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New features of 505.00

Additions and changes compared to 504.12.1 are:

iv

Lower case model parameters are used. Users of case sensitive simulators need to
pay special attention to this in model card specification.

Names are added to noise sources.

A CB junction tunneling current model is added.

See (4.99a), (4.99b), (4.100), (4.101), (4.58f), (4.58g), (4.58h), (4.58i).
Non-ideality factors Ngg and Ngg in forward and reverse transport current [y, are
added respectively. They are temperature dependent factors.

See (4.59), (4.60), (4.37), (4.62), (4.61).

Diffusion charge and diffusion capacitance expressions are modified accordingly to
maintain the same transit time.

See (4.161).

Non-ideality factors Ng; and N%, in ideal base current /p, and I g |» are added re-
spectively.

See (4.39), (4.67), (4.68), (4.40).

I g - side-wall non-ideal base current, is added.

See (4.70), (4.41).

1,1, side-wall base current for reliability modeling, is added.

See (4.45), (4.46).

All base current components have their own saturation current and non-ideality
factors where needed. Current gains (&, 3;) are no longer used.

See (4.42), (4.43), (4.74), (4.178), (4.180).

Non-ideal reverse base current is now formulated the same way as forward non-
ideal base current.

See (4.44), (4.71).

1/f noise of all ideal base currents is now calculated from K¢ and Ay, and placed

between B, and F;. 1/f noise of all non-ideal base currents is now calculated from
Ksv and Agy, and placed between B and E.

See (4.15), (4.200), (4.201), (4.16), (4.200), (4.201).
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* Avalanche current /,,,; is calculating in [ as initiating current, and [,,; limits are
also modulated accordingly.

See (4.94), (4.95).

* A new avalanche factor (G'g,,) model is added and used as default.

See (4.78), (4.77), (4.56).

* SWAVL, a switch parameter for avalanche factor, is added.
SWAVL = 0, no avalanche current. SWAVL = 1 (default), the new avalanche factor
model. SWAVL = 2, Mextram 504 avalanche model. EXAVL is meaningful only
when SWAVL=2.

* Vyccter, diffusion voltage dedicated for CB depletion capacitance, is added.
See (4.141), (4.146).

* SWVJUNC, switch for Vjy, calculation, is added. SWVJUNC = 0 (default), 1, and
2 (504).
SWVJUNC=0: ‘/junc=VBzCz . SWVJUNC=1: V}unc=VBgcl .
SWVJUNC=2: V}y0e=VB,c,+Vaio-

* SWVCHC, switch for transition voltage width V,; in CB capacitance-voltage curve
smoothing, is added. SWVCHC=0 (default) and 1 (504).
SWVCHC=0: V_;, =0.1 Vg4.

Ic,c
WVCHC=1: V,;, =V 142 —a2=2 ),
> Von = Ve (O " Iec, +Iq5)

* |l is now corrected to describe extrinsic BC junction current as hole injection into
collector. In 504, it was described as electron injection current from collector to
extrinsic base, which is not the case for real devices.

See (4.74).

* |ks means true substrate current’s knee.

See (4.51), (4.72a), (4.72b).
* Default value of EXSUB is 1 instead of 0.
* Range of Ics, is changed from (-inf, inf) to [0.0, inf).
* p; and pyy are clipped to avoid convergence problems at high Vcg.
* Xext coding is improved to allow X, = 0.
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To be more flexible we introduce in Mextram 505 new saturation current and knee current
parameters by removing all current gain parameters. The following conversion can be
used to convert 504 parameters to 505 parameters when desired:

IBI =

&(504)
I s
BX = 5 (500)
li

Substrate knee current parameter in Mextram 505 uses same name but different meaning
as that in Mextram 504:

|(505) _ |(504) Iss
ks — ks ' |_
S
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1 Introduction

Mextram (Most EXquisite TR Ansistor Model) is an advanced compact model for bipolar
transistors. Mextram has proven excellent for Si and SiGe processes, including analog,
mixed-signal, high speed RF as well as high voltage high power technologies. It accounts
for high injection effects with a dedicated epi-layer model, self heating, avalanche, low-
frequency and high frequency noises in physical manners, and is formulated with mini-
mal interactions between DC and AC characteristics that simplifies parameter extraction.
Mextram can be used for uncommon situations like lateral NPN-transistors in LDMOS
technology as well.

1.1 History

Mextram originated from NXP Semiconductors [1]. It was initially developed by De
Graaff and Kloosterman in 1985 for internal use. In 1994, Mextram 503 was released
to the public. Mextram 504 was developed in the late nineties for several reasons, the
main ones being the need for even better description of transistor characteristics and the
need for an easier parameter extraction. In fall 2004, Mextram was elected as a world
standard transistor model by the Compact Model Coalition (CMC), a consortium of rep-
resentatives from over 20 major semiconductor companies. In 2006, development moved
to Delft University of Technology, where versions 504.6 to 504.12 beta were developed
until mid 2014. Silvaco then provided intermediate development and support until April
of 2015. Since then, Mextram has been developed and supported by the SiGe group at Al-
abama Micro/Nano Electronics Science and Technology Center, Electrical and Computer
Engineering Department, Auburn University. Historically, the first digit 5 in the level or
version number means it is a Sth generation bipolar transistor model, as compared to prior
generation EM1, EM2, EM3 and the Gummel-Poon (GP) models.

Mextram current release is version 505.00. A list of new features and updates to prior
release 504.12.1 can be found above in front of the table of contents. Some of the new
features enable significant improvement of avalanche multiplication and distortion mod-
eling.

1.2 Survey of modeled 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)

ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017 1
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* Weak avalanche in the collector-base junction (optionally including snap-back behavior)
* Zener-tunneling current in the emitter-base junction
* Charge storage effects
* Split base-collector and base-emitter depletion capacitance
* Substrate effects and parasitic PNP
* Explicit modeling of inactive regions
* Current crowding and conductivity modulation of the base resistance
* First order approximation of distributed high frequency effects in
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
* Self-heating
* Thermal noise, shot noise and 1/ f-noise

Mextram does not contain extensive geometrical or process scaling rules. A multiplication
factor is provided to model perfectly ideal parallel connection of multiple transistors. The
model is well scalable, however, especially since it contains descriptions for the various
intrinsic and extrinsic regions of the transistor.

Some advanced features can be switched on or off by setting flags, including:

* Extended modeling of reverse behavior.
* Distributed high-frequency effects.

* The increase of the avalanche current when the current density in the epilayer ex-
ceeds the doping level.

* The increase of intrinsic base current noise with frequency and its correlation with
intrinsic collector current noise.

* Additional noises from impact ionization as well as avalanche multiplication.

The same code works for both NPN and PNP with proper sign changes in a few places.
Unless specified, we assume NPN for all discussions.

Four variants of the model are provided:
* Three terminal discrete device without self heating.
* Three terminal discrete device with self heating.
* Four terminal integrated device, with a substrate connection, without self heating.

* Four terminal integrated device, with a substrate connection, with self heating.

2 ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017
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1.3 Document Organization

Below we give the model definition of Mextram 505, including equivalent circuit topol-
ogy, equations for currents, charges, resistances, noise sources, and parameter sets.

Sec. 2 describes physical basis of the model as well as model parameters in relevant sub-
sections. Sec. 3 gives a brief introduction to parameter extraction. Most parameters can
be extracted from capacitance, DC and S-parameter measurements and are process and
transistor layout (geometry) dependent. Initial/predictive parameter sets can be computed
from process and layout data.

Sec. 4 describes model equations as implemented in Verilog-a code and serves as an im-
plementation guide. All model equations are explicit functions of internal branch voltages
and therefore no internal quantities have to be solved iteratively.

More in-depth discussions of the physics behind the model and parameter extraction are
available in [2] and [3], respectively. An introduction into model usage can be found in
Ref. [4].

ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017 3
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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 Ip, g, de-
scribes the variable base resistance and is therefore sometimes called Rg,. The current
Ic, ¢, describes the variable collector resistance (or epilayer resistance) and is therefore
sometimes called R¢,. The extra circuit for self-heating is discussed below in Sec. 4.13.

2 Physics of the model

We now introduce the physics behind Mextram. Reference to classic Gummel-Poon
model [5] is made where appropriate to help understanding. For extensive details of the
physics and derivation of Mextram, refer to Ref. [2].

Mextram, as any other bipolar compact model, describes transistor electrical characteris-
tics using an equivalent circuit. Fig. 1 shows the equivalent circuit used in current release,
with currents and charges placed on a drawing of NPN transistor 2D cross section to show
their physical origins.

Fig. 2 shows another version with standard counterclockwise placement of the collector
(O), base (B), emitter (E) and substrate (S) terminals, as found in transistor symbols used
by typical process design kit (PDK). By, (5 and F; are intrinsic NPN terminals. B is
an internal node for base resistance related parasitic effects. (', C'5 and C are internal
nodes for collector resistance related parasitic effects, the most significant of which is
the epilayer related quasi-saturation effect. C'3 and Cy are for distributive buried layer
resistance effects and turned off by default.

IN’ -[Bla ]B27 Iavb QBEa QBC’ QtE9 QtC’ QE arc placed between 02’ BQ and El to model
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Figure 2: Mextram equivalent circuit drawn with counterclockwise placement of the col-
lector, base, emitter and substrate terminals as found in bipolar transistor symbols.

the intrinsic NPN transistor. [y is the main electron transport current, Iz, and I, are
forward ideal and non-ideal base currents, I, is avalanche current. (;r and ;- are EB
and CB junction depletion charges.

Unlike the GP model, Mextram does not have reverse base currents between By and Cs
in its intrinsic transistor description. Instead, reverse base currents are modeled by the
parasitic PNP base currents /.y, /p,, and PNP emitter to collector transport current /gj,.
The parasitic PNP transistor is formed by the extrinsic p-base of the NPN, which acts
as emitter of the PNP, n-collector of the NPN, which acts as base of the PNP, and the
p-substrate, which acts as the collector of the PNP. The parasitic PNP can be optionally
further partitioned to account for distributive effect as shown.

Tables 1 and 2 summarize description of the currents and charges respectively. Below we
describe in more details every current and charge in this equivalent circuit.

To improve clarity, we use a sans-serif font, e.g. V4. and Rc, for model parameters, a list
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of which is given in section 4.3. For the node-voltages as given by the circuit simulator,
we use a calligraphic V, e.g. Vp,g, and Vg,c,. All other quantities are in normal (italic)
font, like I¢, ¢, and V3, ¢, .

We will first describe the intrinsic transistor, and then the extrinsic parasitics.

2.1 Intrinsic transistor

2.1.1 Main current [

Iy 1s based on the generalized Moll-Ross relation [6, 7], also known as the integral charge
control relation (ICCR) [8]:

) 2.1)
dB

where I is saturation current, Ngr and Ngg are empirical forward and reverse non-ideality
factors, Vp,g, and V3 ¢, t are forward biases of the intrinsic base-emitter and base-
collector junctions, Vi = kT'/q is thermal voltage as defined in table 3, and ¢p is nor-
malized neutral base hole charge accounting for 1) neutral base width modulation due to
depletion boundary shifts; and 2) increase of hole density to neutralize diffusion charges
from minority carrier injection:

_ Qo+ Qty + Q1 + Qe + @BC
QBo ’

where () g is the equilibrium base hole charge, i.e., when both junctions are at zero biases,
Qg and Q;¢ are changes from equilibrium due to depletion boundary shift alone without
accounting for minority carrier injection, which gives rise to () g and ()¢, as illustrated
in Fig. 3, with a NPN transistor. Observe that the same neutral base boundaries used for
Q:r and Q¢ definition are also used in defining Q) pr and Q) pc.

4B (2.2)

While Q;r and Q¢ are referred to as depletion charges which is standard in compact
modeling literature for very good reason, they differ from and are easily confused with
the depletion charges found in standard textbook PN junction treatment. In compact mod-
eling, Q);p refers to the increase of base majority carrier charge from its equilibrium value
due to a forward EB junction bias, which physically equals the decrease of total charges
on the base side of the EB junction depletion layer from its equilibrium value. Similarly,
Q¢ refers to the increase of base majority carrier charge from its equilibrium value due
to a forward CB junction bias. They are not absolute depletion charges that have a fixed
sign, rather, they are changes compared to equilibrium due to junction bias, which are
positive for forward bias and negative for reverse bias.

®pr and Q) pe are referred to as junction diffusion charges which are also subject to the
same neutral base width change as represented by Q;x and Q.

TV§2C2 is a calculated quantity and not the node voltage Vg, c, due to the way Mextram implements its
epi layer model. For its interpretation the difference is not very important, but for the smoothness of the
model it is. See Sec. 2.2.

6 ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017
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Figure 3: Definition of depletion and diffusion charges used in Mextram.

An inspection of Fig. 3 immediately leads to ¢p as a product of two terms, a ¢; term
representing neutral base width change, and another term representing minority carrier
injection:

gz = q (14 510 + 3nB), (2.3)

where ny and np are the electron densities at the emitter and collector edge of the neutral
base. Both are normalized to the (average) base doping and directly depend on the internal
junction voltages Vp,g, and Vp,c, according to pn product junction laws at the neutral
base edges. This way, high injection effect in the base is naturally included, using a single
knee current |, as opposed to two in the GP model.

The ¢, term represents relative neutral base width change that can be evaluated from inte-
gration of depletion capacitance-voltage curves, and parameterized in terms of voltages:

_ QBO + QtE + th — 14+ Wpg — 14+ ‘/;E (VB2E1) + V;fc (VB2C1’ ]C1C2)
(OFN Wgo Ver Ves

where V¢ and V,, are forward and reverse Early voltages to signal their relation to Early

effects, and V;, and V;_ are evaluated from C-V integration. For smoothness, the base-

collector junction bias used for V;, is not the same as V3, -, but relates to it in implemen-

tation, and will be denoted as V.

, (2.4)

q1

Vi, and V;, represent relative neutral base width changes, and hence relate to capacitance
model parameters that describe relative changes of C-V or Q-V curves, i.e., curvatures
instead of magnitude.

In model implementation, V;,, and V;_, are calculated first and then used to calculate Q;x
and Q¢ as: @y, = (1—XC.)-C. - Vi, and @y, = X, - Cj. - V;.. The zero bias depletion
capacitances, C;. and Cj. as well as XC;, XC;_, the partition factors, thus do not affect the
main current. More details are given below in 2.1.6 and 2.1.7.

ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017 7
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Table 1: The currents of the equivalent circuit given in Fig. I on page 4.
Currents

Iy Main current

Ic,c, Epilayer current

Ip B, Pinched-base current

I3 ) Ideal side-wall base current
Ip, Ideal forward base current

Ip, Non-ideal forward base current
Ip, Non-ideal reverse base current
- Avalanche current

Iy Extrinsic reverse base current

XI.. Extrinsic reverse base current
Lo Substrate current

Xy, Substrate current

It Substrate failure current

The parameters involved are:

Is Saturation current of collector to emitter main transport current
I Knee current for high injection effects in the base
V¢ and Ve, Forward and reverse Early voltages

The model parameters for the charges are discussed below in section 2.1.6 and 2.1.7.

