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HICUM/LO

List of often used symbols and abbreviations

Ago, Lgp emitter window areaand perimeter

Ag,Lg  effective (electrical) emitter area and perimeter

beg, lgg  emitter window width and length

be, Ig effective (electrical) emitter width and length

It it DC and time dependent transfer current of the vertical npn transistor structure
lck critical current (indicating onset of high-current effects)

Hp Hp electron (hole) mobility

Nci (average) collector doping under emitter
Ncx collector doping under external base

Qo hole charge

T forward transit time

wg ,Wgg heutral/metallurgical base width

Wei (effective) collector width under emitter

Wy (effective) collector width under external base

W width of collector injection zone (for charge storage calculation in collector region)
EC equivalent circuit

GICCR  Generalized Integra Charge-Control Relation
SGPM SPICE Gummel-Poon model
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HICUM/LO Introduction

1 Introduction

Advanced standard models like HICUM/L2 [1], MEXTRAM [2] and VBIC [3] eliminate many
of the deficiencies of the SPICE Gummel-Poon (SGPM) model. However, these advanced models
are also more complicated than the SGPM with respect to the equivalent circuit (EC), model equa-
tions, parameter extraction and computational effort. Hence a simplified model has been of high
interest to the circuit design community, especially in view of simulations of larger circuits. Hence,
HICUM/LO has been developed [4, 5, 1], whichisasimplified version of HICUM/L2 and fallsinto
the same class as the SGPM in terms of simplicity of the equivalent circuit (EC) and element equa-
tions, but eliminates the long-standing deficiencies of the SGPM for more advanced process tech-
nologies including HBTs. As a result, HICUM/LO contains improved and more physics-based
model equations compared to the SGPM, which also reducesthe parameter extraction effort for sin-
gle (geometry) devices. By offering HICUM/LO, the following issues are being addressed:

» For circuit design, it is often advantageous to start with a simple transistor model that is easily
understandable for the designer and enables quick hand calculations, but contains the essential
features of the transistor behaviour. This enables a quick evaluation of the basic circuit func-
tionality, before the time for alonger optimization cycle is spent, using a more accurate model.

* Not al transistors in a larger circuit need to be modelled with a full HICUM/L2 version. In
fact, there are often only few very critical transistors, for which a sophisticated and very accu-
rate model is required that takes into account all relevant physical effects. Another example are
variable capacitors (varactors) that are often realized by transistors, but can be described by
simple transistor models. Therefore, by offering a smplified model, simulation time can be
reduced. To take full advantage of the speed improvement, HICUM/LO should be implemented
as a separate model rather than as a derivative of the HICUM/L2 using conditional program-
ming.

* Sometimes, parameter determination for a “single geometry transistor”, such as a discrete
device, is requested. The extraction methodology for integrated circuit design, however, relies
on devices with multiple geometries and certain test structures, which are not available in this
case. As a consequence, less information on the transistor is available and, therefore, only a
smaller number of parameters and EC elements can be extracted independently. For example,
geometry scaling cannot be established from measurements of a single device, therefore, not
allowing any scalability of the model. The ssimple EC of HICUM/LO and the simplified model
equations with areduced number of parameters, address thisissue.

Despite the ssimplifications, HICUM/LO still meets the following requirements:

» |tsparameters can be generated from the process technology specific HICUM/L 2 parameter set
(used in, e.g., the TRADICA program [6]). Thus, in case of integrated circuit design, no extra
effort is required for parameter extraction. A LO library can be generated automatically from
specific data. Alternatively, LO parameters can also be extracted for a given single device. The
first option is the preferred way since the same basic data are used for both LO and L 2.
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» The model equations are as physical as the ssimplified EC allows, enabling statistical design for
larger circuits.

* The model keeps similarities to the standard SGPM many circuit designers are familiar with.
However, in contrast to the SGPM, a clear documentation of both the physical background of
the model and the definition of model parameters is given, providing modelling and design
engineers with the often missing, but required, information on fundamental model limitations.

The major disadvantage of amodel ssimplification is areduction of the validity range, caused by
either inaccurate equations or completely missing physical effects. However, the purpose of asim-
plified model is to enable circuit designers to quickly obtain a feel for the circuit behaviour by
speeding up circuit simulation. The obtained results should always be verified by simulating with
the more sophisticated HICUM/L2. In particular, HICUM/LO does not include the following fea-
tures (compared to HICUM/L 2):

» Noise correlation between the transfer current and the dynamic base current.
» Lateral NQS effects, i.e. dynamic emitter current crowding.
» A substrate (coupling) network.

* A bias independent collector-substrate perimeter capacitance (associated, e.g., with a deep
trench).

» Both the strong avalanche effect: (voltage dependence at low collector current densities up to
BVcgo) and acurrent dependent impact ionization in the BC space-charge region.

» Bias dependent vertical NQS effects and a second-order differential equation for the delay of
the transfer current (i.e. no magnitude reduction of the terminal transconductance at high fre-
guencies).

It is to be emphasized that, HICUM/LO is an independent model combining the simplicity
of the SGPM with some important features of HICUM/L2. Detailed derivations and the phys-
ical background of its equations can be found in [1]. HICUM/LO is being implemented in Ver-
ilog-A and has been made available for commercial circuit simulators.

