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Mextram is a compact model for vertical bipolar transistors. For a

designer such a compact model, together with the parameters for
a specific technology, is the interface between the circuit design
and the real transistor. To be able to use Mextram in an efficient
way one needs an understanding of some of the basics of Mex-
tram. This report is meant to give a desginer an introduction into

Mextram, level 504.

In this report we describe Mextram 504. We discuss its equivalent
circuit and how the various elements of this circuit are connected
to the various regions of a real transistor. We discuss the similar-
ities and differences of Mextram 504 and the well-known Spice-
Gummel-Poon model. Then we sketch the effects that can play a
role in the low-doped collector epilayer of a bipolar transistor and
how these are modelled within Mextram 504.

We show how one can handle the substrate resistance/capacitance
network, that is not an integral part of Mextram. Furthermore,
we discuss the possibilities of modelling self heating and mutual
heating with Mextram 504. At last we show what information can

be found from the operating point information that is supplied by
many circuit simulators.
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Preface

The Mextram bipolar transistor model has been put in the public domain in Januari 1994.
At that time level 503.1 of Mextram was used within Koninklijke Philips Electronics N.V.
In June 1995 level 503.2 was released which contained some improvements.

Mextram level 504 contains a complete review of the Mextram model. This document
gives an introduction for designers.
August 2002, J.P.

History of model

January 1994  : Release of Mextram level 503.1

June 1995 . Release of Mextram level 503.2
— Improved description of Early voltage
— Improved description of cut-off frequency
— Parameter compatible with level 503.1

June 2000 . Release of Mextram level 504 (preliminary version)
— Complete review of the model

April 2001 : Release of Mextram level 504
Small fixes:
— ParameterB, andCy, added tavIULT -scaling
— Expression fotx in operating point information fixed
Changes w.r.t. June 2000 version:
— Addition of overlap capacitanc€&geo andCgco
— Change in temperature scaling of diffusion voltages
— Change in neutral base recombination current
— Addition of numerical examples with self-heating

September 2001 : Mextram level 504.1
Lower bound orRy, is now CC/W
Small changes iffrex and Q g, s, to enhance robustness

March 2002 : Changes in implementation for increased numerical stability
Numerical stability increased af /Wepi at smallVc,c,
Numerical stability increased qf;
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1 Introduction

Mextram [1, 2] is a compact model for vertical bipolar transistors. A compact transistor
model tries to describe theV characteristics of a transistor in a compact way, such that
the model equations can be implemented in a circuit simulator. In principle Mextram is
the same kind of model as the well known Ebers-M8]ldnd (Spice)-Gummel-Pood]
models, described for instance in the texts about general semiconductor physicH,Refs. |
6], or in the texts dedicated to compact device modelling8] 9]. These two models

are, however, not capable of describing many of the features of modern down-scaled
transistors. Therefore one has extended these models to include more effects. One of
these more extended models is Mextram, which in its earlier versions has already been
discussed in for instance Ref8, [LO].

The complete model definition of Mextram, level 504, can be found on the weltkite [

for instance in the reporg]. In that report a small introduction is given into the physical
basics of all the equations. An extensive physical derivation of all the model equations
is given in the reportI1]. In both reports, however, the emphasis is not directly on the
designer who has to use the model. In this report, therefore, we give excerpts from the
reports above, as well as some new material, that should give a designer an idea of what
Mextram is, and how it can be used in circuit simulation. Since the bipolar transistor
model of Gummel and Pood][ (or its Spice-implementation) is so well-known, we will
assume that the Spice-Gummel-Poon model (SGP) is known, and we will refer to it.

In Chapter2 we will start with discussing the equivalent circuit of Mextram. This enables

us to give an overview of all the regions and the physical effects in those regions that
Mextram is able to model. It also gives an overview of the parameters of Mextram. In
Chapter3 we will give the basic equations of Mextram and compare these, where possible
to those of Spice-Gummel-Poon (SGP). In that way a designer with knowledge of SGP
can see where the differences are, but also where many of the similarities between the
models lie. Mextram has a few main differences with SGP. The first is the more extensive
equivalent circuit, important for more accurate modelling of all kinds of RC-times. The
second is the much more accurate modelling of the collector epilayer. An introduction into
that is given in Chapte4. Furthermore, Mextram contains a description of the parasitic
PNP, and therefore has a substrate contact. A short note about the substrate network that
should be added to Mextram is given in ChafieAt last, Mextram contains self-heating,
whereas SGP does not. An introduction of how to use self-heating is given in CBapter
As a help to the designer most circuit simulators are capable of giving operating point
information. The kind of information that is available is discussed in Chapter

1.1 Notation

To improve the clarity of the different formulas we used different typographic fonts. For
parameters we use a sans-serif font, ¥g.andRc, . A list of all parameters is given in
Chapter2. For the node-voltages as given by the circuit simulator we use a calligraphic
e.0.VB,g;, andVg,c,. All other quantities are in normal (italic) font, like andqg.

©Koninklijke Philips Electronics N.V. 2002 1
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2 Explanation of the equivalent circuit

2.1 General nature of the equivalent model

The description of a compact bipolar transistor model is based on the physics of a bipolar
transistor. An important part of this is realizing that a bipolar transistor contains various
regions, all with different doping levels. Schematically this is shown in Eigln this

report we will base our description on a NPN transistor. It might be clear that the same
model can be used for PNP transistors, using equivalent formulations. One can discern
the emitter, the base, collector and substrate regions, as well as an intrinsic part and an
extrinsic part of the transistor.

One of the steps in developing a compact model of a bipolar transistor is the creation of
an equivalent circuit. In such a circuit the different regions of the transistor are modelled
with their own elements. In Figl we have shown a simplified version of the Mextram
equivalent circuit, in which we only show the intrinsic part of the transistor, as well as
the resistances to the contacts. This simplified circuit is comparable to the Gummel-Poon
equivalent circuit.

The circuit has a number of internal nodes and some external nodes. The external nodes
are the points where the transistor is connected to the rest of the world. In our case these
are the collector nod€, the base nod8 and the emitter node. The substrate nodg

is not shown yet since it is only connected to the intrinsic transistor via parasitics which
we will discuss later. Also five internal nodes are shown. These internal nodes are used
to define the internal state of the transistor, via the local biases. The various elements that
connect the internal and external nodes can then describe the currents and charges in the
corresponding regions. These elements are shown as resistances, capacitances, diodes and
current sources. It is, however, important to note that most of these elementary elements
are not the normal linear elements one is used to. In a compact model they describe in
general non-linear resistances, non-linear charges and non-linear current sources (diodes
are of course non-linear also). Furthermore, elements can depend on voltages on other
nodes than those to which they are connected.

For the description of all the elements we use equations. Together all these equations give
a set of non-linear equations which will be solved by the simulator. In the equations a
number of parameters are used. The equations are the same for all transistors. The value
of the parameters will depend on the specific transistor being modelled. We will give an
overview of the parameters of Mextram 504 in the next section. For a compact model it is
important that these parameters can be extracted from measurements on real transistors.
For Mextram 504 this is described in a separate red@t [This means that the number

of parameters can not be too large. On the other hand, many parameters are needed to
describe the many different transistors in all regimes of operation.

2 ©Koninklijke Philips Electronics N.V. 2002
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Figure 1: A schematic cross-section of a bipolar transistor is shown, consisting of the
emitter, base, collector and substrate. Over this cross-section we have given a simplified
equivalent circuit representation of the Mextram model, which doesn’t have the parasitics
like the parasitic PNP, the base-emitter sidewall components, and the overlap capaci-
tances. We did show the resistances from the intrinsic transistor to the external contacts.
The current I, g, describes the variable base resistance and is therefore sometimes called
Rey. The current Ic,c, describes the variable collector resistance (or epilayer resistance)
and is therefore sometimes called R¢,. This equivalent circuit is similar to that of the
Gummel-Poon model, although we have split the base and collector resistance into two

parts.
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2.2 Intrinsic transistor and resistances

Let us now discuss the various elements in the simplified circuit. The precise expressions
will be given in the following chapters. Here we will only give a basic idea of the various
elements in the Mextram model. Let us start with the resistances. Epderresponds

to the emitter of the intrinsic transistor. It is connected to the external emitter node via
the emitter resistoRg. Both the collector nod€ and the base nod@ are connected to

their respective internal noddé andC- via two resistances. For the base these are the
constant resistoRg. and the variable resistétg,. This latter resistor, or rather this non-
linear current source, describes DC current crowding under the emitter. Between these
two base resistors an extra internal node is predntThe collector also has a constant
resistorRc¢ connected to the external collector nd@e Furthermore, since the epilayer

is lightly doped it has its own ‘resistance’. For low currents this resistanBe js For

higher currents many extra effects take place in the epilayer. In Mextram the epilayer is
modelled by a controlled current sourkgc,.

Next we discuss the currents present in the model. First of all the main clixrgmes

the basic transistor current. In Mextram the description of this current is based on the
Gummel’s charge control relatiod ], see also]1]. This means that the deviations from

an ideal transistor current are given in terms of the charges in the intrinsic transistor. The
main current depends (even in the ideal case) on the voltages of the internaEap8es
andC,.

Apart from the main current we also have base currents. In the forward mode these are
the ideal base currerg, and the non-ideal base curreig,. Since these base currents
are basically diode currents they are represented by a diode in the equivalent circuit.