2.1.2 Ideal forward base currents

The ideal forward base currents describe minority carrier injection into the emitter, and
include a bottom and a sidewall contribution, each with its own saturation current and
non-ideality factor:

VByEy

IBl = |BI (6 NIV — 1) s (25)
VBB

I =13 (et —1]. (2.6)

The parameters are:

lgi  Saturation current of bottom forward base current /5,
Ng; Non-ideality factor of bottom forward base current /5,
2, Saturation current of side-wall forward base current /3 )
N3, Non-ideality factor of side-wall forward base current I gl

8 ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017
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Table 2: The charges of the equivalent circuit given in Fig. 1 on page 4.
Charges

®pro Base-emitter overlap charge
®@pBco Base-collector overlap charge

Qp Emitter charge or emitter neutral charge
Qip Base-emitter depletion charge
Q7 Sidewall base-emitter depletion charge

®pr  Base-emitter diffusion charge

®@pc  Base-collector diffusion charge

Qe Base-collector depletion charge

Qepi Epilayer diffusion charge

(B,B, AC current crowding charge

Qtex Extrinsic base-collector depletion charge
XQiex Extrinsic base-collector depletion charge

Qex Extrinsic base-collector diffusion charge
XQox  Extrinsic base-collector diffusion charge
Qs Collector-substrate depletion charge

Table 3: A list of some of the physical quantities used to describe the transistor.
q Unit charge
Vr  Thermal voltage kT'/q
Ley,  Emitter length
H., Emitter width
A Emitter surface Hep Leop,
®pBo Base (hole) charge at zero bias
n; Intrinsic electron and hole density.
ng Normalized electron density in the base at the emitter edge
np  Normalized electron density in the base at the collector edge
npex Normalized electron density in the extrinsic base at the collector edge
Do 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
Vst Saturated drift velocity
I Mobility
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2.1.3 Non-ideal forward base currents

The non-ideal forward base currents originate from the recombination in the base-emitter
junction depletion region, and include a bottom and a side-wall contribution:

Ip, = lgf (€VB2E1/mLfVT _ 1) ’ 2.7
5, =1, (eszEl/mﬁfvT . 1). (2.8)

The parameters are:
Igr  Saturation current of bottom non-ideal forward base current I,
mi¢ Non-ideality factor of bottom non-ideal base current /p,
2¢  Saturation current of side-wall non-ideal forward base current /3,
mp;  Non-ideality factor of side-wall non-ideal base current [ gz

2.1.4 Zener tunneling current in the emitter base junction

Mextram Zener tunneling formulation is based on analytical formulations as documented
in the semiconductor device physics literature [9], [10], [11], which describe a Zener
tunneling current in the emitter-base junction under reverse bias (Vg > 0).

Under forward bias, Zener tunneling current is neglected by setting its value to zero. All
derivatives of the Zener current with respect to bias are therefore zero for 0 < Vj. and
hence in the limit V;, | 0. Smoothness of the tunneling current at zero bias then implies
that all derivatives of the Zener current with respect to bias should vanish in the limit
Vie T 0 at zero bias. This concerns the actual formulation of the Zener current in reverse
bias and has been addressed as follows.

The Zener tunneling current depends on a factor commonly denoted by “D” [9], which
takes degrees of occupation of conduction and valence bands into account. In the Mex-
tram formulation of tunneling current, we adopt an advanced formulation [11] of D which
furthermore takes effects of direction of electron momentum into account. It turns out
that continuity at zero bias of current with respect to bias, up to and including the first
derivative, is then automatically established. Subsequently, by dedicated adjustment of
the description of the electric field, as applied in the D factor, continuity of all derivatives
of current with respect to voltage has been established.

The temperature scaling of the model is fully physics based, which brings the advantage
that the parameters of the temperature scaling model are material (bandgap) parameters.
Values for these, for given semiconductor material, can be found in the literature. Since
the Zener effect is not very sensitive to temperature in the first place, we expect that
literature values for these parameters will in general suffice so that no dedicated parameter
extraction will be needed in this respect.

The two remaining parameters, |,gg and N,gg of the Zener current model have been chosen
with care so as to minimize their interdependence.
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Regarding noise, we follow the JUNCAP2 [12] model and assume that the Zener tunnel-
ing current exhibits full shot noise.

2.1.5 Zener tunneling current in the collector base junction

Collector base zener tunneling current is modeled in a similar manner as the emitter base
zener tunneling current. l,cg and N,cg are dedicated Zener tunneling parameters, Vg ctc,
pc are shared with the collector-base junction depletion capacitance model. Vg, ¢, 1s used
as control voltage.

2.1.6 Base-emitter depletion charge

The depletion charges are modeled in the classical way, using a grading coefficient. This
classical formulation, however, contains a singularity, that is, capacitance becomes infinite
when the forward bias equals the built-in voltage. In implementation, the capacitance is
smoothly clipped to a constant, as illustrated in Fig.4. This maximum value is the zero-
bias capacitance times a pre-defined factor «;, which is 3.0 for the base-emitter depletion
charge and 2.0 for the other depletion charges.

40 T T T T T - T T T

30F

abrupt junction

C. (fF)

10

SRV L —

: — p=1/2
z M -= p=1/3
O L L L L L - L L L
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
V (V)

Figure 4: An example of depletion capacitance C; versus forward voltage V' for an abrupt
Junction (p = 1/2) and a graded junction (p = 1/3) with clipping.

The base-emitter depletion capacitance is partitioned into a bottom and a sidewall com-
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ponent by the parameter XCj, :

d@, G
Cy, = —2E — (1 - XG J 2.9
Y ( i) (1= Vi, /Vae )P’ 29
dQ? C
S tg J
- — XC. ) 2.10
e dVBlEl JE (1 - VBIEI/VdE)pE ( )

Smoothed versions are used to formulate V,g, ;g and X Q)¢ in implementation.

The model parameters are:

G Zero bias emitter base depletion capacitance
V4.  Emitter base built-in voltage
PE Emitter base grading coefficient

XC;. The fraction of the BE depletion capacitance not under the emitter
(sidewall fraction)

2.1.7 Base-collector depletion charge

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

thc f(10102>
= —= =XC;_ C 1-X X 2.11
th d‘/}unc Jc ~c (( P) (1 . ‘fjunc/vdc)pc + p ] ( )
Ic,c )mc
Ioe,) = (1 4% ) 2.12
feye,) ( Torcn + I (2.12)

The junction voltage Vi, 1s calculated using the external base-collector bias minus the
voltage drop over the epilayer, as if there were no injection and differs from V;; . used
for np in diffusion charge calculation. The current modulation (Kirk effect) has its own
‘grading’ coefficient m¢ and uses the parameter |, from the epilayer model.

G Zero bias collector-base depletion capacitance

Vg.  Collector-base built-in voltage

Pc Collector-base grading coefficient

XC;.  The fraction 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 — X,)].

2.1.8 Base diffusion charges

The base diffusion charges are obtained from integration of minority electrons in neutral
base:

Qe = %(h QBo Mo, (2.13)
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Qsc = 5¢1 Qo 1, (2.14)

where ¢; models neutral base width modulation, ny and ng are minority electron den-
sities at the neutral base boundaries or minority carrier injection points, and () g is the
equilibrium base hole charge, as discussed earlier.

(@ Bo 1s modeled as () gy = 75 - Ik, with 75 being the base transit time. In forward operation,
no is approximately proportional to /Iy, thus Qpp is almost independent of I, and so
is the transit time. The same holds for reverse operation as well.

78 The base transit time

2.1.9 Base-charge partitioning

Distributed high-frequency effects [13] are modeled, 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 modeled accurately when all the charges and resistances,
especially in the extrinsic transistor and in the interconnect, are modeled properly. Even
then the intrinsic transistor can have a (small) influence. This is modeled in Mextram
using base-charge partitioning. For simplicity it is only implemented with a single parti-
tioning factor, based on high-level injection. The previously calculated diffusion charges
are changed according to:

Qpc = Xq - (Qpr +KeQr) + Qe (2.15)
Qe — (1 —Xqg) - (Qpr + KeQx) (2.16)

where Xq, represents the amount of the total charge in the base which is supplied by the
collector instead of the base. The value of Xq, in Mextram is set to % by default. The
parameter Kg provides the option to include () in the charge re-allocation; by default its
value is zero.

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

QBIBQ = %VBlBQ (CtE + CBE + CE) . (217)

2.2 Epilayer model

We now describe the physics of the epilayer model, perhaps the most difficult as well as
most important part of Mextram. To effectively use the epilayer model, let us first de-
velop some intuitions on how the internal charge, electric field and electron concentration
distributions respond to current increase for a fixed external CB junction reverse bias,
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a configuration highly relevant in practice. From these intuitions, we introduce various
modes of epilayer operation, namely, ohmic drift, space-charge-region drift (SCR drift),
ohmic quasi-saturation (ohmic QS) and SCR quasi-saturation (SCR QS). For clarity, let
us keep only the intrinsic NPN and the epilayer elements of Fig. 2.

2.2.1 Intuitions of ohmic drift, SCR drift, ohmic QS and SCR QS

Consider fixing the reverse external CB junction bias Vi, g, > 0 and increasing Vp, g, to
increase collector current.

Low CB voltage

Assume V¢, g, 1s low, e.g. 1V, so CB junction field is low, and there is no velocity satura-
tion, at least at low current. The base side of the epilayer is depleted, by a width dependent
on internal bias Vi, 5,=Vi, B,-Ic, ¢y [lepi> as shown in Fig. 5 (a). At low current, the rest
of the epilayer simply behaves as an ohmic resistor, with a resistance dependent on the
width of the charge neutral ohmic drift region. We denote this mode of epilayer operation
ohmic drift.

At a sufficiently high current, the ohmic voltage drop is so large that Vi, 5, becomes
sufficiently negative, corresponding to a forward internal junction bias Vp,c, equal to
built-in potential V4c. CB junction depletion layer disappears, and the whole epilayer
becomes charge neutral, with n = N, as shown in Fig. 5 (b). From ohm’s law, the
current at which ohmic quasi-saturation occurs can be estimated as s ohmic =~ (Vey B, +
Vac)/Rey, with Re, being the maximum resistance when the whole epilayer is ohmic.

With further increase of current, Vp,, essentially stays at Vyc. As Vp,¢, is fixed, epi-
layer voltage drop V¢, ¢, stays the same, a further increase of current is physically made
possible by a decrease of resistance, through shrink of the ohmic drift region width. An
region with significant injection of carriers forms, as shown in Fig. 5 (¢). The drift region
resistance is simply modified to Re, (1 — z;/W,,;). We denote this mode of epilayer oper-
ation as ohmic quasi-saturation. The increase of z; decreases resistance, allowing further
current increase.

At some current, current density reaches ¢/Ng,;Vsq:, the maximum ohmic drift value pos-
sible. Ohmic drift can no longer support further increase of current. Instead, electron
density becomes greater than V., to allow a further current increase. As n > N,;, space
charge region (SCR) forms near the end of the epilayer. The threshold current for this is
denoted as |, in Mextram. This mode is denoted as SCR quasi-saturation, as shown in
Fig. 5 (d). A numerical example of how x; increases with current at a low V> g is shown
in Fig. 6.

High CB voltage

The evolution of epilayer operation mode with increasing current described above occurs
at relatively low external CB junction voltage, in devices with relatively high R¢,, such
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Depletion width, W dep Vg™ Veass ™ lepiRer = Ve
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5 Y n+ 2 —L n+
B B Neutral, ohmic drift
2 — 2 R..=R
epi cv
E(x) E(x)
n(x) n(x)
n=N_ n=N_
(a). Ohmic drift, (b). Onset of ohmic QS,
Iepi < Iqs,ohmic Iepi = Iqs,ohmic
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[ n+ n+
injection | ohmic drift injection| © O O
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n(x) n(x)
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Figure 5: Epilayer state evolution with increasing current at a low Vo p.
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Figure 6: A numerical example of x; /W, as a function of 1c,¢, at a low Vi for a device
with high Rc,

as power devices, where the required /, is small compared to l,,.. This can also be easily
seen from 15 ohmic = (VoyB, + Vac)/Rey-

At higher external CB junction voltage, or in devices with low R¢,, ohmic quasi-saturation
current is higher than |, so that ohmic quasi-saturation never occurs. Instead, once cur-
rent exceeds |, electron density in the CB junction depletion layer exceeds background
doping density V., net charge density reverses polarity, causing a reversal of the electric
field gradient. The whole epilayer has space charge, and electrons drift across the whole
space charge layer at saturation velocity, with a resistance corresponding to that for space
charge limited drift, SCR¢,. We denote this epilayer operation mode SCR drift.

With further current increase, net charge density and hence field gradient increases. The
field at the base end of the epilayer decreases, while the field at the buried layer end in-
creases, to maintain the same total voltage drop. At some point, the field at base/epilayer
junction decreases to a low enough value, 0 in classic treatment, the critical field required
for velocity saturation in Mextram, injection of holes and electrons occur again, often re-
ferred to as “base push-out.” A quasi neutral injection region forms near the base/epilayer
junction, followed by a space charge region. We denote this as SCR quasi-saturation,
which is better known as Kirk effect outside the Mextram world. An illustration of the
operation mode evolution described above is given in Fig. 7. A numerical example of how
x; increases with current at a high Vo152 is shown in Fig. 8.

fr implications

x; 1s at the heart of the epilayer model, with expressions smoothly interpolating between
physics based results obtained for the various ohmic and SCR drift and quasi-saturation
modes described above, and closely relate to R¢,, SCRcy, lnc, and of course, /¢, ¢, and

Veu s, -
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Figure 7: Epilayer state evolution with increasing current at a high Ve .
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Figure 8: A numerical example of x; /W, as a function of I¢,¢, at a high Vep.

The most important consequence of quasi-saturation at high current is a degradation of
fr, primarily due to increased () g from forward biasing of the internal CB junction, and
the extra epilayer injection region charge (.pi. The increase of total transit time due to
Qepi relates to the epilayer transit time tep; by (2;/Wepi)?, as expected from basic minority
carrier diffusion physics.

Fig. 9 illustrates the various modes of epilayer operation overlaid on f; — I curves for
different V-5, which can also be used to help with f7 fitting during parameter extraction.
The peak fr currents are the quasi-saturation onset currents, and can be used to extract
Ihc, SCRCV, and RCv-

x10° hhe SCR LT los
T T T T T T Ot L T T
12F L ]
I, =4mA
R =1500Q L
10- scd —12500 Ohmic Drift B
o SCR'QS
8, -
£
o 1

" Ohmic QS

i
" PRI | " " " PRI | " " " I IR |
0 2 3 ' -2

100 10 10
1®)

Figure 9: Epilayer ohmic drift, SCR drift, ohmic quasi-saturation and SCR quasi-
saturation operation regions overlaied on fr versus I for different Vo p.
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2.2.2 Epilayer resistance - general consideration

This resistance is modeled as a current source /¢, ¢,, but it is also sometimes loosely
denoted as Rc,, 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. In general, 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 z; has a low resistance.