The previous and current LO documents and codes are available at [23].
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2 Equivalent circuit

The equivalent circuit (EC) of HICUM/LO is shown in Fig 2.0.0/1. It results from the HICUM/
L2 EC by merging elements and neglecting certain physical effects[1]. Thusthe EC of theinternal,
peripheral and external transistor regions cannot be clearly distinguished any more. The partial loss
of direct physical correspondenceis aresult of the simplification.

It is recommended to make the thermal node accessible to the outside in a simulator implemen-

tation in order to allow modelling of thermal coupling through distributed thermal networks.
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Fig. 2.0.0/1: Complete large-signal equivalent circuit of HICUM/LO with core electrical EC and
adjunct networks for self-heating (thermal network) and vertical non-quasi-static effects
for mobile charge and transfer current.

© MS 5



HICUM/LO Equivalent circuit

2.1 Model formulation overview
Compared to HICUM/L 2, the following simplifications have been made in the EC topology.

» The perimeter base node (B*) has been eliminated by properly merging the respective internal
and external component of the BE depletion capacitance Cj, base resistance rp, base current
i;pE @ross BE junction, and of the BC depletion capacitance C;.

» The BE tunnelling current, the substrate coupling network, the parasitic substrate transistor,
and the capacitance for modelling AC emitter current crowding have been omitted.

The resulting isothermal EC is the same as for the SGPM, except for the

 current i 4 representing the BC weak avalanche effect;

* parasitic capacitance elements, Cpp,,- ad Cpcyy,, (included in the element Opc), that result
from fringing fields in isolation regions;

 self-heating network, consisting of the generated power P as well as the thermal resistance Ry,
and capacitance Cy,;

» adjunct network for modelling the vertical NQS effect of the mobile charge in order to ensure a
correct excess phase of the current and power gain;

Furthermore, compared to the SGPM, various physical effects are taken into account or are for-
mulated in an improved form in the model equations for the various elements.

A main feature of HICUM/LO is the decoupling of d.c and a.c behaviour which on one hand
makes parameter extraction easier for single devices but on the other hand reduces the validity
range of the model and the relation to device physics. Below, the charge equations of the internal
transistor are described first, followed by the formulation of the transfer current. After that, equa-

tions of the various other elements of the equivalent circuit are discussed.
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2.2 Depletion charges and capacitances

Modelling of the bias dependence of the depletion charges (Q;) and capacitances (C;) followsthe
equations given for HICUM/L 2. The mapping equations for the merged elements and differences
to HICUM/L 2 are discussed below.

2.2.1 Base-emitter junction

Compared to HICUM/L 2, the BE depletion capacitance components of the internal and periph-
eral transistor are merged into a single element,
Cpg=CigitCigp
using also merged values for the zero-bias capacitance C;g, the built-in voltage Vg, the exponent
coefficientzg andtheratio a;z = Cig 4 /Cjro- Theformof theclassical expressionsfor the BE de--
pletion charge remains the same as in the previous model version. However, the auxiliary voltage

v; has now been replaced by ahyperbolic smoothing expression,

2
x+A/x +a,.

v, = V=V; > <V, (2.2.1-1)
using the argument
Ve—v ..
= L _BE (2.2.1-2)
Vr

Vristhevoltage at which at large forward bias the capacitance of the classical expression intercepts

the maximum constant value a;zC;g [1],

~(1/zg)

Vi= Vpgill-ajg I. (2.2.1-3)

In (2.2.1-1), the value of a; has been adjusted to yield results equivalent to the former formula-

tion, which gives,

a; = 1.921812 . (22.1-4)
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It isto be noted that a;; is not amodel parameter, but afixed constant within the code.
The total capacitance is calculated from the derivative of the charge and consists of a classical

portion and a component for high forward bias,

Ciro dv; dv;
Gr = e 1.
(1 v/VDE) BE
with the derivative of v;,
2
dv; _ Xt X ta, 2.2.1-5
dv.. 2 | (2.21-5)
BE 2.1x +afj
The corresponding charge equation reads
CiroVpE v, (=2
0 = L2 (1) )
JE 1-zg Vy a;5Cipo(Ver =V,

The zero-bias value is directly related to the respective HICUM/L 2 values for the internal and
peripheral transistor:

Ciro = Cigiot Cigpo -

Similarly, the value of a;z issimply given by Cig uax = Cigi max + Cigp,max 1-€-

%5iCirio* 45y C g0

a.
E
/ Ciko

For each transistor configuration, the values of V' and z; can be extracted from exercising HI-

CUM/L2 equations at the appropriate forward bias.

