-10%%  4.1113.10°% —
0.80 5213010~  4.3737.107% —4.0795. 10~ 4
0.90 1.3673- 10792 2.2102 - 10~% —1.2225.10°10
1.00 2.3552-10792 6715110~ —7.9106 - 10~Y
1.10 3.2388 . 10792 2.1960 - 10~ —6.6654 - 10~%
1.20 3.5243-10-92  82877-10"%3 —3.8786- 10793
Devicetemperature T = 25°C, with self-heating
Vee (V) lc (A) Is (A) lsub (A) Tk (°C)
0.80 4.2781-10~% 3.1619. 10~ % — 25.129
0.90 5.7715-10-%  55125.107% — 26.746
1.00 1.6471-107%  2.9026.10% —2.4797-10713 30.028
1.10 2.8246 - 10~%2 8.4606 - 10~ —5.4441 . 10799 33.753
1.20 3.9449 - 1092 1.8510- 10~ —7.5766- 1079 37.501
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6.2 Reverse Gummel plot

6. Numerical examples

March 2008

In this example again the base voltage is swept from 0.4 to 1.2V, but now with collector
and substrate voltages at 0V and the emitter voltageat 1V.

Devicetemperature T = 25°C, EXMOD =1

Vec (V) le (A) Is (A) lsub (A)
0.40 1.6687 - 10~ 10 2.9777-10710 —2.7723.10710
0.50 7.7698 - 10~ 1.4499. 1008 —1.3590- 10798
0.60 3.6108- 10797  7.0890-10~Y —6.6504 - 1097
0.70 1.5810 - 10~% 3.2360- 10~ % —3.0260- 1079
0.80 3.9318-107% 5932010~ —5.2275.10~%
0.90 2.2197-1079  25094.10% —1.9150- 1093
1.00 4.8747 - 10793 5.8002 - 10~ —3.5480- 109
1.10 7.6813-10-9  9.6108- 10793 —5.2096 - 10793
1.20 1.0540 - 10~92 1.3724.10792 —6.9400- 10793

Devicetemperature T = 100°C, EXMOD =1

Vec (V) le (A) Is (A) lsub (A)
0.40 1.2362 - 10°%7 2.5885 . 10~%7 —2.4907 - 107Y
0.50 2.5916-10-%  57085.10"% —5.4918 - 10~%
0.60 4.7158. 1079 0.9629 - 10~% —9.5155.107%
0.70 4.7495.107%  6.7806- 10" —6.1741-10~%
0.80 1.8123-10-%  2.0214.10"% —1.6608- 1093
0.90 3.7155 .10~ % 3.9952.10~®% —2.9251.10"%
1.00 5.7889-10"9  6.3542.107%3 —4.2443. 10793
1.10 7.9240-10-9  89302-10"% —5.6007 - 10793
1.20 1.0097 - 10~%2 1.1632- 10792 —6.9964 - 1093

Devicetemperature T = 25°C, EXMOD =0

Vec (V) le (A) Is (A) lsub (A)
0.40 1.6687 - 10710 2.9777-10710 —2.7723.10710
0.50 7.7698 - 10~ 1.4499 - 10~08 —1.3590- 10798
0.60 3.6094 . 10~%7 7.0873- 1079 —6.6488- 10~Y
0.70 15544.10-%  31916-10% —2.9848- 1079
0.80 3.2428 . 10~% 5.1459 . 10~ % —4.5927 - 10~%
0.90 1.5972 .10~ % 1.8906 - 10793 —1.5217 - 10793
1.00 3.5189-10"9%  3.7361-10"%3 —2.7309- 10793
1.10 5.6544 . 10~ 5.7762 - 10~ —3.9166- 109
1.20 7.8552-10-9%  7.9157.10°%3 —5.0659 - 1093

Delft University of Technology

71



March 2008

6.3 Output characteristics

M extram version 504.7

M extram definition document

In these two examples the base current is kept constant at 10 pA. The collector current is
swept from 0 to 20 mA (note the two different step sizes of the collector current). Emitter
and substrate are grounded. In the second example extended avalanche is switched on
which makesthe collector-emitter voltage decrease again when Ic > 8 mA. Thisdecrease

isnot observed in the first example.