In reverse mode Mextram also has an ideal and a non-ideal base current. However, these
are mainly determined by the extrinsic base-collector pn-junction. Hence they are not
included in the intrinsic transistor. The last current source in the intrinsic transistor is the
avalanche current. This current describes the generation of electrons and holes in the col-
lector epi-layer due to impact ionisation, and is therefore proportional to the cligrent

We only take weak avalanche into account.

At last the intrinsic transistor shows some charges. These are represented in the circuit
by capacitances. The charg®s. and Q. are almost ideal depletion charges resulting
from the base-emitter and base-collector pn-junctions. The extrinsic regions will have
similar depletion capacitances. The two diffusion charQgs and Qgc are related to

the built-up of charge in the base due to the main current: the main current consists of
mainly electrons traversing the base and hence adding to the total ckgés related

to forward operation an@gc to reverse operation. In hard saturation both are present.
The chargeQg is related to the built-up of holes in the emitter. Its bias dependence is
similar to that ofQgg. The chargeQepi describes the built-up of charge in the collector
epilayer.

4 ©Koninklijke Philips Electronics N.V. 2002
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2.3 Extrinsic transistor and parasitics

After the description of the intrinsic transistor we now turn to the extrinsic PNP-region
and the parasitics. In Fi@. we have added some extra elements: a base-emitter side-wall
parasitic, the extrinsic base-collector regions, the substrate and the overlap capacitances.
Note that Mextram has a few flags that turn a part of the modelling on or off. Ir8Fig.

page7, where it is easily found for reference, the full Mextram equivalent circuit is shown
which also includes elements only present when all the extended modelling is used.

Let us start with the base-emitter sidewall parasitic. Since the pn-junction between base
and emitter is not only present in the intrinsic region below the emitter, a part of the ideal
base current will flow through the sidewall. This part is givenllgy. Similarly, the

sidewall has a depletion capacitance given by the ch@@e

The extrinsic base-collector region has the same elements as the intrinsic transistor. We
already mentioned the base currents. For the base-collector region these are the ideal base
currentley and the non-ideal base currdmt. Directly connected to these currents is the
diffusion chargeQex. The depletion capacitance between the base and the collector is
split up in three parts. We have already seen the chQegef the intrinsic transistor. The
chargeQqex is the junction charge between the base and the epilayer. Mextram models
also the charg&Q+ex between the outer part of the base and the collector plug.

Then we have the substrate. The collector-substrate junction has, as any pn-junction,
a depletion capacitance given by the cha@eg. Furthermore, the base, collector and
substrate together form a parasitic PNP transistor. This transistor has a main current of
itself, given bylsyp. This current runs from the base to the substrate. The reverse mode
of this parasitic transistor is not really modelled, since it is assumed that the potential of
the substrate is the lowest in the whole circuit. However, to give a signal when this is no
longer true a substrate failure currdgg is included that has no other function than to
warn a designer that the substrate is at a wrong potential.

Finally the overlap capacitanc€seo andCgco are shown that model the constant ca-
pacitances between base and emitter or base and collector, due to for instance overlapping
metal layers (this shouladbt include the interconnect capacitances).

2.4 Extended modelling

In Mextram two flags can introduce extra elements in the equivalent circuit (se@ éig.
page7). WhenEXPHI = 1 the charge due to AC-current crowding in the pinched base
(i.e. under the emitter) is modelled wif@g,g,. (Also another non-quasi-static effect,
base-charge partitioning, is then modelled.) WE2{MOD = 1 the external region is
modelled in some more detail (at the cost of some loss in the convergence properties
in a circuit simulator). The currentky and lgyp and the charg&ey are split in two

parts, similar to the splitting oQtex. The newly introduced elements are parallel to the

chargeQex.

©Koninklijke Philips Electronics N.V. 2002 5
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Figure 2:Shown is the Mextram equivalent circuit for the vertical NPN transistor, without
extra modelling (i.e. EXMOD = 0 and EXPHI = 0). As in Fig. 1 we have schematically
shown the different regions of the physical transistor.
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Figure 3:The full Mextram equivalent circuit for the vertical NPN transistor. Schemat-
ically the different regions of the physical transistor are shown. The current |p,p, 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 R¢,. The extra circuit for self-heating is discussed in Chapter 6.
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2.5 Overview of parameters

In this section we will give an overview of the parameters used in Mextram. These param-
eters can be divided into different categories. In the formal description these parameters
are given by a letter combination, e.g. IS. In equations however we will use a different
notation for clarity, e.gls. Note that we used a sans-serif font for this. Using this notation

itis always clear in an equation which quantities are parameters, and which are not. Many
of the parameters are dependent on temperature. For this dependence the model contains
som extra parameters. When the parameter is corrected for temperature it is denoted by an
index T, e.glst. In the formal documentatior | 2] the difference between the parameter

at reference temperatutg and the parameter after temperature scalings made in a

very stringent way. In this report however we don’'t add the temperature subscript, unless
itis needed.

First of all we have some general parameters. Flags are either 0 when the extra modelling
is not used, or 1 when itis.

LEVEL LEVEL | Model level, here always 504

EXMOD | EXMOD | Flag for EXtended MODelling of the external regions
EXPHI EXPHI | Flag for extended modelling of distributed HF effects
transients

EXAVL EXAVL | Flag for EXtended modelling of AvaLanche currents
MULT MULT Number of parallel transistors modelled together

n

As mentioned in the description of the equivalent circuit some currents and charges are
split, e.g. in an intrinsic part and an extrinsic part. Such a splitting needs a parameter.
There are 2 for the side-wall of the base-emitter junction. Then the collector-base region
is split into 3 parts, using 2 parameters.

Xlg, XiBI Fraction of the ideal base current that goes through the sidewall

XCj. XCJE Fraction of the emitter-base depletion capacitance that belongs
to the sidewall

XCj. XCJC Fraction of the collector-base depletion capacitance that is under
the emitter

Xext XEXT Fraction of external charges/currents betwBeandC1 instead
of By andC;

A transistor model must in the first place describe the currents, and we use some parame-
ters for this. The main currents of both the intrinsic and parasitic transistors are described
by a saturation current and a high-injection knee current. We also have two Early volt-
ages for the Early effect in the intrinsic transistor. The two ideal base currents are related
to the main currents by a current gain factor. The non-ideal base currents are described
by a saturation current and non-ideality factor or a cross-over voltage (due to a kind of
high-injection effect). The avalanche current is described by three parameters.

8 ©Koninklijke Philips Electronics N.V. 2002
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IS

IK
ISS
IKS
VEF
VER
BF
BRI
IBF
MLF
IBR
VLR
WAVL
VAVL
SFH

Saturation current for intrinsic transistor

High-injection knee current for intrinsic transistor
Saturation current for parasitic PNP transistor
High-injection knee current for parasitic PNP transistor
Forward Early voltage of the intrinsic transistor

Reverse Early voltage of the intrinsic transistor

Current gain of ideal forward base current

Current gain of ideal reverse base current

Saturation current of the non-ideal forward base current
Non-ideality factor of the non-ideal forward base current
Saturation current of the non-ideal reverse base current
Cross-over voltage of the non-ideal reverse base current
Effective width of the epilayer for the avalanche current
Voltage describing the curvature of the avalanche current

August 2002— NL-UR 2002/823

Spreading factor for the avalanche current

Mextram contains both constant and variable resistances. For variable resistances the
resistance for low currents is used as a parameter. The epilayer resistance has two extra
parameters related to velocity saturation and one smoothing parameter.

RE
RBC
RBV

RCC
RCV
SCRCV
IHC
AXI

Constant resistance at the external emitter
Constant resistance at the external base

Low current resistance of the pinched base (i.e.
emitter)

Constant resistance at the external collector

Low current resistance of the epilayer

Space charge resistance of the epilayer

Critical current for hot carriers in the epilayer

under

the

Smoothing parameter for the epilayer model

All depletion capacitances are given in terms of the capacitance at zero bias, a built-in or
diffusion voltage and a grading coefficient (typically between the theoretical vajizes 1
for an abrupt junction and/B for a graded junction). The collector depletion capaci-
tance is limited by the width of the epilayer region. Its intrinsic part also has a current
modulation parameter.

CJE
PE
VDE
CJC
PC
VDC
XP

Depletion capacitance at zero bias for emitter-base junctior]
Grading coefficient of the emitter-base depletion capacitang
Built-in diffusion voltage emitter-base

Depletion capacitance at zero bias for collector-base junctic
Grading coefficient of the collector-base depletion capacita
Built-in diffusion voltage collector-base

Fraction of the collector-base depletion capacitance thg

I
e

bn
nce

it is

constant

©Koninklijke Philips Electronics N.V. 2002
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Mmc
Cis

Ps

Vyg

S

MC
CJS

PS

VDS

Current modulation factor for the collector depletion charge
Depletion capacitance at zero bias for collector-subst
junction

Grading coefficient
capacitance

Built-in diffusion voltage collector-substrate

of the collector-substrate deplet

New in Mextram 504 are two constant overlap capacitances.

Cgeo
Cgsco

CBEO
CBCO

Base-emitter overlap capacitance
Base-collector overlap capacitance

Unclassified report

rate

ion

Most of the diffusion charges can be given in terms of the DC parameters. For accu-
rate AC-modelling, however, it is better that DC effects and AC effects have their own
parameters, which in this case are transit time parameters.

L=
me
B
Tepi
R

TAUE
MTAU
TAUB
TEPI

TAUR

(Minimum) transit time of the emitter charge
Non-ideality factor of the emitter charge
Transit time of the base

Transit time of the collector epilayer
Reverse transit time

Noise in the transistor is modelled by using only three extra parameters.