2.2.2 Base-collector junction
Due to the simplified EC, the BC depletion capacitance must now be partitioned across the total
base resistance. The resulting “internal” and “external” portions have been labelled in Fig. 2.0.0/1

with astar, C ;and C. iCx in order to distinguish them from the physical components (and val ues)
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used in HICUM/L 2. For transistors with a selectively implanted collector, which is a standard op-

tion in high-speed processes today, the (original) physical components Cici and C

iy » aSthey are

used in HICUM/L 2, differ in their bias dependence, particularly in terms of punch-through behav--
ior. Therefore and in order to provide sufficient flexibility for modelling the high-frequency char-
acteristics, a separate set of model parameters has to be maintained for these elements. This can be
done by implementing the BC depletion capacitance as shown in Fig. 2.2.2/1. The internal deple-
tion portion, Cicj, mai ntains its separate parameter set. The external depletion capacitance,
Cicxo = C]'.Cx0 + C icxo» consists of two elements, split acrossr, according to apartitioning factor
defined by the user. A possible code implementation is shown in 2.2.2/1b, in which Cic;g, Cicxp,
and fp~ represent model parameters and the underscored variables are local; theindex 1 and 2, re-

spectively, indicate C, ioxo @d Gy, respectively.

IF (CjCx0 == 0)
C C §Ci0=CjCi0*£BC
C jCx02=0

C _L _‘L _L C_jCx01=CjCi0* (1-£BC)

BCpay Cicx CJ o Cici ELSE

5 T T T T C_jcio=cjcio

B B’ C_jCx02=CjCx0*£BC
C_jCx01=CjCx0* (1-£BC)

END

€Y (b)

Fig. 2.2.2/1: Implementation of aflexible partitioning scheme for the various BC capacitance com-
ponents: (a) equivalent circuit; (b) code example.

This implementation not only permits modelling of the internal and external depletion capaci-
tance with separate parameters but also provides a simple scheme for partitioning of the total ca-

pacitance arbitrarily across g, viaadjusting /-

2.2.3 Collector-substrate junction

The element C;ginthe EC of Fig. 2.0.0/1 represents the total collector-substrate depl etion capac-
itance, which is modelled by the same formulation as C;¢. In most processes, punch-through is not
relevant and the respective parameter can be omitted, which also reduces the computational effort
somewhat. The parameters can be directly either measured from capacitance-voltage data or cal cu-
lated from HICUM/L2.
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2.3 Minority charges and capacitances

Modelling of the forward transit time and minority charge is based on asimplified version of the
HICUM/L2 equations. This allows an easy extraction particularly from single devices at the ex-
pense of direct geometry scalability at high current densities.

The formulation of forward minority charge O is strongly based on the accurate description of

the trangit time t;. Like HICUM/L 2, the bias dependent transit time consists two components,

Irf(VC'E" in) = Tj(VB'C') + AT/("C'E'a in)| ) (2.3-1)

which will be discussed below in more detail. The corresponding total mobile charge used in time-
domain (transient) analysisis

a) Low current densities
Thetransit time reads[1]

(2.3-3)

1

withc = C;CiO/ C;Cl. = Cjcio/Cjci» since the capacitance ratio does not depend on the zero-bias val-

ue. The respective forward minority chargeis given by

On = T iryl- (2.3-9)
b) Medium and high current densities
Thetotal increase in the (forward) transit timeis given by

Neglecting the bias dependent portion of the collector current spreading formulation in HICUM/
L2, the additional base charge contribution and the charge contribution from the neutral collector

can be lumped together into
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_ 2 2k
ATf/’l - ThCS W 1 + > y (2.3‘6)
leA/l ta,,.
with the normalized injection width
2
W, i+ A/i ta,
W(l ) = L = —C. (23-7)
7 We 1+ /1+a,
and the bias dependent variable
I
i= 11—, (2.3-8)
Thecritical current /-« is described by the same voltage dependence as for HICUM/L2,
2
% x+,./x ta;
ICK — ieff 1 — |:1+ A/ zck:| ’ (23_9)
,,.Clo(l + (V(,‘e Q‘f) ck) ck 2
lim

with r*cl'o asthe (low-field) internal collector resistance, that possibly includes alumped factor for
collector current spreading, V)i, asthe voltage defining the boundary between low and high electric
fieldsin the collector, §,; for amore flexible description of the field dependent mobility in the col-
lector, ajgy( = 10'%) as a smoothing parameter, and x = (veest-Vjim)! Vet With Vpr as epi-collector

punch-through voltage. The effective CE voltage is given by

=V 1+

v with theargument u =
ceff 2 VT

2 v.—V
w+ u + 1.921812} T (23-10)

where

VC = VC’EI_VCIEIS Or VC = VDCk_vBICI . (2.3'11)

Theinternal CE saturation voltage Vg (= Vpgi-Vpci) 1ISamodel parameter. From v2.0 on, either

one of the above options for v above can be selected by specifying Vpcx (> 0) regardless of the

© MS 11



HICUM/LO Equivalent circuit

valuefor Veps Ideally, Vpex = Vpci, but this couples the critical current modelling with the Cig;
modelling and becomes inaccurate (for /) especially for aforward biased internal BC junction.

After integrating Aty over Iy, the resulting additional chargeis then,

. 2
AQy = Tpesipypw |- (2.3-12)

and corresponds to the HICUM/L 2 expression with /. = 0; i.e. no collector current spreading.