Devicetemperature T = 25°C, EXAVL =0

lc (A) Vee (V) VBE (V) lsub (A)
0.0-10t®  4.8992.10"% 6.7332.107 01 —9.3489.10~%
50-100%  15574.1079  8.0558-10701 —5.7683-10%
1.0-1079 2.1013-10~% 8.2659 - 10~01 —2.0019.10~%
15-107%  9.38664-10t®  83759.10"% —
2.0.107®% 1.1711 - 10101 8.4755 .10~ %1 —
40-1079 1.3321- 10101 8.7643 .10~ %1 —
6.0- 109 1.3922-10t01  89793.10~ % —
8.0.10~®% 1.4297 - 10101 9.1636 - 10701 —
1.0-10792 1.4575-10t01  9.3309.10~ % —
1.2.10792 1.4802-101%1  9.4877.107% —
1.4.10702 1.5003 - 10101 0.6378 - 10~ %1 —
1.6-1092 1520810101 9.7854.10~ % —
1.8-10702 1.5414 . 10101 9.9306 - 10~ —
2.0.10792 1.5612 - 10101 1.0073 - 101 —

Devicetemperature T = 25°C, EXAVL =1

lc (A) Vee (V) Vee (V) lsub (A)
0.0-10t®@  4.8992.10% 6.7332.107 %1 —9.3489.10°%
50-100%  15574.1079  8.0558-10701 —5.7683-10~%
1.0-1079 2.1013-10~% 8.2659 - 10~ 01 —2.0019.10~%
15.100%  9.7462.10t©  83761.10"% —
2.0.107% 1.1520-10%%1  8.4758.10% —
40-1079 1.2909 - 10101 8.7650 - 10~01 —
6.0- 109 1.3240- 10101 8.9805. 10~ —
8.0.10~®% 1.3256 - 10101 9.1653- 10~ %1 —
1.0-10792 1.3073- 10101 0.3337-10~% —
1.2.10792 1.2748.101%1  9.4923.10"% —
1.4.10702 1.2354 . 10101 9.6479 - 10~ % —
1.6-10702 1.1927- 10101 9.8009. 109 —
1.8.10702 1.1497 - 10101 9.9506. 10~ —
2.0.10792 1.1103 - 10101 1.0098 - 10+ —
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Devicetemperature T = 25°C, EXAVL = 0, with self-heating

lc (A) Vce (V) Ve (V) lsub (A) Tk (°O)
0.0-10t%  48992.107%  6.7331-107%1 —9.3489-10"% 25002
50.10"% 1.5576- 10791 8.0554 - 10701 —5.7687 - 10~% 25.026
1.0-100%®  21016-1079  8.2650- 10~ —2.0036-10"% 25066
15.10798 9.6837 - 10+ 8.3146 - 10~ %1 — 29.360
2.0.107% 1.1676-10t01  83782.10° % — 32.008
4.0-10703 1.3370- 10101 85510.10~% — 41.046
6.0-10~®% 1.4032 - 10101 8.6521 - 10~ %1 — 50.261
8.0.107 % 1.4471-10t01  87219.10° % — 59.733
1.0-10792 1.4816 - 10101 8.7738 .10~ %1 — 69.452
1.2.10702 1.5116 - 10101 8.8139.10~ % — 79.419
1410792 1.5396- 10101 8.8458.10~ % — 89.667
1.6-10792 1.5698 - 10101 8.8735- 10~ %1 — 100.35
1.8-10~92 1.6014 - 10101  8.8966. 10 — 111.48
2.0-10792 1.6339.101%1  89147.10° % — 123.04

6.4 Small-signal characteristics

In the next example the cut-off frequency fy iscalculated. The emitter and substrate are
at OV and the collector isat 1V. The DC base voltage is swept and the amplitude of
the AC base voltage is 1mV. We give the absolute values of the small-signal base and
collector currents, aswell as fr = f -i¢c/ig with f = 1GHz.