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

* The current flow in the highly resistive region is Ohmic if the carrier density n is
low (n < Ngpi) and space-charge limited if the carrier density exceeds the doping
level Ngpi. In the latter case the carriers move with the saturated drift velocity v,
(hot-carrier current-flow).

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

A compact model formulation of quasi-saturation is given by Kull et al. [14]. The model
of Kull is only valid if the collector current is below the critical current for hot carriers:

Ihe = qupivsatAem- (2.18)

The Kull formulation has served as a basis for the epilayer model in Mextram. In the next
section the model of Kull will be summarized and extended with hot carrier current flow
(see also [15, 16, 17]).

2.2.3 Collector epilayer resistance model
The model of Kull is based on charge neutrality (p + N, ~ n) and gives the current
I¢, ¢, through the epilayer as a function of the internal and external base-collector biases.

These biases are given by the solution vector of the circuit simulator. The final equations
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of the Kull formulation are [14]

Icic, = EJ;{—Z}C“CQ (2.19a)
E.=Vr [ng —2pw —In (]iovill)} , (2.19b)
po = 3/1+4 exp[(Ve,c, — Vo) /Va] - 4, (2.19¢)

pw = é\/l +4 exp[(Veac, — Vao)/Vr] — 5. (2.19d)

The voltage source E., takes into account the decrease in resistance due to carriers injected
from the base into the collector epilayer. If both junctions are reverse biased (Vg,c, < V4,
and Vp,c, < Vgq.) then E, is zero and we have a simple constant resistance Rc,. Therefore
this model does not take into account the hot-carrier behavior (carriers moving with the
saturated drift-velocity) in the lightly-doped collector epilayer.

The model is valid if the transistor operates in reverse mode, which means negative collec-
tor current /¢, ¢,. Normally this happens when the base-emitter junction is reverse biased
and the base-collector junction is forward biased. The entire epilayer then gets filled 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 SCRc,. Furthermore, the Kull model as described above, is not smooth enough
(higher derivatives contain spikes) [16]. Mextram uses the following scheme in forward
mode.

* Calculate /¢, ¢, from the Kull model, Eq. (2.19), using the junction biases Vg, c,
and Vg, ¢, given by the circuit simulator.

* Calculate the thickness z;/W,; of the injection region from the current, now in-
cluding both Ohmic voltage drop and space-charge limited voltage drop

Vdc_VB201 % Vdc_VBgcl+SCRCV Ihc(l_'xi/Wepi)
SCRCv (1_xi/Wepi)2 VdC_VBQCl + RCV Ihc
The resulting thickness z; will be different from that of the Kull model alone. In the

implemented formulation we made sure that the equation does not lead to negative
x;/Wepi, by using a smoothing function with parameter a,,.

[C1C'2 = : (220)

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

X

Wepi

po +pw +1

[CC RCV:ECZQVT p*—pw I EE—— (221)
102 ( 0 ) v i Pw )

The approximation is such that both for very small and for very large p; and py
it gives the correct results, while in the intermediate regime it is off by maximally

5%.
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From z;/Wepi, Ic,c,, and pys we can therefore calculate p, the hole density at the
internal base-collector junction. The * is used to denote the difference between p
calculated here and p, from the Kull model, calculated in Eq. (2.19).

* From p; we can calculate the physical value of the internal base-collector bias
VB, Co-
* This physical internal bias is smooth and contains all effects we want to include. It

can therefore be used for the main current / in Eq. (2.1), for the diffusion charge
@ sc and for the epilayer charge Qep;.

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 carriers injected from the base if only the internal
base-collector junction is forward biased (quasi-saturation) and if both the internal
and external base-collector junctions are forward biased (reverse mode of opera-
tion).

We have used a different formulation for reverse mode (/¢,¢, < 0) and forward mode
(Icyc, > 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 this region.

The model parameters are:

V. Built-in voltage of the base-collector junction (also used in the depletion
capacitance ();,)

Ihe Critical current for hot carrier behavior

Rev Ohmic resistance of the total epilayer

SCR¢, Space-charge resistance of the epilayer
Ay, Smoothing parameter for the onset of quasi-saturation

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 [15]. Therefore we present the scaling
formula here for the parameters of the epilayer model. Other parameters need to be scaled
too of course. (See table 3 for the meaning of some of the quantities.)

Vo = Vr In (Ng:/nf) | (2.22)

Ihc = qupiAemUsat (1 + SfL)Q; (223)
Weni 1

Rev = = : 2.24

¢ qupiNAem (1 + SfL)2 ( )
Wezpi 1

SCRey = (2.25)

2eVsat Aem (1 + S )?
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The emitter area and the low and high-current spreading factors can be given as function
of the emitter length L., and width H,,:

Aem = HemLem, (2.26)
1 1
=t Wepi | = , 2.27
Sp, = tan (o) Wep (Hem + Lem> (2.27)
1 1
Sty = % tan (o) Wepi <H_ + 7 ) : (2.28)

Here « is the spreading angle at low current levels (I, ¢, < Inc) and o, is the spreading
angle at high current levels (I, ¢, > Inc). Note that Sy is in principle equal to the current
spreading factor Sgy used in the high-current avalanche model.

2.2.4 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:

Iy, =y (iaenl¥r — Viacs V1) o (2.29)
eri
Using the expressions from the epilayer current model this can be rewritten to
2 VT ZT; «
eri = Tepi R_Cv ij (po +pw + 2) (2.30)

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

W2 . RC 2
L ep1 — A Vd /VT
Tepi 4Dn Is QBO (2 VT) € "¢ . (231)

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

Tepi  Iransit time of the epilayer

2.2.5 Avalanche multiplication model

The default avalanche model is a semi-empirical model based on local impact ionization
theory [18], but parameterized so that the model can be used for modern devices where
non-local impact ionization is significant [19]. The avalanche factor G g, is given by:

A,
vt = B : ' eXp(_Bavl QOCaVI)’ (2.32)
In
Y= (VdcaV| + VC2B1) eXp(_ ITO |)> (233)
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where A,ui, Bavi, Cavis Vdcaus IT0avi are model parameters. Temperature scaling is modeled
through B,,,, with a linear dependence on temperature. The 504 avalanche model can be
used by setting a switch SWAVL = 2.

The parameters in the default avalanche model (SWAVL = 1) are:

Auui ionization rate coefficient A of Gz when SWAVL = 1

Bavi ionization rate coefficient B of GGy, when SWAVL = 1

Caui exponent in G gy model when SWAVL = 1

Vaca  CB diffusion voltage dedicated for G gy model when SWAVL = 1
ltoaw  current temperature parameter of avalanche when SWAVL = 1
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2.3 Extrinsic regions

2.3.1 Reverse base current

The reverse base current is affected by high injection and partitioned over the two external
base-collector branches (with parameter Xe,:).

2 lpx (eVB104/VT _ 1)

1_|_ \/1+4 IB_X evB1C4/VT
lkex

Iy = (2.34)

The current X/, is calculated in a similar way using Vpc,. As the convergence may be
affected by this partitioning, it is an optional feature (with flag EXMOD).

The parameters are:
Iex  Saturation current of ideal reverse base current [
Ikex Knee current of ideal reverse base current /.,
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 depleted base-
collector region:

I, = lg, (e¥Br0a/muVr _ 1), (2.35)

The parameters are:
Isr  Saturation current of the non-ideal reverse base current /p,.
m;, Non-ideality factor of the non-ideal reverse base current /.

2.3.3 Extrinsic base-collector depletion capacitance

The base-collector depletion capacitance of the extrinsic region is divided over the external-
base node (charge: X().x), and the internal-base node B; (charge: ()i.). The partitioning
is important for the output conductance Y75 at high frequencies. The model formulation is
obtained by omitting the current modulation term in the formulation of (), in Eq. (2.11)

theX 1-— X
ex = (1 — Xexe) (1 — XC; )G P X, ), (236
Ct dVBlc4 ( t)< Jc> Je <(1 - VB1C4/Vdc)pC + p) ( )
dXQtex 1- Xp
XCiex = = Xext (1 —XC;) C; Xs | . 2.37
t dVBC3 t ( JC) JC ((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 ()pc and ()epi, and depend on the bi-
ases Vp,c, and Vpc,. The corresponding transit time should be the sum of 7z and 7,
multiplied by the ratio of the corresponding surfaces.

7r  Reverse transit time of the extrinsic regions

2.3.5 Parasitic Base-Collector-Substrate (BCS) transistor

The main current of the parasitic Base-Collector-Substrate (BCS) transistor is described
by:
2lser (6VBlc4/VT _ eVSC4/VT)

sub |
1+ \/1 + 4 2> ¢Veiey/Vr
IksT

(EXSUB=1) . (2.38)

High injection is simpled modeled with a knee current. When EXMOD = 1 the substrate
current is partitioned over the constant base resistance, just as /ey.

The reverse SB component of the main current of the parasitic BCS transistor depends on
Vsc, in Eqn. (4.72a). The counterpart in X I3, depends on Vsc,. Early- and reverse high
current effects are not taken into account in the parasitic BCS transistor. The Vgc,- and
Vsc,- dependent components of the substrate currents are by default turned on, and can
be turned off by setting EXSUB = 0.

EXSUB Flag for extended modeling of substrate currents

lss Substrate saturation current

lks Knee in the substrate current

lcse Collector-substrate ideal saturation current
Acb Temperature coefficient of lcgs

2.3.6 Collector-substrate depletion capacitance.

The collector-substrate capacitance C; is modeled in the usual way

dQu C,
dVse, (1= Vsc, /Vas)Ps

Cig (2.39)

The parameters used are

Cj; Zero bias collector-substrate depletion capacitance
Vg4  Collector-substrate built-in voltage
ps  Collector-substrate grading coefficient

2.3.7 Constant overlap capacitances

The model has two constant overlap capacitances.
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Cgeo Base-emitter overlap capacitance
Csco Base-collector overlap capacitance

2.4 Resistances

2.4.1 Constant series resistances

The model contains constant, though temperature dependent, series resistors at the base,
emitter and collector terminals. The resistances of the buried layer underneath the transis-
tor are represented by two constant, temperature dependent resistances Repiand Repyi; see
also ref. [20] . Note that the substrate resistance is not incorporated in the model itself
but should be added in a macro model or sub-circuit since it depends on the layout.

Re Constant emitter resistance

Rg.  Constant base resistance

Rce  Collector Contact resistance

Reoix  Resistance Collector Buried Layer: extrinsic part
Repi Resistance Collector Buried Layer: intrinsic part

The buried layer resistances have default values of zero. Resistance values very close
to zero are known to form a potential threat to convergence however. To exclude the
possibility that the resistances of the buried layer take such small values during the con-
vergence process due to temperature effects, the lower clipping value for the temperature
coefficient Ay of the resistances Rcpix and Rcyj; has been set to zero.

In case one of R¢pix and Reyy; vanishes, the corresponding node (C's and or C}) effectively
is removed 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.

2.4.2 Variable base resistance

The base resistance is divided in a constant part Rg. (see previous section) and a variable
part, loosely denoted by Rp, but formally given by Ip,5,. The parameter Rg, 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 densities it decreases due to the diffusion charges () zr and ) g¢, just as the main
current:

Rb = RBV/qB. (240)

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, s, 1s nega-
tive (reversal of the base current):

2Vr

I _ VB1B2
BB = 3R,

3Ry

(eVBle/VT _ 1) + (2.41)
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The AC current crowding is an optional feature of the model (EXPHI = 1) and has been
described earlier.

Rg, zero bias value of the variable base resistance

2.5 Modeling of SiGe and possibly other HBT’s

The most important difference between SiGe and pure-Si transistors is the difference be-
tween the total base hole charge (used for charges and for Rg,) and the Gummel number
(used in the main current). Its precise behavior is important when the gradient of the
bandgap is non-zero. In that case we have a different normalized base ‘charge’ ¢% for the

current:
dE - dE
exp ({% + 11 ﬁ) — exp ( VWC ﬁ)
B = = i of T/ (2.42)
exp (7‘%) -1
T
Normally one would write dE, /kT" in these formulas. However, the value of dE, is given

in electron-Volt. This means we need to correct with ¢, the unity charge. It is then correct
(at least in value) to divide dE; 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 a formulation that
describes this effect and also the increase of the base current in quasi-saturation, due to
Auger recombination. The ideal base current then is:

IBl = IB|[ (1 - Xrec) (eVB2E1/NBIVT — 1)

+ Xrec <€VB2E1/NB'VT + "B/ VT 2) (1 + %)] : (2.43)

Note that the parameter X,.. can be larger than 1.

dE; Gradient of the bandgap in the intrinsic base times its width
Xiec Pre-factor of the recombination part of the ideal base current

2.6 Miscellaneous

2.6.1 Temperature scaling rules

The Mextram model contains extensive temperature scaling rules (see section 4.6). The
parameters in the temperature scaling rules are:
Veer Vees Vess Vs Ve Veox> AVens Vezers Veacs Bandgap voltages
AE, AB’ Aepia Aexa Ac, Acx, ACbI’ As, Asuba AVgEB7 AVgCB’ MOblllty exponents
Tvges, Tvgcs, INFFs INFR
AQqg, Exponent of zero bias base charge
A Exponent of thermal resistance
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The temperature rules are applied to the avalanche constant B,, and to the following pa-
rameters:

. s s
Saturation and knee currents s, Iss, lcss, Ik, lkss lB15 13)5 1855 Irs 13¢5 Isigrels 18X lkBx

Non-ideality factor Neg, Ner, myis,

Early effect modeling Ver, Vet

Resistances Re. Ree, Rev, Rees Rebixs Reiis Rev
Capacitances Cie» Cies Cis» Vg, Ve, Vs, Xp
Transit times TE, T8> Tepi> TR

Thermal resistance Rin

Tunneling l.eg, NzeB, lzcB, Nzce

2.6.2 Self-heating

Self-heating is part of the model (see section 4.13). It is defined in the usual way by
adding a self-heating network containing a current source describing the dissipated 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 self heating are independent. This
is discussed in Ref. [4]. The local ambient temperature is increased as:

ﬂocal ambient — Tglobal ambient T DTA.

Dynamic self-heating gives an extra and independent contribution:

Tdevice - ﬂocal ambient T (AT)dynamiC heating )
where (AT)dynamic heating 1S given by Vyr, the voltage at the temperature node of the self-
heating network shown in Fig. 11.

The temperature dependence of the thermal resistance is taken into account. At large
dissipation, the relation between dissipation and temperature increase becomes non-linear.
This can be implemented in a sub-circuit [21].

Ry, Thermal resistance
Cin  Thermal capacitance

2.6.3 Noise model

Noise is included in various branches of the model:

Thermal noise : resistances Rg, Rgc, Rce, Rebixs Rebiis
and variable resistance Rpg, [22]
Shot noise : Iy, Ip,, Ijgl, Ip,, Ipy, Iex, Xlox, Isun, and Xlgyp,

1/fnoise [23] : Ip,, I}, Ip,, In,, Iex, XIex and Lipp

Avalanche multiplication (due to impact-ionization) also adds noise [24]. This effect can
be switched on or off by using the parameter K,,;. Physically, it should be on: K,,; = 1.
For increased flexibility K, is allowed to have other values between 0 and 1; values
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greater than 1 are excluded because those could lead to a noise-correlation coefficient, for
collector and base current noise, greater than 1.