The emitter component of transit time and charge is given by

i grE
My = T (1—3) (2.3-13)

and after integrating Atgs over It

_ o ]
AQyy = Aty 75— (2.3-14)

The model parameters in the above expression are 1., 4., Tygo, 8- 1he model parameters
rcior Viim Ver ad{Vegs Vpcow) for the critical current 7 [8, 9] are the same asin HICUM/L2.
Aboveformulation neglects also the BC barrier effect, which allows merging the base and collector
component of into asingle expression.

In order to maintain an accurate physics-based description of the shift of the transit time increase
with Vo g or Vg o, temperature, doping and geometry, the bias independent portion of the collec-
tor current spreading factor, /., can beincluded in /- viar¢;, according to [1] and [9]. Together
with adjusting the parameter t, . properly, the impact of possible current spreading on A1, can
then still be included.

The“reverse” trangit time 7, isassumed to be bias independent. The corresponding chargeisthen

0,=0,9=1tig . (2.3-15)

Geometry scaling can still be achieved by extracting the parameters of the smplified equations
from the full HICUM/L 2 formulation.
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2.4 Simplified transfer current equation

The basic objectiveisto find an explicit expression for the transfer current which will be simple
but sufficiently accurate over the practically utilized biasregion up to around /(7 pea)- Theinitial
HICUM/LO version (1.12) exposed a weaknesses of the transfer current formulation [11, 1] for a
certain combination of parameters, which has been eliminated from v1.2 on. The resulting simpli-
fied transfer current formulation, which completely decouples DC and AC description, is shown
below.

I Ve Ve
Ip = lpp—ip, = —— exp(—) —exp(—)} , (2.4-1)
g T qu|: Mct v Mc, 4

with the saturation current /g and the emission factors mc¢, mc, 8 model parameters. Nonlinear

non-ideal effects are described by the normalized hole charge

dpr = 4,4t Aqpp. (2.4-2)
Here,
_ ViEi,de | ViCi
q; = 1+ + (2.4-3)
VEr VEf

corresponds to the sum of the simplified normalized zero-bias depletion charges, which are con-

trolled by the voltage functions

Viei de = 9igi ac’ Cigo (2.4-4)

and

vici = Qici/’ Cicio » (2.4-5)

with Vg, and V,asreverse and forward Early voltages, which are the model parameters.

The use of the transfer current related “DC” BE depletion charge Ojg; qc as Well as the normali-
zation to the zero-bias capacitances and the use of Early voltages decouples the parameter extrac-
tion for the transfer current and dynamic transistor behavior. The DC depletion charges are

calculated the same way as the actual depletion charges, but with a different parameter set (Vpg gc,
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ZE dc, 9iE,do); their values take into account the bias dependent weight factor in the GICCR charge
of HICUM/L2. The default (initial) valuesfor Vpg gc, ZE dc, 9jE dc Can be set to the values of the ac-
tual depletion capacitance. Since generally similar accuracy for Q,; can be obtained with different
value pairsfor (Vpg; gc, ZEi do)s It isrecommended tokeep z; ,. = zg; andto only use Vpg; gcand
ajEi dc as parameter. For the forward Early effect, the internal BC depl etion charge can be used di-
rectly, since the corresponding parameters can be specified as model parameters.

The normalized low-injection mobile charge

= I, 246
n Lo(vge) g, (2.4-6)

is defined viaa current independent transit time. The current /,,. isamodel parameter, while

I = Tor 247

Q/’(VB’C’) T (V , ,) ' ( ' )

1+ fiqf[—u _ 1}
To
Here, Iprand f;,rare model parameters.The latter acts as flag that allowsto entirely deactivate the
voltage dependence. Physically, the two currents /- and /), represent base conductivity modula-
tion, if for 75 just the base transit time would be inserted.
Finally,

T o (2.4-8)

2
Aqeqr = (W (irp) +t
ST Ty ﬂl]c I

represents the simplified current and BC voltage dependent mobile charge at high injection, with

the two model parameters /g, and ¢, Furthermore,

. _ iT{i . _ iTri
gk qp T,1 T qp T,1

are the low-injection approximations of the forward and reverse transfer current components,

which are calculated from the normalized low-injection hole charge,
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_ 4, |4
qu,l - 2 + 2 +Qﬂ! (24—10)

and the ideal current components,

. VB'E’ : VB'C
rfi = ISexp(meV and ir,; = ISeXp(m ) (2.4-11)

Note that g,,; results from the solution of a quadratic equation with g; from (2.4-3) and g, from
(2.4-6). According to (2.4-1) and (2.4-11) the transfer current components read,

Iop I I, I
Tt Al Ir 4Bl
qdpt,1 dprt,1

The above solution was implemented in version1.12.
With certain parameter combinations, above solution can lead to a negative transconductance
over asmall bias range at high current densities. The corresponding details can be found in[11, 1].