Devicetemperature T = 25°C
Vee (V) lic| (A) lig] (A) fr (H2)
0.70 5.9997 - 10~%7 1.3075-10"9% 45887 - 101%
0.72 9.6236 - 10797 1.3790-107%  6.9789.10108
0.74 1.8469 - 10~% 1.4944 . 1079 1.2359 . 10109
0.76 3.7588 . 10~% 1.6993.107%  22120.10+0°
0.78 7.6130-10-%  20818-10"%  3.6568- 10199
0.80 1.4783-10~% 2.7966 - 10~% 5.2861 - 101®
0.82 2.6511-10-%  4.0416-10"%  6.5596- 10799
0.84 4.2265-107%°  6.0608-10"%  6.9735.101%°
0.86 5.7134.10~% 9.8903 - 10~ % 5.7768 - 101®
0.88 5.9762 - 10~% 1.6082-107%  3.7161.101®
0.90 5.6033-10~% 2.0063-10~% 2.7928 - 101®
0.92 5.3789-10"%  22275.107%  2.4148.101%9
0.94 5.1755-10~% 2.3876-10~% 2.1677 - 1010
0.96 4.9648 . 10~ 2.5173-10~% 1.9722 . 10109
0.98 47568 -10"%°  2.6275-107% 1.8104 - 10109
1.00 45599 . 10~% 2.7232.107% 1.6745 - 10109
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Devicetemperature T = 100°C
Vee (V) licl (A) lig] (A) fr (Hz)
0.70 1.7942.107%  31922.10°%  56205.101%°
0.72 2.7792-10~% 45464 .107% 6.1129 . 101®
0.74 3.8727-107%  7.2524.10"%  53399.101%9
0.76 4.3039.107% 1.2464 - 10~% 3.4532.101%
0.78 3.9912.10~% 1.6559-10"%  2.4103.101%
0.80 3.7841-10~% 1.8771-107%  2.0159.101%
0.82 3.6295.10~% 2.0316-10~% 1.7865 - 10109
0.84 3.4742.107%  2.1556.10% 1.6117 - 10109
0.86 3.3203-10~% 2.2614.10~% 1.4683 - 10109
0.88 3.1741.10~% 2.3545.10~% 1.3481 - 10109
0.90 3.0392-10-%  2.4380-10"% 1.2466 - 10109
0.92 2.9166 - 10~% 2.5134.10~% 1.1604 - 10109
0.94 2.8062-10-%  25826-10"% 1.0866 - 10109
0.96 2.7097-10"%  26497-107% 1.0226 - 10109
0.98 2.6416 - 10~% 2.7340-10~% 9.6623 - 10108
1.00 2.6804-10"%  29323.107% 9140710198

6.5 Y-parameters

In the last example we show the two-port Y -parameters as afunction of frequency f. The
transistor is biased around the top of the f1: Vg = 0.85V, V¢ = 2.0V and both emitter
and substrate are grounded. In the first data set (two tables) the distributed high frequency
effects are switched on. In the second set they are switched off.