A¢  Exponent of the current dependence of the 1/ f noise

K¢ Pre-factor of the 1/ f noise

Kiv  Pre-factor of the 1/ f noise in the non-ideal base current
K, 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 modeling : 33
Reverse current modeling (including BCS) ;10
Extra parameters used only in charge modeling : 24
Temperature scaling model 227
Self-heating 22
Noise model 27
HBT options 2
General parameters (level, flags, reference temperature) : 10
Parasitic resistances 6
Total : 121

Of the parameters mentioned above, XCj., XCj., and X, are specially dedicated to geo-
metrical scaling (other parameters scale too of course). A scaling model itself, however,

is not part of Mextram.

2.7 Comments about the Mextram model

2.7.1 Not modeled within the model

Mextram does not contain a substrate resistance. We know that this substrate resistance
can have an influence on transistor characteristics. This is mainly seen in the real part
of Y5,. For optimum flexibility we did not make it a part of the model itself, because
in the technology it is also not part of the transistor itself. It depends very much on the
layout. The layout in a final 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.

2.7.2 Possible improvements

The forward current of the parasitic Base-Collector-Substrate (BCS) transistor is modeled.

Up until and including Mextram 504.9, Mextram did not contain a full description of the
reverse current of the BCS since it was believed not to be relevant to circuit designers.
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Mextram 504.10 introduced a reverse (SB) component of the main current of the parasitic
transistor. Early- and reverse high current effects are not taken into account in the parasitic
BCS transistor.

The output conductance d/-/dVcg at the point where hard saturation starts seems to be
too abrupt for high current levels, compared to measurements. At present it is not possible
to improve this, without losing some of the other features of the model.

The clarity of the extrinsic current model describing X/, and X/, 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 simulation depends not only on the performance of the transistor
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 simulation 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. There-
fore we need depletion capacitance (CV), terminal currents versus voltages (DC) and
high-frequency measurements (S-parameters). Important is that these measurements are
done over a large range of collector, base and emitter biasing conditions. This greatly
improves the accuracy of the parameters. The number of data points in 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 simulator [25]. This method greatly
enhances the efficiency and user-friendliness of parameter extraction.

The general extraction strategy [25] is to put the parameters in 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 parameters is given in the following table:

Base-emitter capacitance : G, Vg, PE
Base-collector capacitance i G, pes Xp
Collector-substrate capacitance . G, Vs, Ps
Zener tunneling current parameters: reverse biased EB junction : |,gg, Ngg
Zener tunneling current parameters: reverse biased CB junction : l,cg, N,cg
Avalanche at small collector currents, high Viop : Aav Bau Cauls
Vdcavis TBavl
Avalanche at high collector currents N Y
Reverse Early effect © Ve
Forward Early effect © Vs
Forward Gummel /. © s, Neg, Ik
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Forward Gummel /5

Reverse Gummel /5
Reverse Gummel /5 and Ig;5

Giacoletto method
From forward Gummel plot at large Vg,

Y -parameters, or scaling
Substrate current in hard saturation

Geometry scaling
Temperature scaling

Decrease of Vg for constant I at high Vg
Collector current up to high Vg

From the fall-of of h¢ and fr at high currents
From the fr vs. I¢

Mextram definition document

lar, 12, Igf, I3
Bl> Ig|» IBfs Ipf»

S S
Ngi, NB|’ mys, My

Ner

lex, lkex, lBrs MLy,
ISs, ICSs» Iks

Re

RBC’ RBV
RCC

XCie, XCj.

Temperature parameters.

Rih

li
RCV9 Vdc
SCRcy, lhe, Te, T8,

Tepi» (mT, mc, axi)
Reverse Gummel plot at large V¢ t Xext

Output conductance as function of frequency : Cy,

The first step in the determination of parameters is to generate an initial parameter set. An
accurate calculation of the epilayer related parameters [see Egs. (2.22)—(2.28)] prevents a
lot of trouble and improves the convergence 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 XC;., XC;. and Xlg, are determined from geo-
metrical scaling rules. The same is true for the overlap capacitances Cggo and Cgco.

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 this region is accurately modeled. It is nearly impossible to get accurate
results for the variable part of the base resistance from DC measurements. Therefore
either Rg, is calculated from scaling information, or the resistances are extracted from
S-parameters [26].

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 Rc,,
SCRcy, lhe, 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
l, is extracted from the collector current at high Vg in the output characteristic (I versus
Veg at constant ). At sufficient high V¢ 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 optimized by extracting R¢, and V..
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We can use the measured output characteristics or /- and /g 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 SCR¢,, |, and the transit times parameters are extracted from f7. The hot-
carrier current lp. should be the collector current beyond the top of the fr. The spacing
between the different maxima of the fr curves for currents around Iy, is determined by
Rcv and SCR¢,. These three extraction steps have to be repeated once or twice to get a
stable parameter set.

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 (V¢ = 0.2V), or one can calculate it according to Eq. (3.1):

1 — XCie

XC, (3.1)

TR = (TB + Tepi)

The two SiGe parameters can be determined as follows. The bandgap difference dE,
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 X .

Zener tunneling current model

The model for Zener tunneling current in the emitter-base junction shares a model for the
electric field with the emitter base depletion capacitance model. Therefore the Zener tun-
neling current has dedicated parameters |,eg and N,gg, but shares the parameters Vg, pe
with the depletion capacitance model. Depletion capacitance parameters should therefore
be extracted before extraction of the dedicated Zener tunneling current parameters |,gg
and NzEB-

The collector-base junction model for Zener tunneling current is similar to the one in
emitter-base junction. |,cg and N,cg are dedicated Zener tunneling parameters, Vg ctc, Pc
are shared with the depletion capacitance model.
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4 Formal model 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 is also 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 a few 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 modeling features are discussed, such as the extended
modeling of the reverse current gain, the distributed high-frequency effects and hetero-
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 elements of Mextram

Mextram has the following somewhat independent parts.

Parameters

The set of parameters consists of the following classes: the model-definition parameters
like VERSION and the three flags; the electrical parameters; the temperature scaling pa-
rameters; 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. This temperature scaling can in general be performed in preprocessing. The noise
parameters are extra parameters use to calculate 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 sense it is a very simple 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 ambient tempera-
ture. This is due to power dissipation of the transistor itself. When taking self-heating
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into account (this is an optional 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.

Clipping

After temperature-scaling it is possible that some parameters are outside a physically
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 equations it is also possible to derive a small-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
charges in the model. The charges are 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 formulation is needed in the DC model, e.g. the curvature
of the depletion charges determines the bias-dependent Early effect.

Noise equations

The noise equations describe the current noise sources that are parallel to some of the
equivalent circuit elements. Only shot-noise, thermal noise and 1/ f-noise is modeled.
Operating point information

When the transistor is biased in a certain way, it is sometimes convenient to gain some
insight in the internal state of the model. This is possible via the operating point infor-
mation. This information contains all the internal biases, currents 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.
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Embedding for PNP transistors

All the equations that will be given are for NPN transistors. 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 quantities to clarify the structure of the equa-
tions:

Ve > Rey Parameters
Vaer » Reyr Parameters after temperature scaling
VB,E, » VB,c, Node voltages as given by the circuit simulator
Ic,c, » Vi,c, Calculated quantities

When a previously calculated quantity needs to be changed this is denoted as

(new value) — (expression using previous values) 4.1)

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 contains the parameter name as used in the implemen-
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 a logical way. First we
have some general 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. MULT and DTA are implemented as instance parameters instead of model
parameters.

The parameters denoted with a ‘x” are not used in the DC model.

# symbol name  units description

1 DTA dta °C  Difference between local ambient and global ambient tem-
Peratur353 irlocal ambient — Tglobal ambient T DTA

2 MULT mult —  Multiplication factor

3 VERSION version —  Model version

4 TYPE type —  Flag for NPN (1) or PNP (-1) transistor type

5 Tt tref °C  Reference temperature. Default is 25°C

6 EXMOD exmod —  Flag for extended modeling of the reverse current gain

7  EXPHI exphi — «xFlag for distributed high-frequency effects in transient

8 EXAVL exavl —  Flag for extended modeling of avalanche currents

9 EXSUB exsub —  Flag for extended modeling of substrate currents
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# symbol name units description

10 g is A CE saturation current

11 Ngf nff —  Non-ideality factor of forward main current

12 Ngg nfr —  Non-ideality factor of reverse main current

13 Iy ik A CE high injection knee current

14 Vg ver V  Reverse Early voltage

15 Vg vef V  Forward Early voltage

16 g ibi A Saturation current of ideal base current

17 Ng nbi —  Non-ideality factor of ideal base current

18 I3 ibis A Saturation current of ideal side wall base current

19 N3, nbis —  Non-ideality factor of ideal side wall base current

20 g ibf A Saturation current of non-ideal forward base current

21 my¢ mlf —  Non-ideality factor of non-ideal forward base current

22 I3 ibfs A Saturation current of non-ideal side wall forward base cur-
rent

23 mp; mlfs —  Non-ideality factor of non-ideal side wall forward base cur-
rent

24 Igx ibx A Saturation current of extrinsic reverse base current

25  lgx ikbx A Extrinsic CE high injection knee current

26 g, ibr A Saturation current of non-ideal reverse base current

27  my, mlr —  Non-ideality factor of non-ideal reverse base current

28  Xext xext —  Part of Iy, Qtex, Qex and Iy, that depends on Vpc, instead
of VBlc 4

29 kg izeb A Pre-factor of emitter-base Zener tunneling current

30 Nyp nzeb —  Coefficient of emitter-base Zener tunneling current

31 I, izcb A Pre-factor of CB Zener tunneling current

32 N,cp nzcb —  Coefficient of CB Zener tunneling current

33  SWAVL swavl —  Switch of avalanche factor G, model

34 A,y aavl — aavl of swavl = 1 G, model

35 Cuu cavl —  cavl of swavl = 1 G model

36 |ltoav itoavl A Current dependence parameter of swavl = 1 G'gj; model

37 By bavl —  bavl of swavl = 1 Gz model

38 Vycav vdcavl V  CB diffusion voltage dedicated for swavl = 1 Gg»; model

39 W, wavl m  Epilayer thickness used in weak-avalanche model

40 V., vavl V  Voltage determining curvature of avalanche current

41 Sy sth —  Current spreading factor of avalanche model (when
EXAVL = 1)

42  Rg re () Emitter resistance

43 Regc rbc 2 Constant part of base resistance

44  Rp, rbv ) Zero-bias value of variable part of the base resistance

45  Rce rcc 2 Constant part of collector resistance

46  Rcpix rcblx 2 Resistance of Collector Buried Layer: eXtrinsic part

47  Rcpii rcbli Q Resistance of Collector Buried Layer: Intrinsic part

38
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# symbol name units  description
48 Re, rcv ) Resistance of un-modulated epilayer
49  SCRc¢, screv 2 Space charge resistance of epilayer
50 Iy ihc A Critical current for velocity saturation in the epilayer
51 ay axi —  Smoothness parameter for onset of quasi-saturation
52 Vg vdc V  CB diffusion voltage
53 G cje F  «xZero-bias EB depletion capacitance
54 Vg, vde V  EB diffusion voltage
55 pe pe —  EB grading coefficient
56  XC, xcje — xSidewall fraction of the EB depletion capacitance
57 Cgeo cbeo F «EB overlap capacitance
58 C; cjc F  «Zero-bias CB depletion capacitance
59 Viccte vdcctc V  CB diffusion voltage of depletion capacitance
60 pc pc —  CB grading coefficient
61 SWVCHC swvchc —  Switch of V,;, for CB depletion capacitance
62 SWVJUNC swvjunc —  Switch of Vj,,. for CB depletion capacitance
63 X, Xp —  Constant part of C;,
64 mc mc —  Coefficient for current modulation of CB depletion capaci-
tance
65 XGj, Xcjc — xFraction of CB depletion capacitance under the emitter
66 Cgco cbco F  «CB overlap capacitance
67 m, mtau — xNon-ideality factor of emitter stored charge
68 taue s *Minimum transit time of stored emitter charge
69 8 taub s  *Transit time of stored base charge
70 Tepi tepi s xTransit time of stored epilayer charge
71 1R taur s  xTransit time of reverse extrinsic stored base charge
72 dEg deg eV Bandgap difference over the base
73 Xrec Xrec —  Pre-factor of recombination part of I,
74 Xqg xgb —  Emitter-fraction of base diffusion charge
75 Kg ke — xFraction of Qg in excess phase shift
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# symbol name units description
76 Aqg agbo —  Temperature coefficient of zero-bias base charge
77  Ag ae —  Temperature coefficient of resistivity of emitter
78 Ag ab —  Temperature coefficient of resistivity of base
79 Agpi aepi —  Temperature coefficient of resistivity of epilayer
80 A aex —  Temperature coefficient of resistivity of extrinsic base
81 Ac ac —  Temperature coefficient of resistivity of collector contact
82 Acx acx —  Temperature coefficient of extrinsic reverse base current
83  Acp acbl —  Temperature coefficient of resistivity of collector buried
layer
84 Vg, vgb V  Band-gap voltage of base
85 Vg vge V  Band-gap voltage of collector
86 Vg vge V  Band-gap voltage of emitter
87 Vg vgex V  Band-gap voltage of extrinsic collector
88 Vg vgj V  Band-gap voltage recombination EB junction
89 Vges vgzeb V. Band-gap voltage at T}..; for EB tunneling
90 Avges avgeb V/K Temperature coefficient of band-gap voltage for EB tunnel-
ing
91 Tvges  tvgeb K  Temperature coefficient of band-gap voltage for EB tunnel-
ing
92 Vg,ce vgzcb V. Band-gap voltage at T, for CB tunneling
93 Ay,ce avgeb V/K  Temperature coefficient of band-gap voltage for CB tunnel-
ing
94 Ty,  tvgeb K  Temperature coefficient of band-gap voltage for CB tunnel-
ing
95  dVg, dvgte V  «Band-gap voltage difference of emitter stored charge
9 dA, dais —  Fine tuning of temperature dependence of C-E saturation
current
97  tnEE tnff /K Temperature coefficient of Npp
98  tner tnfr /K Temperature coefficient of Ngg
99  Tgau tbavl —  Temperature scaling parameter of B,,; when swavl=1
100 A af — «xExponent of Flicker-noise of ideal base current
101 Ay afn — +Exponent of Flicker-noise of non-ideal base current
102 K¢ kf — xFlicker-noise coefficient of ideal base current
103 Ky kfn — xFlicker-noise coefficient of non-ideal base current
104 K,y kavl — *Switch for white noise contribution due to avalanche
105 Kc kc — xSwitch for RF correlation noise model selection
106  Fiaun ftaun — «Fraction of noise transit time to total transit time
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# symbol name units description