The problem can be circumvented by defining the charge variables

2 2
w(q,7) . T
Agges = —f’—Ith irp ad  Aqg, = 1, ]—LCK[’ : (2.4-13)
ofh

and inserting them into (2.4-8) so that (2.4-2) becomes the third-order equation

3 2
91 =991~ 991~ D89y 9pr— A = 0, (2.4-14)

which can be solved using Cardano’s approach with respect to g, (cf. Appendix). The results are
shown in Fig. 2.4.0/1, where a comparison between HICUM/L2 and HICUM/LO is shown. Here,
high current effects were turned off in both models and g.z=1 was used in L2. This case was used,
since it represents exactly the preconditions for an analytical solution. As shown, transfer current
and transconductance of LO perfectly match those of L2. Here, theratio #;,/1, was directly calcu-

lated from L2 parameters.
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—L2
o L0 AC-linked

041—12
o L0 AC-linked >

0.8 0.85 0.9 0.95 1 1.05 1.1 0.2 0.4 0.6 0.8 1 1.2
Vee M Vge V1

Fig. 2.4.0/1:/-and g, for reference temperature using Cardano’ s equations (set g.,=1 in HICUM/

L2 model, to show the usability of the equations). No influence of high current effects
(Thes=0and I, very large). Results shown for various V.

In summary, in HICUM/LO g7 is calculated three times. The calculation of the collector related
minority charge has not been changed. There, g, is caculated first with w=0 and then with w=1.
These results are used to calculate the final valuefor w. In order to reduce the computational effort,
only thefinal g, is calculated as third order polynomial. Both intermediate values are still calcu-
lated asin the previous version. Thisresultsin amore generalized form for the HICUM/LO transfer

current.

I
ipp = , , — — (2.4-15)
q,+’_TL+i+W2’_TL+(ﬁ£ Loy
7 deky ek lom Mk Lo

This approach may lead to some simplifications in the parameter extraction.

Finally, g, can simply be calculated by

I
ty = 22 (2.4-16)

For more details see [15].
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2.4.1 Low and medium current density range
Since HICUM/L 2 has been extended to a bias dependent weight factor /;z; [14], the same equar

tions can be used for Vg, leading to a bias dependent parameter

X -1
VEr = ErO/(_M%L) (24_1)
with
= a4y (1-(1- —LE) (2.4-2)

Here, Vg,q is the Early voltage for zero volt and ay g, the parameter describing the change of the

Early voltage. Towards and beyond V', the voltage vg: g islimited smoothly by

Viu= Voe—TveVr —ZL with x, = W, (2.4-3)

with the model parameter ry, and the smoothing constant a;= 1.921812. A possible division by
zeroin the Bernoulli function B(u) = [exp(u)—1]/u in(2.4-1) at vy »=0isavoided by a series

expansion and with the following implementation:

B(u) = “ : (2.4-4)
1+g for |ul <u,,,

The boundary for the series expansion has been set to u,,i, = 0.001 and is not critical since UV, is

multiplied with a vanishing (normalized) BE depletion charge in the corresponding bias region.
The parameters ', and z; used here are the same as for the electrostatic capacitance. For sim-

plification, the parameter r,. is set to afixed value of rwo (2), which can be shown to be sufficient

for al verifications [15]. The bias dependence of Vg, can be turned off by settings a,. to zero.
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2.4.2 High current densities

In HICUM/L2 model, the range of medium currents was extended by a weight factor /.. How-
ever, any changes for /- (except for temperature dependences) are not necessary, since [ isitself
amodel parameter so it could be set to any value. The equation to calculateits value from HICUM/

L2 parameters can be written as,

1= 2o
Y o
Sincev1.3.1, the third order polynomial function of the transfer current at high injection (result-

ing from g, z=1in HICUM/L2) has been solved directly.

2.5 Static base current components

2.5.1 Injection across the BE junction
The components resulting from back injection into the emitter across the perimeter and bottom

BE junction are merged into a single diode,

. VBE VBE
ipr = Ipgs [exp(—V) - 1} +Ippg [exp(—V) - 1]

MpE MgE

consisting of a (usually almost) ideal and a (non-ideal) recombination component. The saturation
currents and ideality coefficients are model parameters, that allow to model the base current inde-
pendently of the collector current. Thusin contrast to the SGPM, the current gain - although a use-
ful parameter for circuit design, has been eliminated as model parameter to have a flexible and
accurate model formulation.

The saturation currents follow from HICUM/L 2 parameters as.

Ipps = Ipgis + IgEps and Irgs = IREis + IrEps -

If a constant current gain B,in the relevant collector current region is desired by the designer, the

model parameters have to be set asfollows:

IBES=ICS/Bf and mBE=me.
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2.5.2 Injection across the BC junction

The diode current /;z injected into the collector across the BC junction, is described by:

. Vpc
iipe = 1. [exp( )—1} .
jBC JBCS mBCV

Usualy, this current is negligible but it provides a d.c path between the nodes B’ and C’, which
sometimes aids convergence and also can be regarded as flag for designersif the transistor enters

an undesired operating region outside the model’ s validity range.

2.5.3 Avalanche current

In HICUM/L 2, the weak avalanche current is modelled as[1, 7],

Fon v i_l)

; = AVL DCieX _ davL Czcl-

AVL f 1/z, P C.rnVir € '
Cc jCi0" DCi

with C,. = Cjci(vpic)/Cicip, and the avalanche factors

Sayr = 2a,/b, and  qyp = b,Ap/2,

which depend on emitter area, physical dataand temperature (viaa, and b,). Herea,, and b, arethe
(temperature dependent) ionization coefficients. The two model parameters f,;; and g 45, can be
taken over from HICUM/L 2.