Devicetemperature T = 25°C, EXPHI =1
f (Hz) ReYi1 (S) Im Y11 (S) Re Y (S) Im Yo1 (S)
1.0-10"% 4.4048.10"% 6.5967-10"% 52977.10792 _—15626.10"%
2.0-10t% 44048.107%* 1.3193.-10"%® 52977.1079% —3.1251.10%
50-10t% 44051.107% 32984.10"% 52977.1079%2 —7.8128.10"%
1.0-10197 4.4062-10-% 6.5967-10"% 52976-10-92 _—15626.10"%
2.0.10t97  44107-107% 1.3193.100% 52975.1079%2 —31251.10"%
5.0-10t97 44421.107% 32979.100% 52967.1079%2 —7.8117.10"%
1.0-101%8 45542.107% 6.5932-10"% 52939.10-92 _15617.10"9%
2.0-10t% 500161079 1.3165-10-%® 52827.10"9 _—3.1180-10%
5.0-10t% 8.0909-10"% 32542.10-% 52053.1079% —7.7020-10"%
1.0-10t%® 18549.1079% 625811079 4.9432.10792 —14776.10"%
2.0-10t%9 53061-10"% 1.0865-10"92 4.0788-10"9% —2.5405.10%2
50-10t%® 15819.1079% 14624-10-92 14542.1079% —3.2040.10"%
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Devicetemperature T = 25°C, EXPHI =1
f (Hz) ReYi (S) Im Y12 (S) ReYx (S) Im Yo, (S)
1.0-10t% _—75618.10"%® —3.7249.10°97 1.4843.10°% 1.7837.10%
20.10t% _75710-1079 _—7.4497.10797 1.4844.10"% 35675.10" %
50.101% _76354.1079 _—1.8624-10"% 1.4846.10"% 8.9186.10"%
1.0.10t07 _7.8655.10"%% _—37248.10% 14853.10"% 1.7837-10"%
2.0-10197 _87860-10"9 _—7.4497.10% 1.4880.10"% 3.5674.10"%
5.0-10197 —15228.10797 —1.8623-10"% 15072.-10"% 89184.10"%
1.0.10t%8 _38227.10797 —37242.107% 15757-10% 1.7836.10"%
2.0-10"%8 _1.3006-10"9% _—7.4448.10"% 1.8493.10"% 35662.10"%
50-10t% _7.6569.10"% _—1.8549.10"% 3.7464.10"% 8.8993.10 %
1.0.10t® _—29387.107%® —36667-10"% 1.0278-10"% 1.7689.10"03
2.0-101%° _—-1.0395.107% —7.0484-10"% 3.3293.10"% 3.4647.10"93
50-10t% _—-39478.107% —15393.10"9% 1.3617-10"9 8.0768.10 %3
Devicetemperature T = 25°C, EXPHI =0
f (HZ) ReY11 (S) ImYqy (S) ReY>, (S) ImYaoq (S)
1.0-10t% 44048.10% 65941-10"% 52977.10°9%% —14779.10°%
2.0-10%% 44048.10"% 1.3188.-10"% 52977.107%2 _—29559.10"%
5.0-10t% 44051-10"% 3.2971.10"% 52977.10"92 _—7.3897.10 %
1.0-10t97  4.4063-107% 6.5941-10"% 52976.10"92 —1.4779.10"%
2.0-10%97 441081079 1.3188-10°% 52975.10°92 _—29558.10"%
5.0-10t97  4.4426.-10"% 3.2966-10"% 52968.10"92 _—7.3887.10 %
1.0-1008 45561.10% 6.5905-10"% 52942.10792 _—14771.-10"93
2.0-10t% 50090-10"% 1.3159.10% 52837.10°92 _—209492.10 %3
50-101% 81369-107% 3.2526.-10°% 52112.107%2 —7.2866-10"9
1.0-10t% 18731-10% 6.2525.107% 4.9656-10"92 —1.3988.10 02
2.0-10t% 53743.1079 1.0835.10"92 4.1541.-10"92 —2.4106.10 %2
5.0-101%° 1.6073-10792 14339.10792 16744.10792 —3.0715-10792
Devicetemperature T = 25°C, EXPHI =0
f (Hz) ReYi (S) Im Y12 (S) ReYx (S) Im Y22 (S)
1.0.10t% _75618.10"%® —37248.1097 1.4843.10%® 1.7832.10"%
20.-10t% _75710-1079 _—7.4497.10797 1.4844.10"% 35665.10 %
50.101% _76354.1079 _—1.8624-10"% 1.4846.10"% 8.9162.10"%
1.0-10t97 _—7.8656-10"%® —3.7248.10"% 14852.107% 1.7832.10%
2.0.10t97 _87861-10"9 _—7.4496-10"% 1.4879.10"% 35665.10 %
5.0-10197 —15229.10797 —1.8623-10"% 15064-10"% 8.9160.10"%
1.0.10t%8 _38229.10797 _—37242.107% 15724.107% 1.7831.107%
2.0-10"% _1.3006-10"9% —7.4447.10"% 1.8360-10"% 3.5653.10" %
50.10"%8 _7.6569.10"% _—1.8548.10"% 3.6649-10"% 8.8981.10~%
1.0.10t® _—29382.107%® —36662-10"% 99701-10"% 1.7693.10"03
2.0-10"%° 103831079 —7.0445.10"% 3.2297.10"% 3.4701.10"93
50-101%° 390761079 —15358.-10"% 1.3402.10"% 8.1198.10"%

Delft University of Technology



March 2008 M extram version 504.7 Mextram definition document

Acknowledgements

For the development of the model we have had valuable discussions with Dr. Henk C. de
Graaff.