Kt
Kin
Ag

KF
KEN
AF

Flicker-noise coefficient of the ideal base current
Flicker-noise coefficient of the non-ideal base current
Flicker-noise exponent

Then we have the temperature parameters. First of all two parameters describe the temper-
ature itself. Next we have some temperature coefficients, that are related to the mobility

exponents in the various regions. We also need some bandgap voltages to describe the
temperature dependence of some parameters.

ent

rate

Tref TREF Reference temperature

dTa DTA Difference between local ambient and global ambi
temperatures

Agg, AQBO | Temperature coefficient of zero bias base charge

Ag AE Temperature coefficient &g

Ag AB Temperature coefficient &g,

Aepi AEPI Temperature coefficient ¢,

Aex AEX Temperature coefficient &g

Ac AC Temperature coefficient &

As AS Temperature coefficient of the mobility related to the subst
currents

10 ©Koninklijke Philips Electronics N.V. 2002
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dVggt DVGBF | Difference in bandgap voltage for forward current gain
dVggr DVGBR | Difference in bandgap voltage for reverse current gain
Vs VGB Bandgap voltage of the base

Vge VGC Bandgap voltage of the collector

Vs VGS Bandgap voltage of the substrate

& VGJ Bandgap voltage of base-emitter junction recombination
dVge DVGTE | Difference in bandgap voltage for emitter charge

New in Mextram 504 are two formulations that are dedicated to SiGe modelling. For a
graded Ge content we have a bandgap difference. For recombination in the base we have

another parameter.

dEy
XI’EC

DEG
XREC

Bandgap difference over the base
Pre-factor for the amount of base recombination

Also new in Mextram 504 is the description of self-heating, for which we have the two
standard parameters.

Rih
Cth

RTH
CTH

Thermal resistance
Thermal capacitance

©Koninklijke Philips Electronics N.V. 2002
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3 Mextram’s formulations compared to Spice-Gummel-
Poon

In this chapter we will give a summary of the most important equations of Mextram. We
will compare them, where possible, with those of Spice-Gummel-Poon (SGP), and note
the differences and similarities:

Mextram formulation; SGP formulation.

In all the equations we will use the Mextram formulation on the left and the equivalent
SGP formulation on the right. We will also give the equivalence between parameters if
present. For clarity, our comparison is based on the Pstar SGP implementation (known
as bipolar transistor model, level 2). Sometimes the same SGP parameter is known under
different names. We will indicate this, for example, s /Tamb-

3.1 General parameters

Let us start with some general parameters.

Mextram| SGP comments

LEVEL | LEVEL | Typical simulator dependent parameter.
MULT AREA/M Naming depends on simulator. In most if not all cases non-
integer values are allowed.

Tref Tref/Tamp The reference temperature might vary in naming, but always has
the same function.

DTA DTA The increase in local ambient temperature is not present in all
simulators. See also Chapter

EXMOD | — In Mextram three parameters are used as explicit flags. In SGP
only the electrical parameters can act as a flag,lfike

EXPHI | —

EXAVL | —

3.2 DC model

3.2.1 Main current and Early effect

The forward part of the main current is in both models almost equal:
I = Ig evear/VT, It = I eYere/NeVT (3.1)

The main difference is the non-ideality in the SGP formulation. The non-ideality factor
or emission coefficienNg is not present in Mextram. Experience has learned that the
emission coefficient for Si-based processes is not needed. Any non-ideality in the collec-
tor current is due to the reverse-Early effect and will be modelled via the normalised base
charge.

12 ©Koninklijke Philips Electronics N.V. 2002
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1.3
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Figure 4: Collector current as function of collector-base bias. The markers are from
measurements. The solid line is the result of Mextram. The curvature in the current
can clearly be observed. This curvature also means that the output conductance is not
constant, as in SGP. The dashed lines is also from Mextram, but without avalanche.

For the reverse main currents the same holds

Ir = Is eVBZCZ/VT; Ir = IS evBlCl/NRVT. (32)

Again the non-ideality factor is not present in Mextram.
The main current is now, in both cases

I — 1 I — 1
Iy=—". = (3.3)
(*]:] Js

The normalised base charge is something like

- Qgo + Qte + Qi + Qe + QBC
Qo ’

whereQgo is the base charge at zero bias. The total charge consiQg®fthe base-
emitter and base-collector depletion charges and the base-emitter and base-collector dif-
fusion charges. The normalised 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 a term
which includes high injection effects. The Early effect term is in both models given using
the normalised base charge= 1+ Q. / Qo+ Qt./Qgo, butin a different formulation:

(3.4)

_ VeiE VBlcl)_l. (3.5)

G=1+ & 4 S, ql—(l
, Var Vaf

©Koninklijke Philips Electronics N.V. 2002 13
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Figure 5:The actual forward Early voltage obtained by numerical differentiation of the
collector current in Fig. 4: Vrorw—early = Ic/(dlc/dVcB). SGP would give a constant
value of this Early voltage. Again the dashed line is the Mextram result without avalanche.

The voltages/t. andVi. describe the curvature of the depletion charges as function of
junction biases, but not their magnitud@i. = Cj_ - Vi, andQy. = Cj,. - Vi (taking only

the intrinsic parts into account). The difference in the Early effect modelling between SGP
and Mextram is that Mextram includes the bias-dependence of the Early effect. Using the
normalised depletion charges the actual Early voltage can be a function of current. Hence
the collector current will not really be a straight line as function of collector bias, but it
will show some curvature. This has been shown in Mgad5. In SGP the Early effect

is modelled by linearising the effect around zero bias.

Note that the Early voltage parameter here is only Ve = 44 V. So the parameter is much
smaller than the actual Early voltage!

Mextram is capable of modelling the effect of a gradient in the Ge-content in the base,
as an extra option using the paramed&y [11, 14]. This will change the Early effects.

This can mainly be seen in the sharp decrease of the current gain even before high-current
effects (Webster effect, Kirk effect) start to play a role. We will not further discuss this
here.

The influence of the diffusion charges on the current (Webster effect, giving a knee in the
current) is modelled in the normalised base chajgas

VITags + 1
08 = d1(1+ 3No + 3NB); Js = Q1+, (3.6)
A4l /g I'f Iy
Np = ; = — 4+ —, 3.7
O I /It Al 2= e T ke 3.7)

14 ©Koninklijke Philips Electronics N.V. 2002
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(3.8)

Although the formulations seem to be very different, the effect of both formulations is
nearly the same. If one takes for instarige= O the results match. So the only difference

is in the situation wherés andl, are both important. In SGP this is in hard-saturation. In
Mextram the same happens in quasi-saturation. Since the latter regime is quite important
in modern bipolar processes, Mextram gives a better result here.

ls ls

_ Ng

_ Ng

Vet Vaf

Ver Var

E, |—

Ik ke & IkR

Almost the same

Not needed in Mextram

Not needed in Mextram

The forward Early voltages are present in both models.
Mextram value is, however, not close to the actual Early voltz
due to the bias-dependence. The Mextram value can be af
2 smaller.

The reverse Early voltages are present in both models.
Mextram value is, however, not close to the actual Early v
age, due to the bias-dependence.

Including a gradient in the Ge-content of the base is an ¢
option of Mextram.

Mextram contains only one knee current.

3.2.2 Forward base current

The
Age,
actor

The
olt-

xtra

The forward base currents consist of an ideal part and a non-ideal part. Both parts are

very similar to each ot

ls

IBl — E (eVBzEl/

her in the two models. For the ideal part we have

VT—l);

ls
IR = — (eVBlEl/VT _ 1) )
b

(3.9)

In Mextram the ideal forward base current can be split into a bottom and a sidewall com-
ponent using the paramet¥tg, . Mextram has an option to include the collector-voltage
dependence of this base current, like in the case of neutral base recombination, using the

parameteiXec [11, 14].

Note that due to the reverse Early effect, shown for instance in Fig. 6, the actual current
gain might be much smaller than the parameter value B! The current gain parametgyr
is the limit of the current gain fovsg to zero, if there were no non-ideal base current. For
the data of Fig6 we haves ~ 400.

Also the non-ideal base current is almost the same in the two models

0 = ot (%5

©Koninklijke Philips Electr

muVT 1) ; ILe = Isg (eVBlEl/NEVT - 1) .

onics N.V. 2002

(3.10)
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Figure 6: The current gain as function of base-emitter voltage for a SiGe process which
has a large reverse-Early effect (an effectively small reverse Early voltage). From
Ref. [14].

B B Almost the same

Xlg, — No extra splitting of the base current is available in SGP.
Xrec — Neutral base recombination is an extra option of Mextram.
I Ise The same

my s Ng The same

3.2.3 Reverse base current

The reverse base currents are very similar to the forward base currents. For the ideal part
in Mextram, however, the knee due to electrons injected in the base is the same as that of
the main current. Note that in Mextram the reverse base current only exists in the extrinsic
regions

o 2 (el - s
lox= e = = (evslcl/VT — 1) . (3.11)
14 \/1 + 1se¥e1c/ VT /1

In Mextram the ideal reverse base current can be split into two extrinsic base currents,
usingXext. The same is done with the extrinsic capacitance, as we discuss later.

The non-ideal base currentis somewhat different in both models. The SGP model contains
a standard description of a non-ideal diode. Mextram contains a description based on SRH
recombination where for small biases again a ideal slope exists. The cross-over from ideal
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slope to non-ideal slope is determined by the cross-over voltage

eVeic/VT _ 1

lg, = lLc = lsc (eVBlcl/NcVT . 1) . (3.12)

s ;
r evBlCl/ZVT + eVLr /2VT

The two equations become the same in the very normal case of a low cross-over voltage
V|, and a non-ideality factor dflc = 2.