2.5.4 Injection across the collector-substrate junction
Depending on the transistor structure and layout and electrical conditions, a parasitic substrate

transistor can be turned on. The transfer current of which can be expressed as,

Voo 1%
Irg = Irgg [exp(m;g;) —exp(mj;)J (25-1)

It isto be noted that, the same non-ideality coefficient isbeing used for forward and inverse oper-

ation of the substrate transistor.
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The total current across the collector substrate junction is described by the usual diode equation:

Vo
foam = 1 [exp( SC)—l} :
isC scs meV

The diode aids d.c convergence; in addition, a conducting diode is a good indication for designers

that the transistor enters an undesired operating region.

2.6 Internal base resistance
Starting point for the LO model is the description of the DC internal base sheet resistance in HI-
CUM/L2,

1 _ TsBi 1
= - : (2.6-1)
I Tssio Qipi+ Q)¢ .\ o+ 0,
QrbO QrbO
with ¢,,, asthe normalized charge, r¢;, as the zero bias sheet resistance, and
QrbO = on + AQrbO: (1 +fDQrO)QpO 2 on ] (26‘2)

as modified “ zero-bias’ charge due to mobility changes with bias [15]. Since the actual values of
the internal junction charges are not separately available in HICUM/LO, the corresponding charge
ratios has to be replaced by available quantities.

At low current densities, the internal base sheet resistance is only voltage dependent via the de-
pletion charge ratio. Normalizing the latter to their zero-bias capacitance, that is defining ¢; = O/
Cjo, the charge ratio is approximated here by

QjEi+QjCi: Vie  Yici

(2.6-3)

QrbO VrOE VrOC

with the voltage function v,z = O/ Cigg and v;c; = Q;ci/Cicip- Furthermore, V,or = 0,59/ Cigg
and V,gc = Oyp0/ Cicig are model parameters, which are defined similarly to the artificial Early-

voltages used for iz
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In analogy to the ssimplification of the current dependent charge ratios for the (G)ICCR, theratio
containing the minority chargesin (2.6-1) can be simplified by introducing “critical” currents /,;,

and/, rBir

Qf+ Qr: ITf + ITr
QrbO IrBif IrBir

(2.6-4)

With 1,50 = Q,40/ T @d 5, = 0,40/ 7T,. Since HICUM/LO becomes less accurate at high

current densities, the number of model parameters is further reduced by setting /,5;r= 15, and

IrBir = ]Qr'
Defining,

| Ve~ 1 I
0.= (1+\7£+\_/&+|—T1+|ﬂ) , (2.6-5)
roe roc of Q

the internal base resistance that results from conductivity modulation only is therefore given by

=

Bi

>

r, =

_Biop. (2.6-6)

where,

for= %{QZ+ /Q22+O.Ol}, (2.6-7)

isasmoothing function to avoid adivide by zero at too large reverse bias. rgjgisamodel parameter,
that isafunction of zero-bias sheet resistance ;) and emitter configuration (i.e. number of emitter
and base fingers) [16] .

The effect of emitter current crowding can in general be described by the function [16]

y(m) = 'ﬂ%u , (2.6-8)

with the current crowding factor
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rilpp
n =/ == (2.6-9)
geo VT

which depends on the sheet resistance ¢, the internal base current and emitter geometry viathe
factor f,.,. Dueto the model simplifications, theinternal base current (1;) isnot directly available
sothat 77 hasto be calculated from the total base current 7, = Igp; + 15, . Thisis done by mod-

ifying the geometry factor /., to

f’»" - fgeo
80 1+ vyp(Ppo/Ago)

(2.6-10)

which now contains the base current bottom-to-perimeter partitioning at low current densities and

can be calculated from HICUM/L 2 parameters. As aresult

_e* rl'IBE
n = fgeo TT . (2.6—11)
Note that f;eo does not depend on bias and, therefore, is a model parameter that can be directly
extracted for a given (transistor) geometry.

Thefinal equation for the internal base resistance then reads

rg; =1 W(M)|, (2.6-12)

and contains the model parametersrz;, V,op V,oc @d f;eo .

For circuit design, often an estimation of the internal base resistance close to the circuit operation
isof interest. Thelow-current value of »; can be roughly approximated using simple voltage ratios
like in the SGPM:

Vop:
SBi L | (2.6-13)
T'sBio 1+ VBE + Vpc

rBif VrBir

with V,girand V,.p;,. as constants. For instance, V,z;-can be estimated as the ratio V,gr/c;f 5, With

the model parameter V. and the normalized capacitance Cj ,,, a the desired bias value.

,0p
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2.7 External series resistances
The equivalent circuit of Fig. 2.0.0/1 contains the operating point independent series resistances
for the external collector region, r,, and for the emitter region, r. In contrast to HICUM/L2, the

EC contains only a single base resistance el ement representing the tozal base resistance

The physical meaning of all series resistor componentsis the same as for HICUM/L 2.