107 g i8S A Saturation current of parasitic BCS transistor main current

108 lcss icss A CS junction ideal saturation current

109 | iks A Knee current for BCS transistor main current

110 G cJs F  xZero-bias CS depletion capacitance

111 Vg vds V  xCS diffusion voltage

112 ps ps — *CS grading coefficient

113 Vg vgs V  Band-gap voltage of the substrate

114 Ag as —  For a closed buried layer: As = Ac, and for an open buried
layer: As = Aqpi

115 A asub —  Temperature coefficient for mobility of minorities in the
substrate

116 Ry rth K/W  Thermal resistance

117 Cy, cth J/K «Thermal capacitance

118 Ay ath —  Temperature coefficient of thermal resistance

119  lsigrel isibrel A Saturation current of base current for reliability simulation

120 Ngpgres nfibrel —  Non-ideality factor of base current for reliability simulation

121 Gpin gmin —  Minimum conductance
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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 clip low clip high
1 DTA dta 0.0 - -
2 MULT mult 1.0 0.0 -
3  VERSION version | 505.00 - -
4 TYPE type 1.0 -1 1
5 Tt tref 25.0 —273 -
6 EXMOD exmod |1 0 2
7  EXPHI exphi 1 0 1
8 EXAVL exavl 0 0 1
9 EXSUB exsub |1 0 1
10 g is 22.0-107% 1 0.0 -
11 NFF nff 1.0 0.1 -
12 Ngr nfr 1.0 0.1 -
13 Iy ik 0.1 1.0 - 10712
14 V. ver 2.5 0.01 -
15 Vg vef 44.0 0.01 -
16 g ibi 0.1-107%® 10.0 -
17 NB| nbi 1.0 0.1 -
18 I3 ibis 0.0 0.0 -
19 Ng nbis 1.0 0.1 —~
20 lgf ibf 2.7-1071% ] 0.0 -
21 mis mlf 2.0 0.1 —
22 I3, ibfs 0.0 0.0 -
23 mp mlfs 2.0 0.1 —~
24 Igx ibx 3.14-107% | 0.0 -
25  lex ikbx 14.29-1072 | 1.0- 1072
26 g, ibr 1.0-107* | 0.0 -
27  my, mlr 2.0 0.1 —
28 Xext xXext 0.63 0.0 1.0
29 g izeb 0.0 0.0 -
30 Ngp nzeb 22.0 0.0 -
31 izcb 0.0 0.0 -
32 N, nzcb 22.0 0.0 -
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# symbol name default clip low clip high
33  SWAVL swavl 1 0 2
34 A aavl 400.0 0.0 -
35 C,u cavl -0.37 — -
36 ltoav itoavl 500 - 1073 0.0 -
37  B.u bavl 25.0 0.0 -
38  Vgcav vdcavl | 0.1 — -
39 W,y wavl 1.1-1076 1.0-1077 -
40 V., vavl 3.0 0.01 -
41 S sth 0.3 0.0 -
42  Rg re 5.0 1.0-107% -
43  Rgc rbc 23.0 1.0-107% -
44  Rpg, rbv 18.0 1.0-107% -
45 Rcc rcc 12.0 1.0-107% -
46 RCbe rcblx 0.0 0.0 -
47 Rcpii rcbli 0.0 0.0 -
48 Rcy rcv 150.0 1.0-107° -
49  SCRc, screv 1250.0 1.0-107% -
50 |y ihc 4.0-1073 1.0 - 10712
51  ay axi 0.3 0.02 -
52 Vg, vdc 0.68 0.05 -
53 G, cje 73.0-107% | 0.0 -
54 Vg vde 0.95 0.05 -
55 pe pe 0.4 0.01 0.99
56  XCj, xcje 0.4 0.0 1.0
57 CBEO cbeo 0.0 0.0 -
58 C; cjc 78.0-107% | 0.0 -
59 Vicete vdcctc 0.68 0.05 -
60 pc pc 0.5 0.01 0.99
61 SWVCHC swvchc | 0 0 1
62 SWVJUNC swvjunc | 0 0 2
63 X, Xp 0.35 0.0 0.99
64 mc mc 0.5 0.0 1.0
65 XC, xcje 32.0-107% | 0.0 1.0
66 Cgco cbco 0.0 0.0 —
67 m, mtau 1.0 0.1 -
68 T taue 2.0-10712 0.0 -
69 18 taub 4210712 0.0 -
70 Tepi tepi 41.0-1072 1 0.0 -
71 1 taur 520.0-107'2 | 0.0 -
72 dEg deg 0.0 — -
73 Xiec Xrec 0.0 0.0 -
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# symbol name | default clip low clip high
74 Xqg xqb 1/3 0.0 1.0
75 Kg ke 0.0 0.0 1.0
76 Aqg, agbo | 0.3 - -
77 A ae 0.0 - -
78 Ag ab 1.0 - -
79 Aepi aepi | 2.5 - -
80 A aex 0.62 - -
81 Ac ac 2.0 - -
82 Acx acx 1.3 - -
83  Acp acbl 2.0 0.0 -
84 Vg vgb 1.17 0.1 -
85 Vg vge 1.18 0.1 -
86 Vg vge 1.12 0.1 -
87 Vg vgex | 1.125 0.1 -
88 Vg vgj 1.15 0.1 -
89  Vg.eB vgzeb | 1.15 0.1 -
90 Avges avgeb | 4.73-107* - -
91 Tyges  tvgeb | 636.0 0.0 -
92 Vg,cB vgzeb | 1.15 0.1 -
93  Av,ce avgeb | 4.73-107* - -
94 TVgCB thCb 636.0 0.0 -
95 dVg,  dvgte | 0.05 - -
96 dA, dais | 0.0 - -
97 INEE tnff 0.0 - -
98 INER tnfr 0.0 - -
99  Tgau tbavl | 500 - 1076 - -

100 A af 2.0 0.01 -
101 Am afn 2.0 0.01 -
102 Kg¢ kf 20.0-107* | 0.0 -
103 Ky kfn 20.0-107* | 0.0 -
104 K,y kavl | 0% 0¥ 1
105 Kc ke 0 0 2
106  Fiaun ftaun | 0.0 0.0 1.0
107 s iss 48.0-107® 0.0 -
108  lcss icss 0.0 0.0 -
109 |y iks 545.5-107¢ | 1.0-107*2

110 G cjs 315.0-107* | 0.0 -
111 Vg vds 0.62 0.05 -
112 ps ps 0.34 0.01 0.99
113 Vg vgs 1.20 0.1 -
114 As as 1.58 - —
115 A asub | 2.0 - -
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# symbol name | default cliplow clip high
116 Ry, rth 300.0 0.0 -
117 Cy cth 3.0-107% | 0.0 -
118 A ath 0.0 - -
119 lsigrel isibrel | 0.0 0.0 -
120 NFIBreI nfibrel | 2.0 0.1 —
121 Gmin gmin | 1.0-1071 | 0.0 1.0-1071°

TThe physical and therefore recommended value is K, = 1.
fPlease note that a value of Cih = 0 often leads to incorrect results, see Sec. 4.13.
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4.4 Model constants

k = 1.3806226 - 1072 JK! 4.2)
g = 1.6021918 - 1072 C (4.3)

k
(E) = 0.86171-107*V/K (4.4)
Vajow = 0.05V 4.5)
a;, = 3.0 (4.6)
aj = 2.0 4.7)
ajs = 2.0 (4.8)

When SWAVL = 2, constants A,, and B,, for impact ionization depend on the transistor

type:
For NPN:
A, =7.03-10"m™* (4.9)
B,=123-10Vm™! (4.10)
For PNP:
A, =158-10m™* 4.11)
B, =204-10Vm! (4.12)

The default reference temperature T ¢ for parameter determination is 25 °C.

4.5 MULT-scaling

The parameter MULT may be used to put several transistors in parallel. This means that 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

ls, e, | | | | e, 13, 13, | | | |

S ks kBX Bf, Br; BX; Bl BI>» Bf» hc) Ssy CSs)y ks

IZE57 IZC87 ISIBreI; I'I'Oavl

ngv Cjca sta CBEOa CBC07 Cth (413)
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The following parameters are divided by MULT
Re, Ree; Rey, Rce;, Rebi,  Rebii, Revs SCRey, R (4.14)

The flicker-noise coefficients are scaled as
K¢ — K¢ - MULT! A (4.15)
Ky — K¢N - MULT!AM (4.16)
4.6 Temperature scaling

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

Conversion to Kelvin

Note the addition of the voltage V41 of the thermal node (see Sec. 4.13).

Ty = TEMP + DTA + 273.15 + Vyr (4.17a)

Tomp = TEMP 4+ DTA 4 273.15 (4.17b)

Tri = Tief +273.15 (4.18)
Tk

thn = —— 4.19

NE T (4.19)

Thermal voltage

Vir = <§) Tk (4.20)
k
Vi, = (E) Tri (4.21)
1 1 1

- = 4.22
Var  Vr Vi, (422
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Depletion capacitances

Instead of V4., V4.ctc 18 used for depletion capacitance. Thus the junction diffusion volt-
age can be controlled separately in epilayer and depletion region. V., Vg, Vg, and Vg cic
with respect to temperature are

Ugyr = —=3Vp Inty + Vg tn + (1 —tn) Vg (4.23a)
Vier = Uayr + Ve In{1 + exp[(Vasow — Uazr)/Vr)} (4.23b)
Ugor = —3 Vi Inty + Vo tx + (1= tx) Vg, (4.242)
Vacr = Ugor + Ve In{1 + exp|(Vajow — Ua. 1)/ V) } (4.24b)
Uigeter = —3Vp Inty + Vacae tn + (1 — tn) Vg (4.25a)
Viceter = Udgeter + Ve In{1 + exp[(Vajow — Udgeter)/ Vi) } (4.26a)
User = =3 Vi Inty + Ve, tx + (1 — tx) Vg 4.272)
Vaer = Uggr + Ve In{1 + exp[(Vajow — Uasr)/Vr]} (4.27b)

The zero-bias capacitances scale with temperature as

VdE PE
Cier = Cje Vor (4.28)
E
V Ps
Gt = G (—Vd“;) (4.29)
S

The collector depletion capacitance is divided in a variable and a constant part. The
constant part is temperature independent.

Vdc Pc
Gier = G [(1=Xp) Vo) t Xp (4.30)
C
Vdc Pc -1
X = X, {(1 —X,) (Vd T) +X, (4.31)
C
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Resistances

The various parameters A describe the mobility of the corresponding regions: j o tX,A.

. A
The temperature dependence of the zero-bias base charge goes as Q) por/@po =t NQBO.

Rer = Re 14 (4.32)
Revr = Rey %% (4.33)
Reer = Rae L‘/XFX (4.34)
Revr = Rey £3” (4.35)
Reer = Ree £3° (4.36a)
Rebir = Repix 1A (4.36b)
Rebit = Repii 1A (4.36¢)
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 appropriate value for the
corresponding conductance is zero. In cases of vanishing resistance values, the topol-
ogy of the equivalent circuit is effectively changed. This is to be taken into account in
implementations of the model.

if Rce >0 then Geer = 1/RCcT ,

else Geer =0 . (4.36d)

if Rcoix >0 then Gepixr = 1/Repier
else GCbeT =0 . (4366)
if Repi >0 then Gepir = 1/Repir (4.360)

else GCinT =0 .
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Currents and voltages

50

4-Ag—Aqy +dA

Vv
N
lr = Ig tN FFT exp[—¢
NerrVar
ler = Ik t}{AB
4-Ap+dA Vv
_ Npj g
lgir = lgi Ty exp[—N 5 ]
BIVAT
sheran,
N \Y
|S — |S ¢ BI exp[— 8E ]
BiT = IBI Uy 3
NB|VAT
12 =3 t(G_szF) — ng ]
siB2r = lBf Uy —
mEf Var
4—Acx+dA| VgCX
lgxT = lpx ty : exp[—v—]
AT
lext = lkex ty "
kBxT = lkBx ty
_ (6—2my,) Vec
lgrr = lar ty ' exp[——v
myy Var
V. 1
4 g
IsiBreit = lsiBrel (tN exp[—— NFiBrel
my, Var
Vb, E
1441
IgreiT = IsiBrel (eXp[—N— —1)
FIBrel VT

V PC -1
Verr = Vs t?VQBO {(1 - Xp) ( de ) + xp}
Vacr

—P
VerT = Ver tf\‘]QBo ( VdE ) -
Vet

Mextram definition document

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)
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The temperature dependence of |ss and I, is given by Ag and V.
As equals Ac for a closed buried layer (BN) and As equals A, for an open buried layer.

lssr = Iss ty % exp[—Ve./Vat] (4.49)
lesst = less £y "7 exp[—Vg, /Var] (4.50)
s = lis thy (4.51)

Transit times

TeT = TE t%\B_Q) exp[—dVer /Var] (4.52)
T8T = T8 tﬁ;QBOJrAB_l (453)
TepiT = Tepi t/zirepi_l (4.54)
Ter = T TBT + TepiT (4.55)
T8 + Tepi

Avalanche constant

SWAVL=1
BavIT = BavI []- + >\avl (TK - Tref)] (456)

SWAVL=2 This activates the avalanche model in Mextram 504. Note that this tempera-
ture rule is independent of T . since we take 3,, as a material constant. For T, < 525.0K
we have

Byr =B, [1+72-107* (Tx — 300) — 1.6 - 107 (T — 300)?] (4.57a)
whereas for T > 525.0K

B,r =B, *1.081 (4.57b)
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Table 4: Example values of the material constants for temperature dependence of the
bandgap of various semiconducting materials (see relation 4.58c).

material | V,, ppok(eV) | Avges(10~*eV/K) | Tyges(K)
GaAs | 1.519 5.405 204
Si 1.170 4.730 636
Ge 0.7437 4.774 235

Heterojunction features

dEgr = dE, £3° (4.58a)

EB Zener tunneling current model

Temperature scaling of the Zener tunneling current model for the emitter-base junction is
partially based on the following well-known temperature dependence of the bandgap:

AV EB * T2
Vi, mpoK = Max | ogexp(Veses + Tng<+—Tv$|<3 0.05;0.1) (4.58b)

2
AVgEB * TK

10.05:0.1 (4.58¢)
Tk + Tvgen )

Ve BT = max 1 o gexp (Vo EBoK —
The function max 1 5 gexp (x, xo; a), which is defined in expression (4.223) on page 77,
is used to set a lower bound of 0.05V to the bandgaps V,,ok and Vg, epr.

Expression (4.58c) models a material property and the parameters of this expression,
Vy,EB0K,> Avger and Tygeg, are material constants. Values of these are tabulated in ta-
ble 4. The default values in Mextram correspond to the silicon values tabulated in table 4.

Note that Aygeg and Tygeg are also model parameters of the Mextram model, but V,, ppok
is not. In Mextram, V;, pgok 18 an internal model variable, the value of which is calculated
according to expression (4.58b). The parameter Vg, gg of this expression is also a Mextram
model parameter.