Bi B Almost the same. Mextram contains a knee in the reverse pase
current. Furthermore, in Mextrag; only describes the intrin
sic current gain, so not including substrate current effects.

lgr Isg The same

Vi, — Mextram has a cross-over voltage,

— Ng where SGP has a non-ideality factor

Xext — In Mextram splitting the extrinsic currents and chargeg is
possible.

3.2.4 Avalanche current

Since SGP does not contain an avalanche model, we can not compare the models. In
Mextram the avalanche current is given as

|av| = IC1C2 X G(VBlcl» IC1C2) (313)

where the generation factor, related to the multiplication faGtet M — 1, is a function

of bias and current. It is supposed to be sm@ll« 1). For some results, see Figk.
and5. Mextram is capable of modelling snapback effects at high currents, but only as an
option.

In some SGP implementations an empirical model is present along the lines of

1
lavi=lcic, | ———— — 1. (3.14)

N
=)
BVceo

Real breakdown is not modelled in Mextram. One of the most important reasons being
that breakdown effects are really bad for convergence.

Wavi — No avalanche model present in SGP
Vaul — No avalanche model present in SGP
Sth — No avalanche model present in SGP

©Koninklijke Philips Electronics N.V. 2002 17
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3.2.5 Substrate currents

Mextram contains a substrate current, simply modelled as
2lss <eV51c1/VT _ 1)

1+ \/1 + 1se¥B1C/VT /1o

(3.15)

Isub =

This substrate current describes the main current of the parasitic PNP, i.e. it describes the
holes going from the base to the substrate. The current that runs in the case of a forward
bias on the substrate-collector junction is not modelled in a physical way, since this should
not happen anytime. There is only a signal currgptto alert a designer to this wrong

bias situation.

lss — SGP has no substrate current
Iks — SGP has no substrate current

3.2.6 Emitter resistance

The emitter resistance is in both models constRat:

| Re | Re | The same

3.2.7 Base resistance

The base resistance consists of a constant extrinsic part and a variable intrinsic part. Both
Mextram and SGP contain both parts. In SGP, however, the two are lumped together into
one resistance in the equivalent circuit.

The variable resistance in SGP can be due either to conductivity modulation (i.e. more
charge in the base, modelled gy) or due to current crowding (modelled using the pa-
rameterrg). In Mextram both effects are taken into account simultaneously. The current
crowding effect is based on the same theory as that of 3GFL.].

SGP models the variable part of the resistance as function of the current through it. This
is done also in many publications about the subject. The problem then is that one has to
decide whether the DC resistance or the small-signal resistance is taken. In Mextram the
current through the resistance is modelled as function of the applied voltage. In that way
both the DC resistance as well as the small-signal resistance follow directly form either

I/V ordl/dV.

For the variable part we have in Mextram

3C|;BB [2VT (eVBle/VT —1)+VB,B,]- (3.16)
v

Ig,B, =
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It is important to realise that the actual intrinsic base resistance can be much smaller
than Rgy, due to current crowding, or, more likely, due to the extra charge in the base
modelled by gg!

For SGP we have either

VBB (3.17)

or
f(Igg,. IrB)

. 3.18
3(Rg — RBM)VBBl ( )

g, =

Rgc Rewm The extrinsic part of the base resistance is the same in both mod-
els: constant.
Rey Rg—Rpm| Mextram has as parameter the zero-bias value of the intrjnsic
part. SGP has the zero-bias value of the total base resistarce.
— IrRB Empirical parameter of SGP for a description of current crowd-
ing. Not needed in Mextram.

3.2.8 Collector resistance and epilayer model

The collector resistance not including the collector epilayer is in both models constant.
SGP does not have a collector epilayer model for the current. (For the charges an empir-
ical model is present.) It is this epilayer model which is maybe the largest improvement
of Mextram over SGP. For this reason we discuss it in more detail in Chépter

Rce Rc The same

Rcv — SGP has no collector epilayer model

SCRey | — SGP has no collector epilayer model

Ihe — SGP has no collector epilayer model

Ay — SGP has no collector epilayer model
3.3 AC model

3.3.1 Overlap capacitances

SGP has no overlap capacitances. Mextram has constant overlap capacitances. These
are meant for modelling all kinds of constant parasitic capacitances that belong to the
transistor. Most of them are vertical capacitances, say between poly layers or over STI,
but also the effect of contacts is included. All interconnect capacitancestareluded.

©Koninklijke Philips Electronics N.V. 2002 19
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Cgeo — SGP has no overlap capacitances.
Cgco — SGP has no overlap capacitances.

3.3.2 Depletion capacitances

The depletion capacitances of Mextram are not too different from those of SGP. The basic
formulation is

G

Note that the notation of the parameters differs. Furthermore, in both models not the
capacitance, but the charge is implemented.

There are a few differences, however.

» Mextram does not linearise the capacitances above a certain forward bias. It uses a
smooth transition to a constant capacitance, for which no parameter is available. Since
the transition in both models happens in the region where diffusion capacitances are dom-
inant the difference in capacitance is not very important. For higher order derivatives,
however, the SGP will give discontinuities.

* Mextram has a split in the base-emitter capacitance and an extra split in the base-
collector capacitance. Having the extra nodes and having these splits in the capacitances
gives a more accurate RC network. This means a better description of RC-times and
hence of the small-signal parameters (¥.gparameters).

» Reach-through of the base-collector capacitance is modelled, such that the capacitance
becomes constant for large reverse biases. The basic formulation is

_ (1-Xp)GC
(1—V/Vqg.)Pe

+ XpCie. (3.20)

» The base-collector capacitance is current dependent. This is related to the finite velocity
of the electrons in the depletion layer, see Chagter

Cic Cic The same
Ve Vj./Pe | The same, apart from notation
Pe Mg The same, apart from notation
Cic Cic The same
Vde Vj./Pc | The same, apart from notation
Pc Mc The same, apart from notation
Cis Cis The same
Vg Vjs/Ps | The same, apart from notation
Ps Mg The same, apart from notation
XCj. XCj. The same
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XCj. XCj. SGP does not contain a split in the base-emitter capacitange

Xext Xext SGP does not contain an extra split of the base-collector
capacitance

Xp — SGP does not model reach-through.

Mc — Mextram has a current dependence in the base-collector
capacitance.

— Fc Mextram does not linearise the capacitances. Instead it the ca-
pacitances level off smoothly. For this model-constaftsajc.,
andajs are used.

3.3.3 Diffusion charges

For the low-current transit time there is not a large difference between Mextram and SGP.
Only, Mextram contains two contributions, one from the emitter charge and one from the
base charge. The contribution from the base charge is

2 1 2
Qse = Qug |+ ; Qep = —terlq . (3.21)
ST TPy It STt Al g

In the SGP formulation we neglected here the contributioh pWvhich is zero anyway

in normal operation, even in quasi-saturation/Kirk effect. Note that also the Early effect
(via gy) is taken into account differently. In Mextram there is a second contribution from
the charged stored in the emitter (or the neutral part of the base-emitter depletion layer),
which does not have a knee, but does have a non-ideality factor

Qe = 7 lseB2E/ M VT, (3.22)

For higher currents the models start to differ quite a lot. SGP models the increase in
effective transit time due to base-widening/quasi-saturation/Kirk effect as

| 2
TFF = TF |:1—|—XTF (If +f|TF> eVeict/ 1'44VTFi| )

(3.23)

In Mextram there is a collector epilayer model with a finite voltage drop. As a result the
bias over the intrinsic base-collector junctidss,c,, can become forward biased, such
that the reverse part of the main currelpt,becomes comparable to the forward plart

This results in an extra charge in the base

(3.24)

2
e T I .
Qpc =01t o T Al

Furthermore, there will be a lot of charge in the collector epilayer, due to the base-
widening

Xj 2
Qepi = Tepi W_p| lepi- (3.25)

e
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wherexi / Weypi is the size of the base widening or thickness of the injection region, com-
pared to the epilayer thickness, ahg) is the current through the epilayer, normally
equal to the main collector currehy. In hard saturation when the current vanishes but
the base-collector junction is still in forward, the real expressior(fgy; is such that it

still describes the large built-up of charge in the epilayer.

TE+1B TF The low-current transit time in Mextram contains both a cpn-
tribution from the emitter diffusion charge, as well as from the
base-diffusion charge.

m; — SGP does not have an emitter diffusion charge.
Tepi — A parameter which belongs directly to the quasi-saturation
charge in the epilayer is not present in SGP. The effect is mod-
elled in another way.
— XT1E The effect of increasing transit time due to quasi-saturatign is
modelled in Mextram via the collector epilayer model. This
increase depends very much &g, but also on a lot of other
parameters. Maybg: - Xt could be compared te, in the
kind of effect they have.

— lte & V1r SeeXtg. In practicelte should be of the same orderlgg, and
V1g should be of the same order@g, Inc or SCRe¢y lhe.

TR TR The reverse transit times are almost equivalent. But note that in
Mextram it is used only in the extrinsic regions.