For testing it we leaned heavily on measurements of Ramon Havens and on the bench-
marking effort of the Compact Model Council (CMC). For the implementation we made
use of the modelkit features of Pstar made by ED& T. We especially thank Jos Peters for
creating the many executables we needed. For their feedback we thank the members of
the implementation team, Michiel Stoutjesdijk, Kees van Velthooven, Rob Heeres, Jan
Symons and Jan-Hein Egbers. A final acknowledgement is made to Dick Klaassen and
Reinout Woltjer for their continuous support of thiswork.
October 2004, J.P.

We would like to express gratitude to:

—Dr. H.C. de Graaff, for continued discussions on device physics and the foundations of
the Mextram model.

—Dr. D.B.M. Klaassen, Dr. A.J. Scholten (NXP Semiconductors), Prof. J. Burghartz and
Dr. L.C.N. de Vreede (Delft University of Technology) for their support to the Mextram
model.

—Dr. S. Mijakovi€, Dr. H.C. Wu and K. Buisman (Delft Univ.) for their extensive work
on implementation of Mextram in the Verilog-A language and to L. Lemaitre (Freescale)
for advice on thiswork.

—to G. Coram (Analog Devices) for extensive support on the development of the Verilog-
A implementation.
March 2008, RvdT.

76 Delft University of Technology



Mextram definition document References March 2008

References

[1] For the most recent model descriptions, source code, and documentation, see the
web-site www.nxp.com/models.

[2] J. C. J. Paasschens, W. J. Kloosterman, and R. van der Toorn, “Model deriva-
tion of Mextram 504. The physics behind the model,” Unclassified Report NL-UR
2002/806, Philips Nat.Lab., 2002. See Ref. [1].

[3] J. C. J. Paasschens, W. J. Kloosterman, and R. J. Havens, “Parameter extraction
for the bipolar transistor model Mextram, level 504, Unclassified Report NL-UR
2001/801, Philips Nat.Lab., 2001. See Ref. [1].

[4] J. C. J. Paasschens and R. van der Toorn, “Introduction to and usage of the bipolar
transistor model Mextram,” Unclassified Report NL-UR 2002/823, Philips Nat.Lab.,
2002. See Ref. [1].

[5] H. K. Gummel and H. C. Poon, “An integral charge control model of bipolar tran-
sistors,” Bell Sys. Techn. J., vol. May-June, pp. 827-852, 1970.

[6] J.L.Mollandl. M. Ross, “The dependence of transistor parameters on the distribu-
tion of base layer resistivity,” Proc. IRE, vol. 44, pp. 72—78, Jan. 1956.

[7] H. K. Gummel, “A charge control relation for bipolar transistors,” Bell Sys. Techn.
J., vol. January, pp. 115-120, 1970.

[8] Theterm ‘integral charge control model’” was introduced by Gummel and Poon [5].
Their ‘integral’ means the combination of Gummel’s new charge control relation [7]
and conventional charge control theory, such “that parameters for the ac response
also shape the dc characteristics’ [5]. Unfortunately, nowadays the term ‘integral
charge control relation’ (ICCR) is used to refer to Gummel’s new charge control
relation only, and not to the model by Gummel and Poon.

[9] M. P J G. Verdeijen, “Distributed high frequency effects in bipolar transistors,” in
Proc. of the Bipolar Circuits and Technology Meeting, pp. 85-88, 1991.

[10] G.M.Kull,L.W. Nagel, S. Lee, P. Lloyd, E. J. Prendergast, and H. Dirks, “A unified
circuit model for bipolar transistorsincluding quasi-saturation effects,” IEEE Trans.
Elec. Dev., vol. ED-32, no. 6, pp. 1103-1113, 1985.

[11] H.C. deGraaff and W. J. Kloosterman, “Modeling of the collector epilayer of abipo-
lar transistor in the Mextram model,” IEEE Trans. Elec. Dev,, vol. ED-42, pp. 274—
282, Feb. 1995.