In practice, bandgap will depend on material composition (alloys, SiGe) and doping con-
centration. Therefore, in practice the actual values of the quantities tabulated in table 4
may deviate from the tabulated values. Therefore, and in anticipation of application of
Mextram to transistors in different materials, the parameters Vg,eg, Avges and Tygep are
accessible in Mextram as model parameters. Because the Zener effect is relatively insen-
sitive to temperature however, we expect that the default values of these parameters will
suffice in practice and no parameter extraction for these parameters will be needed.

The following T-scaling rules for the Zener current model do not introduce any new pa-
rameter:

Vv 3/2 1y pe—1
N,esr = Nyes (ﬂ> (ﬂ) (4.58d)
Vg,eB Ve
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ngEBT _1/2 VdET 2_pE
lesr = l.eB V— eXp(NzEB - NzEBT) (4.58¢)
gzEB

CB Zener tunneling current model

Temperature scaling of the Zener tunneling current model for the collector-base junction
is similar as the one for emitter-base junction.

A x T2
Vy,CB0K = Max 1 o gexp(Vece H 0.05:0.1) (4.58f)
g
A x T2
Vg,cor = max | gesp (Varonok — ﬁ 0.05;0.1) (4.58g)
g

The parameters of expression (4.58¢), V,,cBok, Avgcs and Tygcp are similar to emitter-
base junction, tabulated in in table 4. V|, cpok 1s an internal model variable, the value of
which is calculated from expression (4.58f). The parameter V,,cg of this expression is a
Mextram model parameter.

v CBT)3/2 (vd T>
N.cer = Nocg | 5— = (4.58h)
CBT CB < Ve,co Ve,
vV —1/2 v 2—pc
l.ceT = l2cB (ng—CBT) < \;CT) exp(N,ce — Nycar) (4.581)
gzCB dc
Self-heating
T Ath '
Reh, Tamb = Rin - <TR;> (4.58j)

4.7 Description of currents

4.7.1 Main current

Ideal forward and reverse current:

VB,E,
NeprVr

Ir = lgr exp] (4.59)
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x N
Ir _ { |sT eVBQCQ/ FRT VT 10102 Z 0 (460)

ot eVBay /NerT VI Ieve, <0

The value of V33 -, is not always the same as the node voltage Vg, c,. The expression for
eVB2¢2/"T is given in Egs. (4.122) and (4.124). I is given by Egs. (4.37).

When tnge = 0, Ngpr = Ngg.

When tnpe # 0,

NFFT,tmp - |\lFF : (]- —+ dT . tNFF)
NFFTimp = MaX | ggexp (NFFT,tmp, 1.0;0.001) (4.61)
NFFT = NFFT,tmp — 0001 . IH(Q)

When tyrr = 0, Nerr = Ner.
When tyer 7& 0,

Nprttmp = Ner - (1 + dT - tyer)
NFRT,tmp = max logexp (NFRT,tmp7 10, 0001) (462)
NFRT = NFRT,tmp —0.001 - 111(2)

0.001 in Eqgs. (4.62) and Eqgs. (4.61) is transition width of smooth limiting function. 0.001
. 111(2) is used to keep NFFT and NFRT equal to 1 when NFFT,tmp =1 and NFRT,tmp =1.

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 Eq. (4.66) the depletion
charge term ¢q is modified. (Note that for SiGe transistors ¢}, might differ from q(? , defined
in Eq. (4.102). See Sec. 4.11).

qé=1+\‘//:fT+\‘/ffCT (4.63)

g =7 <q§>2 ~oul (4.64)

45 =qi (1+ 310+ 3np) (4.65)

y=1—t (4.66)
4B

The expressions for V;, V;., ng, and np are given by Eqgs. (4.130b), (4.147), (4.162), and
(4.165), respectively.
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4.7.2 Forward base currents

The total ideal base current is separated into a bulk and a sidewall component. The bulk
component depends on the voltage Vp,r, and the sidewall component on the voltage
Vg,g,. The separation is given by the parameter Xlg,. (Note that /5, becomes more
complicated when X,.c # 0. See Sec. 4.11).

Bottom ideal base current:

Ig, = lgir (YBeei/NaVT — 1) (4.67)

Side-wall ideal base current:

15, = By (eVmmMave — 1) (4.68)

Bottom non-ideal base current:

Ip, = lggp (e/B2m/MVT — 1) (4.69)

Side-wall non-ideal base current:

I, = Bigor (evBQEI/mEfVT - 1) (4.70)
See section 4.14.1 for a discussion about G,,;,-based convergence aid for Eqn. (4.69).

4.7.3 Reverse base currents

In Mextram the non-ideal reverse base current is given by:
Ip, = lgip (eVBrca/mT 1) 4.71)

See section 4.14.1 for a discussion about G,,,;,-based convergence aid for Eqn. (4.71).

When EXSUB = 1, the Vs¢,- dependent component of the main current of the parasitic
BCS transistor is included, (EXSUB = 0) it is not:

2 lser (eVBlc4/VT — 1)

1+ \/1 L4 lST oy
IksT

Lap = (1 — Xex) (EXSUB = 0) . (4.72a)

2lser eVBicy/Vr _ oVsc,/Vr
[sub = (1 - Xext) ( )

(EXSUB = 1) . (4.72b)

1+ \/1 a1 e, v
ksT

which includes high injection for the Vg, ¢, - driven component of Igy,.
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The substrate-collector diode current is described by:

It = lessr (€¥501/VT — 1) (4.73)

The ideal reverse base current describes hole injection from the base into the extrinsic
collector region:
1 — Xext)21 |
_( 02lexr ( ) (4.74)

1+ \/1 1+ 4 lBﬂ eVBicy/Vr
lkBXT

4.7.4 Avalanche current

In reverse mode (/¢ ¢, < 0) or hard saturation (Vg,c, > Vq.1) both the avalanche current
1,1 = 0 and the generation factor Gy are zero:

Iwy=0, Ggm =0 (4.75)

In forward mode, Gy can be calculated in a number of ways, depending on SWAVL.
Setting SWAVL to O turns off avalanche.

SWAVL=0

I =0 ) G'(EM =0 (476)

SWAVL-=1, default

I
¢ = (Vaeav + Veup,) exp(—— (4.77)
TOavl
Gen = 5 M o exp(—Bayr &) (4.78)
avlT
SWAVL=2

This activates Mextram 504 avalanche model. The gradient of the electric field for zero
bias is first calculated:

2VavI
dBday = (4.79)

avl

The depletion layer thickness is then calculated:

2 VdcT - VBgcl
_ 4.80
D dEdzro \| 1 — Lup/Ihe (4.30)

56 ONXP 1985-2006, ©TU Delft 2006-2014, © Auburn University 2015-2017



Mextram definition document 4. Formal model formulation June 29, 2017

The current /.., will be given in Eq. (4.144).

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

When EXAVL = 0, then the effective thickness of the epilayer is
Weff = Wavl (481)

When EXAVL = 1, then

2
:L‘.
Weg =Wau |1 — : 4.82
o= Way ( 2Wepi) (4.82)

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

Wy = wo Wer (4.83)

V IZD + Wlef

The average electric field and the field at the base-collector junction are

Vacr — VB,c
By = ———2 4.84
Wp (+:89
Ica
Ey = Ea + $Wp dEdxg (1 — p) (4.85)
hc

When EXAVL = 0, then the maximum of the electric field is
Ey = E, (4.86)

When EXAVL = 1, then

SHy = 1+ 2Sm (1 I ) (4.87)
Wepi
1+ S
Ep=— "M 4.88
14254 (458)
Ew = Eu — YWy dEdzy | Ej — too (4.89)
2 Ihc SHW
Ey=1 (EW L B+ \/ (Ew — Eo)2 +0.1 E2, [Cap/lhc> (4.90)

The injection thickness z; /Wy is given in Eq. (4.119).
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For either value of EXAVL the intersection point \p and the generation factor Gy are

Ey Wp
Ap =MD 491
P2 (Ey — Ea) “4.91)
An BnT BnT Weff
— Ear )\ —— | - — 1 4.92
G Byp 7P {exp[ EM} exp[ Ey ( - Ap )H (492

When E); ~ E,, the expression for A\p will diverge. Hence for (1 — E,,/FEy) < 1077
we need to take the appropriate analytical limit and get:

B,
Grn = Ay Weg exp {— T} (4.93)
Em
The generation factor may not exceed 1 and may not exceed
Vr CI/IB lgiT Rer
Gmax = + (4.94)
In (Reer + Rp,) st Reer + R,

The variable base resistance Rp, is given by Eq. (4.105). The base charge terms ¢5 is
given by Eq. (4.65). The current / is given by Eq. (4.111). The avalanche current then
is

GEM Gmax
low=Iy ———— 4.95
: N GEM + Gmax ( )

4.7.5 Emitter-base Zener tunneling current

Emitter-base junction Zener tunneling is assumed to be always negligible in forward
mode, i.e. I, = 0 whenever 0 < Vp,g,. In reverse mode, Vg,r, < 0, it is mod-
eled by the expressions below. Note that the transition at Vz,z, = 0 is non-trivial, yet the
model for Zener tunneling current is C'*°: all derivatives of the Zener tunneling current

I,igR are continuous everywhere, including Vp,g, = 0.

T, = (4.96a)

[ 1 2 2
EB = 6 (—z.)2ree (e (1 — pe® — 3z. (pe — 1)) — 627 (pg — 1+ 2.)) (4.96b)

Vg,EBT = 227PEN,ggT VB,
Dorp = Vi — ——&58T [ | — ex T VB ) (4.97)
ZEB BBy T 33pe gy L OEB ( P ( V——

The Zener tunneling current /g is defined to be positive if it runs from node F; to
node Bs.

legT 21-pe
I4EB = mDZEB E.ggexp | Naesr (1 — o (4.98)

where £ gpg is as defined by expression (4.130a) on page 63.
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4.7.6 Collector-base Zener tunneling current

Collector-base junction tunneling current |,~pg is calculated in a similar manner as the
emitter-base junction tunneling current /,;gg. Vjc, defined by (4.142), is used as effective
forward bias.

T, = Vs01 (4.99a)

VdcctcT

1
ICB = G e (pc (1 = pc® = 3z, (pc — 1)) — 622 (pc — 1 + z.)) (4.99b)

st

Ve,cBT - 227PcN,cgr VB,c
D = Vg0, ——=58T 1 —ex ! 4.100
zCB P21 92-pc N,cgy ~ 0CB < ! ( Ve,cet EyCB ( )

The Zener tunneling current [, ~pg is defined to be positive if it runs from node Cs to
node B.

I bcer (N <1 27 )) (4.101)
= o ex . — .
ztCB 91—pc VdcctcT 7CB £oCB €XP CBT EOCB

where F g is as defined by expression (4.143) on page 64.

4.7.7 Resistances

The parasitic resistances for the emitter (Rgr), the base (Rgcr) and the collector (Recr,
Repixr and Repiir) depend only on temperature.

4.7.8 Variable base resistance

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

V, V,
Q tg to
4 e (4.102)
qo VerT VefT
Q Q\2
q¢ + 1/ (g7)? +0.01
e - (4.103)
2
=0 (1+ 3mo+ ) 109
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3 Re.

Rp, = =5~ (4.105)
4B
2V

Ip g, = 5 (e¥mame/Vr — 1) ¢ Vo5, (4.106)

Rp, Rp,

Note the correspondence and differences between Rp, and [y from Eq. (4.66).

4.7.9 Variable collector resistance: the epilayer model

This model of the epilayer resistance takes into account:

— The decrease in resistance due to carriers injected from the base if only the internal 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

Ky = \/1 +4 VB0, —VdCT)/VT’ (4.107)

Ky = \/1 +4 e(VBQ(Jl_VdCT)/VT’ (4.108)

2 eWVByc; =Vacr)/Vr

_ | 4.1
pPw 1T Ky (4.109)
Ko+1
E = Vi {KO Ky —In (#)} , (4.110)
E. + Voo,
loe, = = —== f =5 4.111)

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 /¢, ¢, is not smooth enough. We will instead calculate V3 ., that is to be used in
subsequent calculations. It has smoother properties than Vg, ¢, itself. In forward mode
the node voltage V, is only used for Eqgs. (4.107) and (4.111).

For the rest of the quantities in the epilayer model a distinction must be made between
forward and reverse mode.
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Forward mode (/¢,, > 0)

The voltage and current at which quasi-saturation or Kirk effect start are given by

Iovo, Rey

VI = Vop+2Veln ("2 29T 1) v, (4.112)

a 2V
Ve =1 (V;h \/ (V)2 4 4 (0.1 Vger)? ) 4.113)

Vs Vs + Ihe SCRey
I, = Y . 4.114
" SCRey Vs + Ine Revr ( :
From this we calculate

— 1 + aXi hl{]. + eXp[(‘[Clc2/]qS — 1)/axi]} (4115)

1+ ay In{l+exp[—1/ax]}
‘We need to solve

Vs Vs + SCRCV Ihc Yi
I, = 1 4 4.116
@l SCRCV yf ‘/:13 + RCvT Ihc ( )

which leads to

Vs
= 4.117
! Ihc SCRCV ( )

1++y/14+4av(l+v)

Y 2a(1+v) ( )
The injection thickness is given by
Li Yi
=1- —2 (4.119)
Wepi 1+ pwy;
The hole density p; at the base-collector junction is given by
Icoyo, Rar @
= 4.120
2Vr Wepi ( )
g—1 g—1 2
Do = T—l— (T) +29+pwpw +9g+1) 4.121)
For numerical reasons: when pj < e~ ** we take pj — 0.
V520!V — pr(pE 4 1) Veer/Vr (4.122)
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Reverse mode (/¢,¢, < 0)

The hole density at the base-collector junction is given by

2 e(VBa0y =Vacr)/Vr

*

— 4.123
Po 1+ K, ( )
eVB20y/VT — VB0 /VE (4.124)

The injection thickness is

7 Ec
* (4.125)

Wepi B EC + VBQCQ - VB201

Numerical problems might arise for I¢,c, ~ 0. When |Vc,c,| < 107°Vy or |E.| <
e 10V (Ko + Kyw) we approximate

Pav = pﬁ% (4.126)
T DPav

= 4.127

Wepi Dav + 1 ( )
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4.8 Description of charges

4.8.1 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 F; and B; and the sidewall com-
ponent between nodes F; and B, (see Fig. 1)

The bulk component is

Vie = Vet (1 - Clj_El/pE) (4.128)
Vig = Vg, — 0.1Var In{1 + exp[(Vs,e, — Vir)/0.1Vaer]} (4.129)
EggB = (1= Vjp/Vaer)' ™™ (4.130a)
%fiﬁia_%%)mﬁ%m—%) (4.130b)
Qip = (1 = XC) Cier Vi, (4.131)

The sidewall component is

V5 = Ve,g, — 0.1Vg.r In{1 + exp[(Vs,&, — VrE)/0.1Vq.1|} (4.132)

J

\Y
Q7 = XCie Cier (1_";1 (1= =V Vaer) ] + ajE<vle1—vj%>) (4.133)

4.8.2 Intrinsic collector depletion charge

In forward mode (/¢, ¢, > 0)

By = 3SCRe(Ieye, — lhe) (4.134)

By = SCR¢y Revr Ihe Iy (4.135)

Vi—o = Bi +1/ B + By (4.136)
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In reverse mode (I¢,¢, < 0)
V=0 = Vo,c, (4.137)
The junction voltage for the capacitance is given by
Viune = VBocy + Vi—0 (4.138)

The capacitance can now be calculated using

0.1 VdcT for 10102 S 0
Vch = IC C > (4139)
Vv 0.142 2 for I, >0
dcT ( 10102 T Iqs C1C3
a;, — X T
b, = =< _ P 4.140
e = T (4.140)
Vie = Vaeerer (1 —v pC> (4.141)
Vic = Viane — Ver, In{1 + exp[(Viune — Vre)/Venl} (4.142)
Eycp = (1 = Vie/Vacr)' 7P (4.143)
The current dependence is given by
IhC IClCQ
———= for | >0
Leap = { The + Ioyes @ (4.144)
IClCQ for [ClcQ S 0
]Ca me
fr= < — l—p) (4.145)
hc

The charge is now given by
V Cctc —
VCV = —ldi tp: [1 - fI (1 - VjC/VdcctcT)1 pc] + fI bjc(vjunc - VJC) (4'146)

Vie = (1 = Xor) Ve, + XorVasc, (4.147)

th = XCJC Cch Vtc (4.148)
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4.8.3 Extrinsic collector depletion charges

The extrinsic collector depletion charge is partitioned between nodes C'; and B; and nodes
(' and B respectively, independent of the flag EXMOD.