3.3.4 Excess phase shift

Both SGP and Mextram model excess phase shift. The difference in modelling is, how-
ever, quite different. The first thing to realise is that the most important contribution to

the excess phase shift does not come from the intrinsic model. Instead the extrinsic ca-
pacitances and resistances (mainly the base resistance, the base-collector capacitance and
its split using the parametéfey:) are much more important. Only when these are cor-

rect, it is useful to look at non-quasi-static effects in the intrinsic transistor that can also
cause excess phase shift. Since Mextram has a much better equivalent circuit, the intrinsic
excess phase shift gives only a marginal effect.

In Mextram the intrinsic excess phase shift is modelled using base-charge partitioning
(and only wherEXPHI = 1). This means that a part of the cha@gg, which isVg,g, -
driven, is not supplied totally by the emitter, but also partly by the collector. To this end
the charge® ge andQpc are changed from their previously calculated values to

Qsc — % Qge + Qsc, (3.26)
Qee — Qse. (3.27)

In SGP excess phase shift is implemented using a Bessel approximation. Calculations are
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not done withl; = 1t /gg, but with Iy, which is a solution of the differential equation

o dl
2 X X 2
wherewg = 1/(Tgg - Py /180).

Mextram also models an extra effect in the lateral direction (AC current crowding). Again
only whenEXPHI = 1 a charge is added parallel to the intrinsic base resistance

QB.B, = %VB:LBZ (CtE + Cge + CE) . (3.29)

— P1r Excess phase shift within Mextram has no extra parameter| (be-
sides, say, the base resistances Agd), but Mextram does
have a switchEXPHI) to turn the model on or off.

3.4 Noise model

The noise models of Mextram and SGP do not differ very much. But Mextram has a larger
equivalent circuit, and hence more currents/resistances and corresponding noise sources.

3.4.1 Thermal noise
All resistances have thermal noise, including the variable part of the base resistance. For

the variable collector resistance, the epilayer model of Mextram, a more advanced model
is used for the case of base-widening.

3.4.2 Shot noise

All diode-like currents have shot-noise. This includes the main current, the main substrate
current (not present in SGP) and all (forward and reverse) base currents.

3.4.3 Flicker noise

All base currents also have flicker nois¢ {inoise), modelled with a pre-facté} and a
powerAs. In Mextram the non-ideal forward base current has its own pre-f&gtpoand
a fixed power 2.

As As The same
Ks Ks The same
KN — Not present in SGP
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3.5 Self-heating

SGP does not contain self-heating. Mextram does. See Cl@apter

Rin — SGP does not contain self-heating
Cih — SGP does not contain self-heating

3.6 Temperature model

SGP has only 3 temperature parameters, whereas Mextram has 14 in total. This means
that various Mextram parameters will correspond to the same SGP parameter. For the
temperature scaling, we first need some definitions:

T« = TEMP + DTA + 27315+ Var, (3.30)
Trk = Tref + 27315, (3.31)
Tk
tN = =—, 3.32
N =T (3.32)
k
Vi = (6) Tx. (3.33)
k
V1p = a TrK, (3.34)
1 1 1
S (3.35)

Vatr V& Vi

HereTk is the actual temperature including self-heating (see Chépter

3.6.1 Resistances

In SGP the resistances are constant over temperature. In Mextram they all have their own
parameter that is linked to the temperature dependence of the mobility.

Ret = Re tF, (3.36)

Revr = Ry 2%, (3.37)

Rect = Rec 1™, (3.38)

Reet = Ree 1S (3.39)
Aepi

Rcvt = Rev ty (3.40)

The parameteAq,, is not related to a mobility, but is an effective parameter describing
the temperature scaling of the zero-bias base charge.
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Ag — SGP has no temperature scaling for resistances
Ag — SGP has no temperature scaling for resistances
Aex — SGP has no temperature scaling for resistances
Ac — SGP has no temperature scaling for resistances
Aepi — SGP has no temperature scaling for resistances
Agg, — SGP has no temperature scaling for zero bias base charge

3.6.2 Diffusion voltages

The equation for the diffusion voltages is basically the same.
Vgt = —3V7Inty + Vgtn + (1 — tN)Vg. (3.41)

Only Mextram makes sure that they do not become negative. The important parameter
for the temperature scaling of the diffusion voltages is the bandlga@GP has only one
bandgapEgy.

Once the temperature scaling of the diffusion voltages has been done, the depletion ca-
pacitances in Mextram scale basically as

Vg \P
cr=c (72) - (3.42)
: " \Var
where the grading coefficieptis used.
Vs Eg Used for base-emitter diffusion voltage
Vge = Used for base-collector diffusion voltage
Vgs Eq Used for substrate-collector diffusion voltage

3.6.3 Saturation currents

The equation for the saturation current is also similar

4—Ag—A .
st =lsty B0 e Vee/VaT, 1 gp =g 1) e Ba/Var, (3.43)
The same bandgap as before is used. The power of the pre-factor is different.

For the saturation current of the forward non-ideal base current we have

IseT = Isg t

IgiT = It t|(\|6_2m”) e~ Vay/Mut Var,

’)\l(ti_xtb e—Eg/NE VAT. (344)

For the saturation current of the reverse non-ideal base current we have

t,% e_Vgc/ZVAT; Xii —Xtp e—Eg/Nc Vat (3.45)

lgrr = lgr Isct = Isc ty
The saturation current of the substrate scales with temperature as

lssT = Iss t:l_AS e_VgS/VAT . (346)
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Vs Eg Used for collector saturation current

Vg, = Used for forward non-ideal base current

Vge = Used for reverse non-ideal base current

(Ag) Xii Ag and X; have kind of the same purpose in the temperature
scaling of the collector saturation current

Vs — SGP has no substrate current

As — SGP has no substrate current

3.6.4 Current gains

The temperature modelling of the current gains is different. In SGP a simple power de-
pendence is used. In Mextram the model uses the normally small difference in bandgap
between either emitter and base or base and collector. This can be important in the case
of SiGe transistors, where the bandgap difference can become larger.

ﬂfT _ ﬂf t:E—AB—AQBO e_dvgﬂf/VAT; ﬂfT — ﬂf t[)\](tb’ (347)
Bir = i e Norr/Var, B =B 13", (3.48)
dVgﬁf — SGP useX
dVggr — SGP useXiy
— Xt Mextram usesiVggs anddVgg:

3.6.5 Other quantities

Mextram contains also temperature scaling of the Early voltages, the transit times and
the material constant for the avalanche model. Since SGP does not have any equivalents,
these are not discussed here.

|dVge | — | Specially for the emitter transit time |

3.7 Geometric scaling

Geometric scaling is not present in both models. In both cases, geometric scaling can and
should be done in a pre-processing way. There are no fundamental differences between
Mextram and SGP in this respect. The only difference is that Mextram has a more com-
plete equivalent circuit and is therefore capable of somewhat more advanced geometric
scaling L2].
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4 The collector epilayer model

4.1 Introduction

The collector epilayer of a bipolar transistor is the most difficult part to model. The reason
for this is that a number of effects play a role and act together. Since in Spice-Gummel-
Poon a model for this epilayer is not present at all, this chapter is devoted to a short
introduction of the physics that plays a role. We will restrict ourselves to modelling the
epilayerin as far as itis part of the intrinsic transistor. The curigt= Ic,c, through the
epilayer is for low current densities mainly determined by the main cutsgentience the
epilayer is a part of the transistor that is current driven. Since the dope concentration in the
epilayer is in general small, high injection effects are important. In that case the epilayer
will be (partly) flooded by holes and electrons. Even though then the main current and
the epilayer current depend on each other and their equations become coupled, we will
still consider the epilayer to be current driven, i.e. our model will heyeas a starting
guantity.

The regions where no injection takes place can either be ohmic, which implies charge
neutral, or depleted. In depletion regions the electric field is large and the electrons will
therefore move with the saturation velocity. These electrons can be called hot carriers.
The electrons will contribute to the charge. In case of large currents this moving charge
becomes comparable to the dope, the net charge decreases, or even changes sign. The net
charge has its influence on the electric field, which in its turn determines the velocity of

the electrons: for low electric fields we have ohmic behaviour, for large electric fields the
velocity of the electrons will be saturated.

All these effects determine the effective resistance of the epilayer. As is well known,
the potential drop over the collector region can cause quasi-saturation. In that case the
external base-collector bias is in reverse, which is normal in forward operation, but the
internal junction is forward biased. Injection of holes into the epilayer then takes place.
The charge in the epilayer and in the base-collector region depends on the carrier concen-
trations in the epilayer, and will increase significantly in the case of quasi-saturation.

The electric field in the epilayer is directly related to the base-collector depletion capaci-
tance. The avalanche current is determined by the same electric field, and in particular by
its maximum. Hence our description of the epilayer must also include a correct descrip-
tion of the electric field.

4.2 Some gqualitative remarks on the description of the epilayer

Let us now concentrate on a one-dimensional model of the lightly doped epilayer. We
assume the epilayer to be along thaxis fromx = 0 tox = Wepj, as has been schemati-
cally shown in Fig.7. The base is then located»at< 0, while the highly doped collector
region, the buried layer, is situatedxat- Wepi. We assume a flat dope in the epilayer and

an abrupt epi-collector junction for the derivation of our equations. In the final description
of the model some factors have been generalised to account for non-ideal profiles. (Like,
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Em. Base epilayer Collector
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Figure 7: Schematic representation of the doping profile of a one-dimensional bipolar
transistor. One can observe the emitter, the base, the collector epilayer and the (buried)
collector. Constant doping profiles are assumed in many of the derivations. The collector
epilayer is in this chapter located between X = 0 and x = Wepj and has a dope of Nep.
We have also shown where the various nodes E 1, B2, C» and C; of the intrinsic transistor
are located approximately.

for instance, depletion charges and capacitances that have a parameter for the grading
coefficient, instead of having the ideal grading coefficient /#£.1 For the same reason

most of the parameters will have an effective value. This is even more so when current
spreading is taken into account.