Sinceinthesimplified EC theinternal base resi stance cannot be accessed anymore through a sep-
arate node (between rp, and rp,;) the lateral NOS effect (i.e. dynamic emitter current crowding) is
omitted in HICUM/LO.

2.8 External (parasitic) capacitances

In addition to the junction and diffusion capacitances, both of which are bias dependent, ad-
vanced processes contain constant capacitances, that are caused by isolation regions between base,
emitter, and collector. In order to make HICUM/L 0 applicablefor an aslarge as possible variety of
technologies, the corresponding two capacitance elements Cp,,- and Cp,,,- have been added to
the equivalent circuit of Fig. 2.0.0/1. The capacitances can include al so contributions from the met-
dization above the silicon surface. The values are usualy the same as for Cyg,,,,- and Cpyq, HI-
CUM/L2.

2.9 Non-quasi-static effects

Non-quasi-static (NQS) effects are occurring at high-frequencies or fast switching processes.
Note that the designation “high” or “fast” is relative and depends on the technology employed.
NQS effects exist in both vertical and horizontal direction.

Regarding vertical direction, itisawell known fact that at high frequencies minority charge and
transfer current are reacting delayed w.r.t the voltage across both pn-junction. While an amplitude
change is negligible until about athird of the internal /7, a significant phase shift is felt already at
St and below. Vertical NOS effects are taken into account in HHCUM/LO by additional delay times
for both minority charge and the transfer current in form of a single-pole low-pass, giving for the

ratio of delayed vs. quasi-static dynamic base current component in frequency domain
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Qf ngs 1
NG5 — : _ 29-1
9 1Hjoty, @9
with the bias independent delay time

The frequency dependence of the collector terminal current is, in contrast to HICUM/L 2, mod-

elled by asingle-pole RC-network, giving for the ratio of delayed vs. quasi-static transfer current

iT ngs 1
: = 2.9-
ir 1+j01,, (293

with the bias independent delay time

Tir = 07T - (2.9-9)

Eq. (2.9-1) and (2.9-3) areincluded using RC subcircuits as shown in Fig 2.0.0/1 that enable a con-
sistent description of NQS effects in both frequency and time domain.

The model parameters here are the same as in HICUM/L2: a5, o5 and flngs. The flag fings al-
lows to turn on or off vertical NQS effects without having to change the model parameters.

For more details on NQS effects see [1].

2.10 Self-heating
Asshownin Fig 2.0.0/1, a ssimple thermal network for modelling self-heating is provided, con-

sisting of the temperature dependent thermal resistance

CRth
R, (T) = R, (To)[1+ (xRthAT](TlO) (2.10-5)

with the model parameters oz, and (g, and a temperature independent thermal capacitance Cy,.
For FLSH = 1 (self-heating turned on), the power dissipation is calculated as

P=LVoe +Iav.(VpcirVec) - (2.10.0-6)
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The temperature node (not the ground node) needs to be accessible to the external circuit for en-

abling modelling of thermal coupling.

2.11 Temperature dependence

The temperature dependent modelling in HICUM/LO follows closely the equations of HICUM/
L2, therefore, attempting to maintain an as strong as possible relation to physics despite simplifi-
cationsin model equations. In the following formulas, 7, isthe reference temperature for which the
model parameters have been determined. The formulas are valid roughly for a temperature range
between about 250K and 400K, although this range depends somewhat on the technology consid-
ered.

In order to allow simulations of devices fabricated in different materials and to make the model
simulator-independent, a temperature dependent bandgap voltage has been added to the model
equations. The formulation suggested in [18] has been selected,

Vo (T) = Vg(O) + K, TIn(T) + K, T, (211-1)

the main advantages of which are

» a higher accuracy w.r.t measured data in the relevant temperature range compared to the
classical formulation, and

» compatibility with existing temperature dependent current formulations in compact models
that are based on the assumption of a simple linear temperature dependence
Vo(T) =V, (0) —a,T, but higher accuracy at the same time.

Theorigina coefficient values are givenin Table 2.11.0/1; the second row contains an improved
set of parameters which is more accurate at |ow temperatures with respect to the classical formula-

tion

o
— _ g .
Vo) = Vg og(0) =4 T (2.11-2)
Parameter K; [V/IK] K, [V/K] V4(0) [V]
[15] -8.45910° | 3.04210% 1.1774
[16] -1.0237710% | 4.321510* 1.170
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Table 2.11.0/1: Coefficients for calculating the bandgap voltage in silicon as afunction of
temperature from (2.11-1). In the range from 250 to 400K, asmaller error can be obtained by
simply setting V,(0)=1.1777V in the original parameter set.

For compact model and application purposes, it is sometimes more convenient to re-write above

equation in terms of areference temperature 7, (e.g. for parameter extraction), which gives

_ r.(r I
with the definitions
ki = KiTy ,  ky = K;Ty+ kqIn(Ty) (2.11-4)

and the bandgap voltage at the measurement reference temperature,

Vo(To) = kp+ V,(0) . (2.11-5)

Fig. 2.11.0/1 shows the temperature dependent bandgap voltage according to (2.11-1) compared

to the most popular conventional formulations.