Vice = Viicy — 0.1Vycr In{1 + exp[(VB,c, — Vre)/0.1Vy 1]} (4.149)
Viexy = 1V_dCFT)C [1— (1= Vjc./Vacr) ] + bje Viicy — Vicw,) (4.150)
Qrex = Cier [(1 = Xor) Viexy + XprVBi0,) (1 = XCje) (1 — Xext) (4.151)
XVjc,, = Vicy — 0.1Vger In{1 + exp[(Vee, — Vire)/0.1Vacr]} (4.152)
XViexy = 1V_dcgc [1—(1-XVje,. /Vacr)' 7] + bj. VB, — XVie.,)  (4.153)
XQtex = Cier [(1 — Xpor) XViexy + Xpr Vs (1 — XCjo) Xext (4.154)

4.8.4 Substrate depletion charge

Vies = Vagr (1 - o, /) (4.155)
V}‘S = Vscl — O-lvdsT 111{1 + exp[(VSCI - VFS)/OlvdST]} (4156)

=C VST 11 (1 = g V)17 Vi 4.157
Qis = Cisr 1—Ps[ — (1= Vjs/Vagr)' 7] + a;s(Vsc, — Vis) (4.157)

4.8.5 Stored emitter charge

|s 1/ms

Qro = Ter her (I—T> (4.158)
kT

Qp = Qo €%/ VT (4.159)
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4.8.6 Stored base charges

QBO = 787 lkr

Base-emitter part

fi= 4I_ST eVB2E1 /Nrrp Ve
Lt

fi
1++v1+ fi

ng =

Qpr = %QBO o CI?

Base-collector part

41 *
f2 — _ST eVBQCQ/VT
IkT

f2
1+ vV1I+fo

np —

Qpe =1 Qponp qf

Mextram definition document

(4.160)

(4.161)

(4.162)

(4.163)

(4.164)

(4.165)

(4.166)

The expression for eVB20n/VT g given in Eqgs. (4.122) and (4.124).

4.8.7 Stored epilayer charge

4T, i V;
eriO = %
CvT
1 T *
eri =3 eriO W, (pO +pW + 2)
epi

4.8.8 Stored extrinsic charges

g = 4 |sT (eVBlc4/VT _ 1)
IkT

41y eVmca/Vr 1

NBex =
B hr 1+ 1+ g1
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gy = 4 ¢WVB104—Vacr)/Vr

- g2
PWex 1 + m

TRT
Qox = TBT + TepiT (3 Qno npex + 5 Qepio Pivex)

4.8.9 Overlap charges

The overlap capacitances Cggp and Cgcp are constant.
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4.9 Extended modeling of the reverse current gain:EXMOD>1

4.9.1 Currents
The reverse currents /., and Iy, are redefined

[ex — (1 - Xext) [ex (4174)

Isub — (1 - Xext) Isub (4175)

The part X.,; of the reverse currents in the extrinsic transistor are connected to the external
base node

4 IsT

Xg, = eVBos/Vr (4.176)
IkT
4lgp eVBos/Vr 1
Xippoy, = 4177
B = 11 V11 X @4177)
21 VBes /Vr _ 1
XIM,, = Xgg KT (e ) (4.178)

1+ \/1 +4 IBﬂ eVBey/Vr
lkexT

When EXSUB = 1, the Vs¢,- dependent component of the main current of the parasitic
BCS transistor is included, by (EXSUB = 0) it is not:

2lser (eVBCS/VT — 1)

1+ \/1 +4 lS—ST eVBes/Vr
IksT

XIM,y, = Xext (EXSUB = 0) . (4.179a)

21 eVBCs/Vr _ pVscy/Vr
XIMsub - Xext >1 ( )

(EXSUB = 1) . (4.179b)

1+ \/1 b4 15T ey /v
IksT

If EXMOD = 1, diode-like currents in the branch B-C| are limited by a resistance of
value Reer, for EXMOD = 2 this is limiting is omitted®

Xext (IBXT + lSsT) RCCT
Vr

Vex = Vr {2—ln{ (4.180)

$For the sake of efficiency of implementation of the Mextram model, it is noted here that in case EXMOD
= 2, the quantities Vo and VB.x need not be evaluated.
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VBey = 1 [(VBQ,, V) + vV Ve, — V)2 + 0.0121] (4.181)

If EXMOD = 1, then:

VBex
F. = 4.182a
Xore (15t + Tso1) Reet + (XIMux + XIMowy) Reer + VB (4.1822)

If EXMOD = 2, then:

Fo =1 (4.182b)
XIex = Fex X]Mex (4183)
X, = Fox XIMy (4.184)

4.9.2 Charges
The charge ()., is redefined:

Qex — (1 — Xext) Qex (4.185)

In case EXMOD = 1, the charge in the branch B-Cj is limited using F, analogous to
the limiting of X/.; in case EXMOD = 2 this limiting is effectively omitted:

Xgy = 4 ¢VBcs—Vact)/Vr (4.186)
X
Xppey = ——292 (4.187)
-
XQex = Fex ><e><t — (% QBO XnBeX + % eri() XpWex) (4188)
TBT + TepiT

4.10 Distributed high-frequency effects in the intrinsic base EXPHI=1

Distributed high-frequency effects are modeled, in first order approximation, both in lat-
eral direction (current crowding) and in vertical direction (excess phase-shift). The dis-
tributed effects are an optional part of the Mextram model and can be switched on and off

by a flag (on: EXPHI = 1 and off: EXPHI = 0).
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The high-frequency current crowding is modeled by

thE Q dng + dQge )
dVBQEl ! dVBZEl dVBQEl
For simplicity reasons only the forward depletion and diffusion charges are taken into
account. (Note that the second term is the derivative of () g = %Q BO q? ng, but with the
derivative of qf“) neglected).

QpB, = § VB3, ( + 3 Qpoq (4.189)

In vertical direction (excess phase-shift) base-charge partitioning is used. For simplicity
reasons it is only implemented for high level injection. Now () g from Eq. (4.163) and
@ pc from Eq. (4.166) are redefined according to

Qe — Xqy - (@pr + KeQEr) + Qpe (4.191)
Qpe = (1 —Xqy) - (@sr + KeQkE) (4.192)

Where Kg = 1 (default value is zero), the charges () zr and ()i are considered to form an
inseparable whole; in turn it is this whole that is redistributed over the emitter-base and
collector-base junction, the ratio of this distribution being controlled by the parameter
Xqg- The value of Xq, in Mextram is set to 3 by default.

In terms of the Equivalent circuit of Fig. 1: whenever EXPH| = 1 and Kg = 1, the charge
Qg is considered to be absorbed in charge (gg and it is not to be taken into account
separately in e.g. the calculation of dynamic currents or capacitances. In general, the
total charge (), 5, between nodes B, and E) therefore amounts to

QRpyp = Qi + Qpe + Qp * (1 — Kg x EXPHI). (4.193)

4.11 Heterojunction features

The most important difference between SiGe and pure Si transistors is the functional
difference between hole charges and Gummel number. When the Ge concentration has a
non-zero slope (dE; # 0) we redefine the ¢/ describing the Early effect for the currents
(the q(c)g remains unchanged):

exp ({ Vi + 1] dEgT) — exp <__Vtc dE_gT)
I VerT VT VefT VT

dy —

(4.194)

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

Ig, — lBIT[ (1 — Xrec) (evBQEl/NBIVT _ 1)

+ Xyec <6VB2E1/NBIVT + €V§202/VT _ 2) <1 + \‘//ZC ):| (4.195)
ef T

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

For noise analysis, noise sources are added to various components of the equivalent circuit
in the form of current sources. The types of noise supported include:

* Thermal noise of resistive components resulting from majority carrier Brownian
motion.

e Transistor 1/ f noise resulting from carrier trapping, primarily in the base current.

* Transistor “shot” noise which physically results from minority carrier Brownian
motion.

* Additional high frequency transistor correlation noise resulting from frequency de-
pendence of the propagation of minority carrier Brownian motion towards transistor
terminals.

* Avalanche multiplication noises.

Coupling of correlation noise due to CB junction electron transport and avalanche noise
as found in avalanche transit time devices is not accounted for as it is not important, at
least for present applications.

Below the mean square power is given for each independent noise source. Noise correla-
tion is produced using dependent sources with proper control coefficients.

We will use f for operation frequency, A f for bandwidth. When A f is taken as 1 Hz, a
noise power spectral density (PSD) is obtained.

4.12.1 Thermal noise

For each resistor in Fig. 1 on page 4, a thermal noise current source is placed in parallel
with it. The mean square values are:

——  4kTk
iNg = Rex Af. (4.196)
——  4kTk
e = Af. 4.197
Rpe RBCT f ( )
z'N}%CC = 4kTy Geer Af, (4.198a)
Wécmx = 4kTk Geper A, (4.198b)
ZNI%cbn = 4 kTk Geoir A (4.198¢)

For the variable part of the base resistance a different formula is used, taking into account
the effect of current crowding on noise behaviour [22]
——  4kTy 4eVmm/Vr 4+ 5

iNg, = R, 2 Af, (4.199)
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i,,=WM-1)i,,

2
) C
1 Noiseless 2
; €> Intrinsic .
50 Xy Transistor Leo
! L

i, = JOT,lcy E,

Figure 10: Noise sources of the intrinsic transistor.

4.12.2 Intrinsic transistor noise

The intrinsic transistor noise model is depicted in Fig. 10.

ip0 includes base current shot noise and ideal base current 1/ f noise:

Ky

i |JBQ|AfN} Af. (4.200)

il = {2q (I1p,| + s, + [ IggR|) + 7f|IBl\Af +

K

Z‘BlE‘17;>k.B1E11 :{2q (|[§1| _|_ |I§2| + |]B7"5l|)+ f

(IIBZ|+|I§2|+IIBrez|)AfN} Af, (4.201)

1co 18 collector current shot noise:

icoite = 2qlcoAf, (4.202a)
I;+1,
Ioo = L +I , (4.202b)
4B

where /- is essentially the main current, or current transported from the emitter in for-
ward mode operation.
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1p1 in Fig. 10 is a base current noise correlated with i as follows:
Iy = JWThico, (4.203)

where 7, is called noise transit time, and evaluated according to the value of noise corre-
lation switch Kc:

0 Ke =0,
Tnh = XQBTBn KC = 1, (42043)

FtaunTBn KC =2.

The 75, above is a version of the base transit time modified for noise purpose. Fiuyun 18
fraction of 7, in 7g,,. 75, 1s evaluated as:

Ico

(4.205)
Ter1qs  Ico = 0.

QBE+QBC Ico >0
TBn =

In forward mode, 73, is essentially the effective base transit time accounting for high
injection effects. In reverse mode, only base width modulation effect is considered.

1y and 277 in Fig. 10 describe avalanche noise. iy is direct result of the avalanche mul-
tiplication of the noise in the electron current entering collector-base junction, i, and
relates to ¢ the same way [, relates to ly:

ivt = Kau(M — 1)ico, (4.206)

where M is avalanche multiplication factor and computed from the avalanche current as:

[avl
M—-1= )
Ico

(4.207)

111 18 due to the noise of the impact ionization process itself, which is independent of iy,

it = Kaut - 2¢ Ioo(M — 1)MAF. (4.208)

4.12.3 Parasitic noise

Shot noise of the side-wall base currents I and I}, are placed between B and Ey. 1/ f
noise of the non-ideal base currents [z, and / EQ are also placed between B; and Fj:

—_— K¢
N3y = {2q (5,1 + 115,D) + 7<|IBJ + [ I5, ) (4.209)

+ %(UBJ + |I§2|)AW} Af. (4.210)
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Reverse base current has shot noise and 1/ f-noise:

— K
iNg, = {QQ [, | + 7f IIBglAf} Af. 4.211)

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

— K
iV, = {2q [Lex| + 7{ !Iex\A‘} Af. (4.212)

When EXMOD = 1 we have

iN2 =< 2q |Io| + K (1—Xext) o ™ Af (4.213)
Iex — q |Lex 7 ext X . .
—— Ks | XT e \
iNZy = 4 2q [ Xlex| + — Xext (—) Af. (4.214)
- f Xext
Substrate current has only shot noise:
N7 =24 [ Tsw| Af. (4.215)
iN%y,, = 20 | XLaw| Af. (4.216)
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4.13 Self-heating

o dT Material Ay,

Si 1.3
C Pdiss Ge 1.25
Rth,Tamb _ i T GaAs 1.25
AlAs 1.37

InAs 1.1

— InP 14

- GaP 1.4

SiOy 0.7

Figure 11: 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 Ag.

For self-heating an extra network is introduced, see Fig. 11. It contains the self-heating
resistance Ren 1amb and capacitance Cyp, both connected between ground and the temper-
ature node d7'. The value of the voltage V4t at the temperature node gives the increase in
local temperature. The dissipation is given by

Piiss = In (VBom1 — Vi,0,) + 1eies (Viye, — VBoc) — Tt Vo, (4.217)
+ Vig, /Rer + Vg, /Recr
+ Vécs Geer + V(233c4 Gepixr + V(2;4c1 Geplit
+ Ip,B, VB8, + (I, + I, = IER)VBoE: — L7CB VBeC:
+ (I5, + 15, + Inra) Veim, + (Iex + Iny) Vs + Xlex Vie,
+ Isun VB,s + Xlgun Vs — Ist Vos-

Note that the effect of the parameter DTA and dynamic self-heating as discussed here
are independent [4, 27], 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 d7'. Examples of how to use thermal networks are given
in Ref. [27].