We assume that the potential of the buried layer, at the interface with the epilayer, is given
by the node potentialc,. The resistance in the buried layer and further away at the
collector contact are modelled by the resistaReg and will not be discussed here.

We assume that the doping concentration in the base is much higher than that in the
epilayer. In that case the depletion region will be located almost only in the epilayer (i.e.
we have a one-sided pn-junction). The potential of the internal base (i.e. the base potential
while neglecting the base resistance) is giveV/gy.

Velocity saturation The drift velocity of carriers is given by the product of the mobility
and the electric field. The mobility of the electrons itself, however, also depends on the
electric field. It has a low field valug,o, such that the low-field drift velocity equals
v = uno E. At high electric fields, however, this velocity saturates. the maximum value
given by the saturation velocitysa: A simple equation that can be used to describe this
effect is
= MmO p=unE = — Mok (4.1)

1+ unoE/vsat 1+ pnoE/vsat
As one can see there is a cross-over from noE for small electric fields ta = vgat
for large electric fields. This cross-over happens at the critical electric field defined by

Hn

Eo = =52, (4.2)
Mn0o

Typical vales for Si arevsqt = 1.07 - 10’ cmy/s, ung = 1.0 - 103cn?/Vs andE. =
7-10°V/cm.
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The current In normal forward mode electrons move from base to collector, i.e. in
positivex-direction. The current densitlgp; is then negative, due to the negative charge
of electrons. The currerty,; itself, however, is generally defined as going from collector
to emitter, via the base, and is positive in forward mode. We therefore write

Iepi = —Aem Jepi- (4-3)

The electric field As mentioned before, the electric field in the epilayer is important.
The basic description of the electric field is the same as that in a simple pn-junction. In the
epilayer (of an NPN) it is negative. According to general pn-junction theory, the integral
of the electric field from nod®, to nodeC; equals the applied voltagéc g, plus the
built-in voltageVy,.:

C1 Wepi
—f EXx)dx = —/ E(xX)dx = V¢;8, + V- (4.4)
Bz 0
Here we assumed that the electric field in the base and in the highly doped collector drops
very fast to zero, such that the contribution to the integral only comes from the region

Equation 4.4) is an important limitation on the electric field. It is in itself not enough to
find the electric field. To this end we need Gauss’ law

de »p

— = 4.5

dx ¢ (4.5)
Herep is the total charge density, given by

P = q(Nepi — N + p). (4.6)

Consider now the electric field in an ohmic region. It is constant and has the value

g Je__ lop (4.7)
o o Aem
Hereo is the conductivity. The electric field is negative, as mentioned before. In ohmic
regions the electric field is low enough to prevent velocity saturation. The net charge is
zero and the number of electrons equals the dégge A negligible number of holes are
present. The ohmic resistance of the epilayer can then be calculated and is given by the
parameteRcy = Wepi/qiun AemNepi.

Next we consider the depletion regions. In these regions the electric field will be high.
Hence we can assume that the velocity of electrons is saturated. There will be no holes
in these regions either. The electron density however depends on the current density.
Since the electron velocity is constant we hawve= |Jepil/vsa:  The total net charge

is then given by a sum of the dope and the charge density resulting from the current:
p = Nepi — [Jepil/vsat For the charge density it does not matter whether the current
moves forth or back. This gives us

dE  gNepi lepi
— = 1-— 4.8

©Koninklijke Philips Electronics N.V. 2002 29



NL-UR 2002/823— August 2002 Usage of Mextram 504 Unclassified report
V\épl X

|

1>1

gs

Figure 8:Figure describing the electric field in the epilayer as function of current. In a)
the width of the depletion layer decreases because ohmic voltage drop is the dominant
effect. In b) the width of the depletion layer increases because velocity saturation is
dominant (Kirk effect). At I = Iqs quasi-saturation starts (see text).

where we defined thieot-carrier currentpc =  NepiAemvsat When the epi-layer current
equals the hot-carrier current the total charge in that part of the epilayer will vanish. We
still call these regions depleted, since the electrons still move wyighin contrast to the
ohmic regions.

For currents larger than the hot-carrier current the derivative of the electric field will be
negative. There will still be a voltage drop over the epilayer. This voltage drop, however,
is no longer ohmic, but space-charge limited. The corresponding resistance of the epilayer
is now given by th&SpaceChargeResistanc&CRc, . We will discuss this in more detail
below.

Let us consider the current dependence of the electric field distribution in some more
detail, for both cases discussed above. At low current density (i.e. before quasi-saturation
defined below) the electric field in the epilayer is similar to that of a diode in reverse
bias. Next to the base we have a depletion region. This region is followed by an ohmic
region. When the current increases the width of the depletion layer changes. There are
two competing effects that make that this width either increases or decreases, which we
will discuss here quantitatively.

We know that the bias over the depletion region itself is given by thelas, minus the

ohmic potential drop. Hence when the ohmic region is large the intrinsic junction potential
will decrease with current, and so will the depletion region width. This is schematically
shown in Fig.8a). At some point the depletion layer thickness vanishes, and the whole
electric field is used for the ohmic voltage drop. Since at higher currents we still need
to fulfil Eq. (4.4) the electric field becomes smaller close to the base. This is possible
because holes get injected into the epilayer, which reduces the resistance in the region
next to the base. This effect, quasi-saturation, will be discussed in more detail later.

The other effect that has an influence on the width of the electric field is velocity satura-
tion. As can be seen from Edt.B), the slope of the electric field decreases with increasing
current. This means that to keep the total integral over the electric field constant, as in
Eq. @.4), the width of the depletion layer must increase. This is schematically shown
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in Fig. 8b). With increasing current the depletion width will continue to increase, until

it reaches the highly doped collector. For even higher currents the total epilayer will be
depleted. The slope of the electric field still decreases and can change sign. At some level
of current the value of the electric field at the base-epilayer junction drops beneath the
critical field E for velocity saturation and holes get injected into the epilayer. As before,

at this point high injection effects in the epilayer start to play a role. This is again the
regime of quasi-saturation. When quasi-saturation is due to a voltage drop as a result of
the reversal of the slope of the electric field, the effect is better known as the Kirk effect.

Note that in both cases described above a situation occurs where the electric field is (ap-
proximately) flat over the whole epilayer, as shown in Bgin the ohmic case this will
happen at much smaller electric field (and therefore collector-base bias) than in the case
of space charge dominated resistance (Kirk effect).

Quasi-saturation Consider the normal forward operating regime. The (external) base
collector bias will be negativeVs,c, < 0. The epilayer, however, has some resistance,
which can either be ohmic, or space charge limited, as discussed above. As a result the
internal base-collector bias, in our model giverMyj , is less negative than the external

bias. For large enough currents, it even becomes forward biased. This also means that the
carrier densities at the base-collector interface increase. At some point, to be more precise
WhenVé"2C2 ~ Vq., these carrier densities become comparable to the background doping.
From there on high-injection effects in the epilayer become important. This is the regime
of quasi-saturation. Note that we use the term quasi-saturation when the voltage drop is
due to an ohmic resistance, but also when it is due to a space-charge limited resistance, in
which case the effect is also known as Kirk effect.

For our description the current at which quasi-saturation stés,is very important.

So let us consider it in more detail. As mentioned before, quasi-saturation starts when
Vg,c, = V4. In that case we can express the integral over the electric field in terms of
Vgs, the potential drop over the epilayer, using B4

VVepi

So, at the onset of quasi-saturation the integral over the electric field is fixed by the ex-
ternal base-collector bias, and does no longer depend on the current. We can then use
the relation between the electric field and the current to determine the clyyei the

ohmic case the electric field is constant over the epilayer. The voltage drop is simply the
ohmic voltage drop and we can write

For higher currents the electric field is no longer constant, due to the net charge present in
the epilayer. Its derivative is given by E¢t.8) and depends on the current. The current
at onset of quasi-saturation can still be giver'Vgsover some effective resistance:

lgs = Vqs/SCRey. (4.11)
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Figure 9:Schematic view of the doping, electron and hole densities in the base-collector
region (on an arbitrary linear scale), in the case of base push-out/quasi-saturation. It also
shows the thickness of the epilayer Wepj and the injection layer xj. From Refs. [17, 18].

The effective resistanc®CRc, is the space-charge resistance introduced above.

When the (internal) base-collector is forward biased, as in quasi-saturation, holes from
the base will be injected in the epilayer. Charge neutrality is maintained in this injection
layer, so also the electron density will increase. As we noted already in the description of
the main current, at high injection the hole and electron densities will have a linear profile.
This linear profile in the base is now continued into the epilayer. The width of the base
has effectively become wider, from the base-emitter junction to the end of the injection
region in the epilayer. This is known as base push-out and is shown i8.Rtglecreases
transistor performance considerably. As an example we show the output characteristics
in Fig. 10. Note that in the Spice-Gummel-Poon model quasi-saturation is not modelled.
The reduction of the current as modelled by Mextram shows the effect.

Itis important to note that although the hole density profile and the electron density profile

are similar, only the electrons carry current. The electric field and the density gradient

work together to move the electrons. However for the holes they act opposite and create
an equilibrium. This equilibrium will be used to determine the electric field (which will

be considerably below the critical electric fidig), as is being done in the Kull model.