[12] J. C. J. Paasschens, W. J. Kloosterman, R. J. Havens, and H. C. de Graaff, “Im-
proved modeling of ouput conductance and cut-off frequency of bipolar transistors,”
in Proc. of the Bipolar Circuits and Technology Meeting, pp. 62—65, 2000.

Delft University of Technology 77



March 2008 M extram version 504.7 Mextram definition document

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

J. C. J. Paasschens, W. J. Kloosterman, R. J. Havens, and H. C. de Graaff, “ Improved
compact modeling of ouput conductance and cutoff frequency of bipolar transistors,”
IEEE J. of Solid-Sate Circuits, vol. 36, pp. 1390-1398, 2001.

W. J. Kloosterman and H. C. de Graaff, “Avalanche multiplication in a compact
bipolar transistor model for circuit ssimulation,” IEEE Trans. Elec. Dev., vol. ED-36,
pp. 1376-1380, 1989.

W. J. Kloosterman, J. C. J. Paasschens, and R. J. Havens, “A comprehensive bipo-
lar avalanche multiplication compact model for circuit ssmulation,” in Proc. of the
Bipolar Circuits and Technology Meeting, pp. 172-175, 2000.

A. G. Chynoweth, “lonization rates for electrons and holes in silicon,” Physical
Review, vol. 109, pp. 1537-1540, 1958.

R. van der Toorn, J. J. Dohmen, and O. Hubert, “Distribution of the collector re-
sistance of planar bipolar transistors: Impact on small signal characteristics and
compact modelling,” in Proc. Bipolar/BiCMOS Circuits and Technology Meeting,
no. 07CH37879, pp. 184-187, IEEE, 2007.

J. C. J. Paasschens, S. Harmsma, and R. van der Toorn, “Dependence of thermal
resistance on ambient and actual temperature,” in Proc. of the Bipolar Circuits and
Technology Meeting, pp. 96-99, 2004.

J. C. J. Paasschens, “ Compact modeling of the noise of a bipolar transistor under DC
and AC current crowding conditions,” IEEE Trans. Elec. Dev., vol. 51, pp. 1483—
1495, 2004.

H. C. de Graaff, W. J. Kloosterman, J. A. M. Geelen, and M. C. A. M. Koolen,
“Experience with the new compact Mextram model for bipolar transistors,” in Proc.
of the Bipolar Circuits and Technology Meeting, pp. 246-249, 1989.

J. C. J. Paasschens and R. de Kort, “Modelling the excess noise due to avalanche
multiplication in (heterojunction) bipolar transistors,” in Proc. of the Bipolar Cir-
cuits and Technology Meeting, pp. 108-111, 2004.

W. J. Kloosterman, J. A. M. Geelen, and D. B. M. Klaassen, “Efficient parameter
extraction for the Mextram model,” in Proc. of the Bipolar Circuits and Technology
Meeting, pp. 70—73, 1995.

W. J. Kloosterman, J. C. J. Paasschens, and D. B. M. Klaassen, “Improved extraction
of base and emitter resistance from small signal high frequency admittance measure-
ments,” in Proc. of the Bipolar Circuits and Technology Meeting, pp. 93-96, 1999.

[24] J. C. J. Paasschens, “Usage of thermal networks of compact models. Some tips for

78

non-specialists,” Technical Note PR-TN 2004/00528, Philips Nat.L ab., 2004.

Delft University of Technology



Mextram definition document References March 2008

[25] V. Palankovski, R. Schultheis, and S. Selberherr, “Simulation of power hetero-
junction bipolar transistor on gallium arsenide,” IEEE Trans. Elec. Dev., vol. 48,
pp. 1264-1269, 2001. Note: the paper uses o = 1.65 for Si, but o = 1.3 gives
a better fit; also, x3pg for GaAs is closer to 40 than to the published value of 46
(Palankovski, personal communication).

[26] S. M. Sze, Physics of Semiconductor Devices. Wiley, New York, 2 ed., 1981.

Delft University of Technology 79



March 2008 M extram version 504.7 Mextram definition document

80 Delft University of Technology