For the value of A;;, we recommend using values from literature that describe the temper-
ature scaling of the thermal conductivity. For the most important materials, the values are
given in Figure 11, which is largely based on Ref. [28], see also [29].

Please note that taking Cy, = 0 in the self-heating model is incorrect for AC simulations
(and hence also for transient simulations). The reason is that C;;, = 0 means that self-
heating is infinitely 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 us, a reasonable estimate for
the thermal capacitance can be given by Cy, = 1 pus/Ryp.
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4.14 Implementation issues

4.14.1 Convergence aid: minimal conductance G';,

Convergence of the model in circuit simulation is helped by addition of a conductance
Gin to the forward- (4.69) and reverse non-ideal base currents (4.71). Starting from
505.00, G, can take value from both model card and simulator. G,;, specified on the
model card has higher priority over G,,;, specified in simulator options.

Eqn (4.69) is implemented as
Ip, = lgrr (€725/™VT 1) + G Viye,, (4.218)
while Eqn. (4.71) is implemented as:

I, = lger (e"216/™VT — 1) 4 Gy Vi,c,- (4.219)

We emphasize that the G';, related terms are added only to improve convergence. The
physically correct behavior of the model is established only in the limit G\,;;, — 0.

If G 1s not zero, its influence can be seen on some characteristics. In the context of
implementation testing and comparison, it is therefore important to give G, a well-
defined, prescribed value. Traditionally, Mextram has been tested with Eqns. (4.218)
and (4.219) instead of Equations (4.69) and (4.71), with a value G\, = 1.0 - 10713 A/V.
In practical testing, the value of G,,;, should be part of the test specification.

G min 18 not included in the operating point information.

4.14.2 Transition functions

In several places in the code a transition function is used, like the hyp-functions and the
log—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
done in several ways. Here we only give the basic formulations.

For the depletion charges we use the function
min 1 o gexp(, Zo;a) =z —a In{l + exp[(z — z0)/al} (4.220)

In the implementation this is coded as

—a In{l — forx <
min 1 g genp(,ora) = 4 M eplle mr)/al} Hora a0, o))
zo — a In{l + exp[(zg — z)/a]} forz > xg
In the epilayer model we calculate o using
max | ggexp (T To; @) = zo + a In{l + exp[(z — z0)/al} (4.222)
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In the implementation this is coded as

xo + a In{l + exp[(x — z¢)/a]} forz < g

(4.223)
x+a In{l + expl(xg — z)/a]} forz > xg

max | ggexp (T To; @) = {

The same is used for the temperature scaling of the diffusion voltages. Real hyperbolic
functions are used for the calculation of qu’I, Vis» and Vpey:

max pyp (7, 05 €) = 3 [\/(I — x0)? +4e? + x + 70 (4.224)

In the implementation this can be coded as

2¢?
To + for x < xg
— )2 2 _
max pyp (z,20;€) = \/(I xo) 2:—2 4e? +x9g — (4.225)
T+ for z > x

V(T —10)2 +4e2 + z — g

One can also make a difference between the cases |z| < 2¢ and |z| > 2¢ to improve the
stability.

4.14.3 Some derivatives

For some of the equations the derivatives can be simplified by using some math. For
instance, for ny we have

. h _
no= e - Vit AL (4.2262)

For the implementation of ny we need the first expression, especially when f; is small.
But for the derivative we can take the second expression. The same holds for

_ f2 _ _
e = T VIt fo—1 (4.226b)

92
x=—————=+/14+¢g,— 1 4.226¢
Pw 1 T+, g2 ( )

Xgo
Xpwex = ———— = /1 + Xgy — 1 4.226d
Pw T /i % 92 ( )

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

2 (VB0 =Vacr)/Vr

2 e(VBa0y =Vac)/Vr )
Py = e =3 (Ko —1) (4.226f1)

The latter is needed only in reverse mode.
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4.14.4 Numerical stability of pj

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

.
—1 —1\?
g—+\/(g—) +29+pw(pw +9g+1), forg>1

2 2
£ _ 2 1 4.227
Py g+pwpw +9+1) forg <1 ( )
1—g 1-g\?
— (T) + 29+ pwlpw +9+1)
\
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4.15 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:

VBQCl) VBQCQ? VBQEl) VB1E1a VB1B27 VBlcp VBC;57 VSCU Vclcza VEEU VBBU

Ve,cis Vescas VBics, Yecs, Vscys Vsc,

For a PNP the sign of these voltages must be changed (V' — —V). The value of V1 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 | must be taken positive.

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

S S
]N7 IBlB27 IC1C'27 Iavla ]B17 ]Bza IB17 1327 IBT@Z) IB37 Iex7 Xjexa ]sub7 XIsuba ISfa

I4EB» 121CB
and charges (Q — —Q)

QE: Qt};a th7 QBE7 QBC7 erh QB1327 Qem XQexa Qtem XQtem Qt37

Qpro, Qpco, Qi

The noise current densities do not change sign. The power dissipation term Fly;ss and the
thermal charge C;, - V7 do not change sign. The following derivatives do need an extra
sign:

aniss
8VB2E1 ’

etc.
All other derivatives 01 /0V and 0Q)/0V do not need an extra sign.

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

4.16 Distribution of the collector resistance

The buried layer resistances were introduced in Mextram 504.7, in a backwards compati-
ble way. This implies that the default values of these resistances is zero. Because values
of 0€2 thus are allowed for resistances Rcp, and Rcpy, the lower clipping value of the
resistances is zero and very small values of the resistances Rcpx and Rcpy; 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,
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the lower clipping value for the temperature coefficient Ay of the resistances Rcpi and
Rcpi has been set to zero.

In case one of both of the Ry, and Rey); resistances vanish, the corresponding node (C's
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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4.17 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. All of these values have the
sign that belongs to NPN-transistors (so normally /- and Vp,g, will be positive, even for
a PNP transistor).

The full list of operating point information consists of four parts. First the external collec-
tor currents, base current and current gain are given. Next we have all the branch biases,
the currennts 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-m model with similar behavior as
the full Mextram model. In addition the cut-off frequency is included.

Note that G, is not included in the expressions of the operating point information (see
section 4.14).

The external currents and current gain:

Ir  External DC emitter current

I External DC collector current
Is  External DC base current

Is  External DC substrate current
Bac External DC current gain I/1p

External voltage differences:

Vee External base-emitter voltage

Vee  External base-collector voltage
Ver  External collector-emitter voltage
Vsp  External substrate-emitter voltage
Ves External base-substrate voltage
Vsec  External substrate-collector voltage

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:

Vp,r, Internal base-emitter bias

Vp,c, Internal base-collector bias

Vp,c, Internal base-collector bias including epilayer

Vp,c, External base-collector bias without parasitic resistances

Vco,c, Bias over intrinsic buried layer

Ve,c, Bias over extrinsic buried layer

Vg,g  Bias over emitter resistance

The actual currents are:

Iy Main current
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Icic,
IBlBQ

Xy
Isub
Xl
I
Ip
IRBC
IRCblx
IRCbli
[RCC

E

Epilayer current

Pinched-base current

Ideal forward base current

Ideal side-wall base current

Non-ideal side-wall base current

Additional non-ideal base current for reliability simulation
Zener tunneling current in emitter-base junction
Zener tunneling current in collector-base junction
Non-ideal forward base current

Non-ideal reverse base current

Avalanche current

Extrinsic reverse base current

Extrinsic reverse base current

Substrate current

Substrate current

Substrate-Collector current

Current through emitter resistance

Current through constant base resistance
Current through extrinsic buried layer resistance
Current through intrinsic buried layer resistance
Current through collector contact resistance

The actual charges are:

Qe
Qtp
Qr,
)35
QBC
Qtc
eri
QB132
Qtex
XQtex
Qex
XQex
Qts

Emitter charge or emitter neutral charge
Base-emitter depletion charge

Sidewall base-emitter depletion charge
Base-emitter diffusion charge
Base-collector diffusion charge
Base-collector depletion charge

Epilayer diffusion charge

AC current crowding charge

Extrinsic base-collector depletion charge
Extrinsic base-collector depletion charge
Extrinsic base-collector diffusion charge
Extrinsic base-collector diffusion charge
Collector-substrate depletion charge

The small-signal equivalent circuit contains the following conductances. In the terminol-
ogy we use the notation A, A, and A, to denote derivatives of the quantity A to some
voltage difference. We use z for base-emitter biases, y is the derivative w./r./t./ Vp,c, and
z is used for all other base-collector biases. The subindex 7 is used for base-emitter base
currents, p is used for base-collector base currents, Rbv for derivatives of I, g, and Rcv
for derivatives of I, ¢, .
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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

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

Extrinsic buried layer resistance
Intrinsic buried layer resistance
Conductance parasitic PNP transistor
Conductance parasitic PNP transistor
Conductance Substrate-Collector 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

Quantity Equation Description
9 0In/OVg,E, Forward transconductance
Gy O0IN/OVg,c, Reverse transconductance
g- OIn/OVg,c, Reverse transconductance
gf allgl /aVBlEl
I,z a(IBl + IBz - ]ZtEB)/aVB2E1
Iry a‘[Bl /aVBQCQ
gﬂ,z a[Bl /aVBgcl
g,u,x _a[avl/aVBzEl
Gy _8Iavl/aVBZCQ
g,u,,z _a]avl/aVBgCl
Guex a(jex + IB3)/8VB1C4
XGpex 0X1ex/OVpe,
chv,y a[Cng /8VB2C2
9Rev,z 810102 /aVBzcl
Tbo 1/(0Ip,,/0Vg,B,) Base resistance
9Rbv,z 01, B,/ 0Vs,E,
9Rbv,y 01, B,/9VB,c,
JRbv,z dlp, B, /5V13201
Rg ReT Emitter resistance
Rp. Reer Constant base resistance
Re. Reer Collector contact resistance
Repie Rebixr
Ry Repiir
gs aIsub/al}BlCl
Xgs 0 X1 / aVBcl
gst 0lgt/0Vsc,
The small-signal equivalent circuit contains the following capacitances
Quantity Equation
OgE aQtSE/aVBlEl
CBEx Qi + Qe + Qp * (1 — Kg x EXPHI))/0Vp,E,
Cey 0QpE/0Vs,c,
CBE,. 0QBr/0VB,c,
Cpox  0Qpc/OVe,E,
Chcy Qi + Qe + Qepi)/OVB,e,
Cge,- Qi + Qpc + Qepi) /OVB,c,
C’BC’ex a(Qtex + Qex)/aVB1C4
XCBCEX a(XQtex + XQex)/aVBCg
Cpp,  9QBB,/OVr;B,
CBBye  9QB,B,/0VB,E,
CBlBQ,y aQBle /8V3202
CBBy-  0QB,B,/0VB,c,
Cig 0Q:5/Vsc,
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9, Ve, Ey 9m UByE,

+"lee 8

RE

E

Figure 12: Small-signal equivalent circuit describing the approximate behaviour of the
Mextram model. The actual forward Early voltage can be found as Ve, = 1o/ Gour — Ver.
which can be different from the parameter value V¢, especially when dEg # 0.

The full small-signal circuit is in practice not very useful, since it is difficult to do hand-
calculations with it. Mextram therefore provides the elements of an approximate small-
signal model, shown in Fig. 12. This model contains the following elements:

gm  Transconductance

B Current amplification

Jour  Output conductance

9 Feedback transconductance

Rgp  Emitter resistance (already given above)
TR Base resistance

ro Collector resistance

Cpp Base-emitter capacitance

Cpc Base-collector capacitance

Cis  Collector-substrate capacitance (already given above)

We make a few assumptions by making this approximation. It is meant to work in for-
ward mode. For use in reverse mode or for the equivalent hybrid-7 version of the circuit
we refer to Ref. [2]. To keep the model simple, 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

d x = T

ot (4.228)
dz chv,y + gu,y - gy

d z cv,z z

Y _ 92 = JRevr — Gp, (4.229)
dz chv,y + gu,y - gy

dy dy

Gr = G° 4 Gre + Gy + Gre + Gz + (Gry + G {@ + &} (4.230)
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The quantities in the small-signal circuit then are:

_ chv,y(gz - gu,x + 9> — gu,z) - (chv,z)(gy - gu,y)

" chv,y + g,u,y - gy
B = Gm/Ggr
Gout = (gy - g,u,y)chv,z - (gz - gu,z)chv,y

JRevy + Guy — Gy

dy
9u = Grn,z + 9u,z + (gw,y + gu,y)a + Guex + Xguex

rg = Reer + Tty

rc = Reer + Rebixt + Repiim

Cpe = Cpa + CEE + Cpex + (Cpey + Choy)

Cpe = (Cpey + Cheoy)

dy
—+C
a1z + CBeo

d
i Cge.: + Coex + XCpoex + Coeo

dz

June 29, 2017

(4.231)
(4.232)
(4.233)

(4.234)

(4.235)
(4.236)

(4.237)

(4.238)

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

Apart from the small signal approximated hybrid-7 model, we would also like to have a
rather good estimate of fr, 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/(27fr) = d@Q/dIc for constant Vop. The
formulas used to calculate fr are:

Ve
Ty
Yz
9Bfx
9Bfy
9Bf,z

Tb1b2

Tex =

X7ox

= (gmz + Gy — gva,m) by
= (gﬂ,y + gu,y - gva,y) Tbo
= (gﬂ,z + gu,z - gva,z) )
= Gny + gf Yy
= Orn,z + gf Yz
1 dy 1R
+ [grevy @] To + 904980t (9y+98ry) 2] Rer

1= [Greost ooy 2] ro — (949 (g, + 951) 2] Rex

dy dy\1™
= {chv,ya +« (chv,z + chv,y&):|

=ar,
1= GRever:

B 9Rev,y

= Yo Tz T Yy Ty + 7272

7. + Tp1p2 — Repiir

=1, + o2 + Reer (9870 9ue) T + (9BfyT90y) Ty

+(9B7,2+9u,2) 72] — Revir — Rebixr
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(4.241)
(4.242)
(4.243)
(4.244)

(4.245)

(4.246)

(4.247)
(4.248)

(4.249)
(4.250)

(4.251)
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7 = Cpp (re +1o12) + (Coea + Cpow) 7o + (Cory + Cpoy) Ty
+ (CpE.+ Cpez) 72 + Cpcex Tex + XCpex Xrex
+ (Cgeo + Cgco) (Xrex — Reer) (4.252)

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

fr 1/(2m mr)  Good approximation for cut-off frequency

Iy Current at onset of quasi-saturation (please refer to note below)
i Wepi Thickness of injection layer

Vi.c, Physical value of internal base-collector bias

Note on value of /,,: In reverse mode (I¢1c2 < 0), the variable I, is superfluous and its
value is formally undefined; in the standard software implementation, this is implemented
as I,s = 0 whenever Icico < 0.

Related to self-heating we have the following quantities

Pyiss  Dissipation
Tx  Actual temperature
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