Also the electron current in the injection region will in Mextram be described by the Kull
model.
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Ic (A)

Figure 10: The output characteristics for both the Spice-Gummel-Poon model and the
Mextram model. From Refs. [17, 18].
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5 The substrate network

Let us consider the substrate under and surrounding the transistor. Mextram models the
collector-substrate depletion capacitance. (We will disregard the substrate current here,
since it is negligible in normal forward operation.) This means that the Mextram external
substrate node is physically located just below the depletion layer in the substrate. This is
not the same location as where the substrate is connected to the ground at the level of the
interconnect. So there is a physical separation between the Mextram substrate node and
the substrate contact. For accurate modelling one needs at least a resistance between the
two locations or nodes, as in Fifyl.

S

Mextram S

Figure 11:The most simple substrate network consists of only a resistance between the
external Mextram node S and the substrate contact at the top of the wafer.

Mextram does not have this substrate resistance. Hence one should add it in a macro
model. The reason that Mextram does not have this substrate resistance inside the model
is related to the fact that this substrate resistance is not known up front. Its actual value
depends very much on the location of the substrate plug and substrate contact. Since this
location is determined by the designer, at the layout stage, this resistance can also only be
determined after the layout is known. Extracting the substrate resistance from on-wafer
measurements is possible, but it will not necessarily give the correct value in a real circuit.
By having it already as a parameter in the model, the designer will assume it is accurate,
which it is not.

There is another reason for not having the substrate resistance within the Mextram model.
The distance between the depletion layer of the substrate and the substrate contact is
guite large compared to the other transistor dimensions. This also means that at normal
operating frequencies non-quasi-static effects can already play a role. The most important
contribution to this is probably the charge storage in the AC substrate current path. For
this reason one often sees a substrate network as IAEig.

In some cases it is not even accurate to assume a single non-distributed collector-substrate
depletion capacitance. In that case an even more elaborate substrate network ist#eded [
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S
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Figure 12:The more complicated substrate network consists of a resistance Rgypdescrib-
ing the resistance in the substrate itself, together with its semiconductor capacitance Cgyp

and an extra plug/contact resistance Rpjyg.

So in practice the accuracy needed for the substrate network determines very much how
this substrate network should look like. For that reason all of the substrate network is kept

outside of Mextram.
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6 Usage of (self)-heating with Mextram

Transistors within a circuit will dissipate power. The generated power has an influence on
the temperature of the device and its surroundings. Hence, due to the power dissipation
devices in the circuit will get warmer. This is called (self)-heating. In Mextram there
are two ways to take this (self)-heating into account. The most direct and well-known
way is to include a self-heating network for each transistor and couple these networks to
each other via an external thermal network. In this way the heating will be taken into
account dynamically. The other way is to estimate the average static temperature increase
for each device and use the paramdddA to increase the temperature of the device.
This method is much simpler both in implementation and in circuit simulation than using
heating networks. We will discuss both methods below. Note that both methods are
independent of each other: they do not interact.

6.1 Dynamic heating

Heating can be due to the transistor itself (self-heating) and due to other transistors (mu-
tual heating). Here we discuss the heating if taken into account dynamically.

6.1.1 Self-heating

To describe self-heating we need to consider two things: what is the dissipated power and
what is the relation between the dissipated power and the increase in temperature.

Dissipated power The power that flows into a device can be calculated as a sum over
currents times voltage drops. For instance for a three-terminal bipolar transistor we can
write

P =lc Vce+ Is VBE: (6.1)

Since normally the collector current is larger than the base current and the collector volt-
age is larger than the base voltage, the first term is usually dominant.

Not all the power that flows into a transistor will be dissipated. Part of it will be stored as
the energy on a capacitor. This part can be released later on. So to calcutissiffaged

power, we need to add all the contributions of the dissipated elements, i.e., all the DC
currents times their voltage drops. We then get

F)diss = Z |branch' Vbranch (6-2)

all branches

The difference between the power flow into the transistor and the dissipated power as
calculated above, is stored in the capacitances.
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Figure 13: The self-heating network. Note that for increased flexibility the node dT is
made available to the user (see also Fig. 14).

Relation between power and increase of temperature Next we need a relation be-
tween the dissipated power and the rise in temperature. In a DC case we can assume
a linear relation:AT = Ry, Pgiss Where the coefficienRy, is the thermal resistance

(in units K/W). We assume here that it does not matibere the power is actually dissi-
pated. In reality, of course, a certain dissipation profile will also give a temperature profile
over the transistor: not every part will be equally hot. We will not take this into account.

In non-stationary situations we have to take the finite heat capacity of the device into
account 0]. So we must ask ourselves, what happens when a transistor is heated by a
small heat source. The dissipated power creates a flow of energy, driven by a temperature
gradient, from the transistor to some heat sink far away. The larger the gradient in the
temperature, the larger the flow. This means that locally the temperature in the transistor
will be larger than in the surrounding material. This increased temperatlns directly

related to the increase in the eneyy :

AU = Cq, AT, (6.3)

whereCy, is the thermal capacitance (or effective heat capacitance) in yiitsAlpart
of the dissipated power will now flow away, and a part will be used to increase the local
energy density if the situation is not yet stationary. Hence we can write

Paiss = 1 4 Cpp 2T (6.4)
diss = Rth th at -

Implementation For the implementation of self-heating an extra network is introduced,
see Fig.13. It contains the thermal resistanBg, and capacitanc€y,, both connected
between ground and the temperature nibfle The value of the voltaggyt at the temper-

ature node gives the increase in local temperature. The power dissipation as given above
is implemented as a current source.
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External network

transistor 1 transistor 2

Figure 14:An example of mutual (and self-) heating of two transistors.

6.1.2 Mutual heating

Apart from self-heating it is also possible to model mutual heating of two or more tran-
sistors close together. To do this the termirdils of the transistors have to be coupled

to each other with an external network. An example is given in Hg.This external
network is not an electrical network, but a network of heat-flow and heat-storage (just
as the self-heating network within Mextram is not an electrical network). One has to be
careful, therefore, not to connect any ‘thermal’ nodes with ‘electrical’ nodes. The external
network can be made as complicated as one wishes, thermally connecting any number of
transistors. For more information we refer to literature, e.g. Reis 22, 23)].

6.1.3 Advantages

The advantages of this method are that heating is taken into account dynamically. Hence
the temperature increase of a certain device depends on the actual power dissipation of the
device itself, as well as of its surroundings. Any time delays are also taken into account.

6.1.4 Disadvantages

There are a number of disadvantages. First of all, to be able to have an accurate description
of the temperature increase of a device one needs to have an accurate thermal network.
This means that one needs a lot of thermal resistances and thermal capacitances to give
an accurate result. In a sense, one must discretise the heat equations to get a good three-
dimensional heat flow. It is not easy to determine all these resistances and capacitances.
It is even not easy to determine the self-heating resistance of a single device in its circuit
surroundings, which differs from the surroundings in an on-wafer extraction module.

One of the other disadvantages has to do with the difference of time scale between heat-
ing effects (of the order of 1 us or slower depending on the distance) and the time scale
of electronic signals (often of the order of 1 ns or less). This can cause difficulties in
simulations. It takes many signal cycles to generate a good number for the average power
dissipation.
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Another important disadvantage is the extra increase in complexity and hence simulation
time. First of all, the extra thermal network has to be simulated. But this will, in practice
not be too bad. Then for all devices one must take into account all the derivatives w.r.t.
temperature. This takes extra time. And then the addition of self-heating makes the
convergence process of the simulation more difficult. It will therefore take more time.
And for difficult circuits (in the simulation sense) convergence might not even be reached.

6.2 Static heating

In practice it is often not necessary to take self-heating into account dynamically. Often
the circuit will have an average dissipation. This dissipation will generate a certain tem-
perature profile over the circuit. For instance, a power intensive circuit will be hotter than
its surroundings. Changes in this temperature profile are much slower than the time-scales
on which the circuit operates. Only the time-averaged power dissipation is then relevant.

For these cases Mextram (and other Philips models) have an extra par@m&terhis
parameter is used to increase the local ambient temperature w.r.t. the global ambient tem-
perature. It is very useful for giving a part of the circuit an increased temperature. Since
many complex designs contain various circuit blocks, it is indeed quite handy to be able to
give the more power-intensive blocks a larger local ambient temperature. This feature of
usingDTA to increase the local temperature can also be used for more complex situations,
where for instance the temperature has a gradient. This can occur, for instance, close to a
power-intensive circuit block.

6.2.1 Advantages

The method is very fast. Once the temperature profile is given and the paradé&ters

are set, the simulation does not take more time than a simulation which does not include
heating. Instances of Mextram transistors without self-heating (and hence without the
self-heating node) can be used.

6.2.2 Disadvantages

The method is less accurate. The increase in temperature depending on whether a transis-
tor is on or not is not taken into account.

Of course one must have a method to estimate the temperature profiles. This is not always
easy. On the other hand, it is probably easier than making a complete thermal network.

6.3 Combining static and dynamic heating

As discussed above, there are two methods for increasing the temperature of the device.
The easiest method is using the paramB{B4 to give a static heating. This increases the
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local ambient temperature:

Tiocal ambient= Tglobal ambient+ DTA. (6.5)

Apart from that, it is also possible to take dynamic heating into account, using the self-
heating network, possibly connected to an external thermal network to give mutual heat-
ing. The device temperature is then given by

Tdevice= Tiocal ambientt (AT )dynamic heating (6-6)

It is important to realise that within Mextram these two ways of heating the transistor
are independent and that the temperature increases are additive. An increadgTi4sing
therefore doesot generate a heat-flow through a thermal network.

It is perfectly possible to take self- and mutual heating of two critical transistors into
account, even if both have a, possibly different, local ambient temperature increase. Con-
sider for instance the following situation. We have two transistors close together, like in
Fig. 14. One of them is also heated statically by a nearby part of the circuit and therefore
has som®TA > 0. We assume that the second transistor is further away from this heat-
source. In that case the second transistor will be heated both by the static heat-source, as
well as by the first transistor. For the heating by the first transistor the thermal network
as in Fig.14 takes care. In principle this same thermal network could be used to model
the heat flow due to the static heat-source from the first transistor to the second transistor.
In Mextram the parametdTA does, however, not increase the valueAdt at the ther-

mal node of the first transistor (because static and dynamic heating are independent). An
increasedTA at the first transistor therefore does not generate a heat-flow to the second
transistor. So the thermal network can not be used in conjunction with a static increase
viaDTA. Itis important to realise that this is not a mistake in the model. In some sense it

is even more physical, as we will show below. Interaction between both ways of heating
is not even needed. The independence between static and dynamic heating is therefore
rather a feature than a short-coming.

So let us consider the physical behaviour. The heat from the static heat-source is actually
not flowing to the first transistor, and from there on to the second transistor. It is flowing
from the source in all directions and generates a static temperature distribution. It can
flow around the first transistor. The value of the resulting temperature increase at the
location of the second transistor is the value that must be given DTAef this second
transistor. In this way not only the effects of heating by a static heat-source and dynamic
heating via a thermal network are independently added, also the thermal behaviour of both
heat-flows can be taken to be independent. For modelling two nearby transistors a very
simple thermal network, as in Fifi4is enough. This simple thermal network is, however,
insufficient to describe the heat-flow from the static source. For the static source, on the
other hand, one does not need to make such a thermal network, since only the temperature
profile is important.

Furthermore, it is not even necessary to take the static heating into account via a thermal
network. Once the thermal network is given, and once the temperature (or power dissi-
pation) of the static source is know, the increase of temperature at each transistor in the
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thermal network due solely to the static source can be calculated up front. The parameter
DTA can be used for this temperature increase. Any dynamic heating is then added by the
simulator. The only assumption in this is that the dynamic heating does not influence the

heat-flow due to the static source. The possible errors made by this assumption are far
less then the errors made by the lack of knowledge about actual temperature profiles or
heat flow.

6.4 The thermal capacitance

The reason for having a thermal capacitance was already explained above. In practice the
thermal capacitance is often not very important. For DC simulations is has no influence
at all. For RF simulations the delay time of the self-heating is so long that only the
average dissipated power is important, and not the instantaneous. The frequencies where
the thermal capacitance becomes important are around 1 MHz.

When you look at the small signal parameters of the transistor, for instance the output
conductance, then you see a change as function of frequency. For a SiGe transistor, for
instance, the collector current at fixed base current will decrease as function of collector
voltage due to self-heating. This means that the low-frequency output conductance is neg-
ative. At very high frequencies self-heating has no influence on the output conductance,
and it will be positive. As function of frequency one will therefore observe a change from
negative values to positive values. In the case of pure Si transistors the output conductance
will not be negative at low currents, but still one can see a transition.

Although the exact value of the thermal capacitance is often not important for simulations,
itis not good to give it a value of 0, say as a default in a parameter set. The reason for this
is that the RF simulations will give a wrong result (effectively, as if it were low-frequency
simulations).
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7 Operating point information

The operating point information is a list of quantities that describe the internal state of
the transistor. When a circuit simulator is able to provide these, it might help the designer
understand the behaviour of the transistor and the circuit.

The full list of operating point information consists of three parts. First all the branch
biases, the currents and the charges are present. Then there are 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 this is the most informative for a designer, the operating
point information gives usable approximations for use in a hybridodel. This hybrid-

7 model is the basic model used by many designers for hand-calculations. It should give
similar results as Mextram, as long as neither the current, nor the frequency are too high.

In addition also the cut-off frequency is included in the operating point information.

7.1 Approximate small-signal circuit

In our presentation, we will start with the hybridmodel. The approximate small-signal
model is shown Figl5. This model contains the following elements that can be found
from in operating point information (for the derivation of these various quantities, we re-
fer to Ref. [L1]):

Om Transconductance

B Current amplification

Jout Output conductance

0.  Feedback transconductance

REe Emitter resistance

rs Base resistance

Rce Constant collector resistance
Cge Base-emitter capacitance

Cgc Base-collector capacitance

Ci;  Collector-substrate capacitance

As mentioned before, one can also find the cut-off frequency of the transistor in the op-
erating point information. The approximation féf is much more accurate than can be
found from the equivalent circuit above.

fr  Good approximation for cut-off frequency
Related to self-heating, the dissipation and actual temperature are also available

Pgiss Dissipation
Tk Actual temperature

Then there are a few extra quantities available for the experienced user:

lgs Current at onset of quasi-saturation
Xi / Wepi Thickness of injection layer
VE,c, Physical value of internal base-collector bias
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Figure 15:Small-signal equivalent circuit describing the approximate behaviour of the
Mextram model. The actual forward Early voltage can be found as Veasr = Ic/9out — VCE.
which can be different from the parameter value Vs, especially when dEg # O.

7.2 DC currents and charges

In this section the biases, DC currents and charges are listed.

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 bias including epilayer

VB,c, External base-collector bias without contact resistances
Ve,e  Bias over emitter resistance

The actual currents (and charges, see next page) are:

In Main current

Ic,c, Epilayer current

Ig,B, Pinched-base current

Ig, Ideal forward base current

I3, Ideal side-wall base current

Ig,  Non-ideal forward base current

Ig,  Non-ideal reverse base current

Isub  Substrate current

lavi Avalanche current

lex Extrinsic reverse base current

Xlex  Extrinsic reverse base current

Xlsup Substrate current

Ist Substrate failure current

IRe Current through emitter resistance

Irg.  Current through constant base resistance
Irce  Current through constant collector resistance
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Qe Emitter charge or emitter neutral charge
Qte Base-emitter depletion charge

QtsE Sidewall base-emitter depletion charge
Qe  Base-emitter diffusion charge

Qsc Base-collector diffusion charge

Qtc Base-collector depletion charge

Qepi  Epilayer diffusion charge

Qg,, AC current crowding charge

Qtex  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

7.3 Elements of full small-signal circuit

The small-signal equivalent circuit contains the following conductances. In the terminol-
ogy we use the notatioAy, Ay, andA; to denote derivatives of the quantifyto some
voltage difference. We usefor base-emitter biaseg,is for derivatives w.r.tVg,c, and

z is used for all other base-collector biases. The subindexused for base-emitter base
currents . is used for base-collector base curreRisy for derivatives oflg, g, andRcv

for derivatives oflc,c,.

(See next page)
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Quantity Equation

Ox

9y

9z

oN
O, x
O,y
Or.z
Ou,x
Ou.y
Ou,z
Jpex
XJex
gRCv,y
JRcv,z
D)
ORbv,x
gva,y
JRbv.z
Re
RBc
Rce
Js
Xgs
Osf

7. Operating point information August 2002— NL-UR 2002/823
Description
dIn/0VB,E, Forward transconductance
dIn/0VB,c, Reverse transconductance
dIn/0VB,cy Reverse transconductance

318,/3Ve.E,

d(lg, + 18,)/0VB,E,
dlg,/9VB,c,
dlg,/9VB,c,

—d |avl/8VBgE1

—d |av|/8VBQC2

—d |av|/8VBQC1
d(lex + Ig3/9VB,c,
0 Xlex/9dVBc,
dlcic,/9VB,c,
dlcic,/0VBacy
1/(d1s,8,/9VB,B,)
d1,8,/9VB,E,
d1B,8,/9VB,C,
d1B,8,/9VB,C,
ReT

Reet

Recet

0 lsub/9dVB,c,

9 Xlsup/dVBc,
dlst/90Vsc,

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

Base resistance

Early effect on base resistance

Early effect on base resistance

Early effect on base resistance

Emitter resistance (already given above)
Constant base resistance

Constant collector resistance (already given above)
Conductance parasitic PNP transistor
Conductance parasitic PNP transistor
Conductance substrate failure current

The small-signal equivalent circuit contains the following capacitances

Quantity Equation

9Q5 /9Ve,E,

Description
Capacitance sidewall b-e junction

9(Qt + Qe + Qe)/0Vs,g; Capacitance floor b-e junction

0QBE/IVB,C,
0QBE/IVB,c,
aQBC/aVBzEl

Early effect on b-e diffusion charge
Early effect on b-e diffusion charge
Early effect on b-c diffusion charge

0(Qt. + Qsc + Qepi)/9VB,c, Capacitance floor b-c junction
9(Qt + Qpc + Qepi)/dVB,c; Capacitance floor b-c junction

0 (Qtex + Qex)/aVBlcl

Capacitance extrinsic b-c junction

0(XQtex + XQex)/9Vac, Capacitance extrinsic b-c junction
0QB;B,/9VB;B, Capacitance AC current crowding
0QB,B,/9VB,E, Cross-capacitance AC current crowding
0Qg,B,/3VB,C, Cross-capacitance AC current crowding
0Qg,B,/93VB,C; Cross-capacitance AC current crowding
9Qts/0Vsc, Capacitance s-c junction (already given above)
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