1.22 1 Vg(T): equation of Lin and Salama 1 -
,,,,,,,,, _________Vg(T):equation of Thurmond | = ——
1.2 | . ; |
: linearized at 300K —
118 [-----">g e s SECEEE TR EEEERREEE
146 [~ LS
T e
= |
DLI2 o s S U R R
11 fp--------- e Lo e N
108 |-~ A — R - TN
1.06 [~ oo e e SRR N
v SRR SN RS S
1.02 1 1 1 1 1
0 100 200 300 400 500 600
TIK]
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Fig. 2.11.0/1: Comparison of bandgap voltage approximations. The parameters used for (2.11-2)
aelVy0)=1170V, 0p =4.73 10% V/K, T, = 636 K. The parametersfor the (at 7)) lin-

earized equation are V,(0) = 1.2009 V, a, = 2.5461 107 VK.
The choice of the bandgap description also influences the formulation of the effective intrinsic

carrier density, which now reads

m, VA0
no(T) = ni(%)({-) exp[—%ﬂ({——lﬂ , (2.11-6)
T 0
with the constant
k K
m, = 3-—L = 3171 (2.11-7)
VTO kB

and K from the bandgap voltage equation (2.11-1). Using the valuesin Table 2.11.0/1 for Si gives
mg = 4.188.
The temperature dependent transfer saturation current is dominated by the intrinsic carrier con-

centration and given by

I4(T) = IS<TO>(T10) c”epr—if%(%)—lﬂ , (211-8)

with the bandgap voltage V;;, (averaged over the base region) and ., as model parameters. The

saturation currents in the base current components can be written as,

_ 1 Coir V e 1
Lps(T) = IBES(TO)(TO) exp[—g—VT( T)(To_lﬂ , (2.11-9)
with the new model parameter (. and
B T my/ 2 V be Z
Tees(D) = Lass(To) ) 0| 52457 -1) | (211-10)

with the m, from (2.11-7). Similar equations hold for the junction saturation currents g, ipc; and

icg of the other diodes, e.g.,
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4

Iyes(D) = Iyes(To) (3 Z;eX|o[V—T§’]—3(7TO -1)]. (2.11-11)

and

Iges(T) = ISCS<TO>(T10) c“Texp[V—j(gS;)(;]; -1)]. (211-12)

I7g5(T) = [TSS(TO)(%O) CSCTGXP[T/I;/(&CT—)(% - 1)} 1 (211-13)

with {gor= m,—15,and Vi, = (Vo +V,.)/2 .
The temperature dependence of /,is changed [15] according to the new formulations of HI-

CUM/L2, which leads to the following expression,

IpAT) = Iy TO)(TE() CIQfexp(_i;‘—;”(%) - 1)) , (2.11-14)
where the exp-formulation is added and { 1or 1Sthetemperature coefficient for /,-and amodel pa-
rameter The corresponding parameter is also used to describe the bias dependence of the reverse
Early voltage.

Dueto different bandgap voltagesin the transistor, high current effects may become also temper-
ature dependent. Since for /5, minority chargesin different regions of the transistor are taken into

account, a simple second order polynomial fit is applied [15],

Lom(T) = Ioa(To)(1+ 04y AT + k[QﬂlATZ) (2.11-15)

Temperature dependence of #;, is expressed as [15],

1,,(T) Vor=Vool T
_ Ofh gb ge _
t(T) = ffh(To)] Ty exp( . (——0—1)) (2.11-16)

The temperature dependence of 7, is expressed as
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AT) = te/(To)(Tl) C’e-"exp(_(—vg’;/—;vge—)(%—l)) , (2.11-17)

In addition, the flag “/lzefi” allows to turn on or off the T dependence of 7,(7).
In principle, the bandgap voltages V. and V. differ from ¥, dueto the different doping con-

centrations in the corresponding regions. However, for simplicity reasons

VgSC = ngx = ng . (211‘18)

The temperature dependence of the zero-bias junction capacitancesis given by

V(T ?
C.o(T) = Co(T)\ — | |- 2.11-19
o1 = ColTo 72 5 (2.11-19)
In addition, the parameter a; is modelled temperature dependent as
Vp(T)
(T) = a(Ty)————|. 2.11-20
aj( ) aj( O)VD(TO) ( )

The temperature dependent formulations of the BC avalanche current related parameters read

|fAVL(T) = Javi(To)exp(oy, (T —Tp)) | (2.11-21)

q4y.(T) = q 4y (To)exp(o,,,(T—Tp)) (2.11-22)

where o, and o, arethetemperature coefficient of avalanche prefactors. These parametersare
the same as for HICUM/L 2.

The formulation for the built-in voltages has been extended physically (as in HICUM/L?2) to
avoid numerical issues at very high temperature. First, an auxiliary voltage is calculated at the ref-

erence temperature from the model parameter 1,

Vpi(To) = 2VT0In[exp(-V2DI(/—:§)) —exp(—zzg%ﬂ , (2.11-23)

with V7, = kgTy/q. Then, the respective value at the actual temperature is calculated,
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Vo) = VD].(TO)(TE() ¥ Vg(l—Tl() —mgVToln(TZO) , (2.11-24)

which corresponds to the classical equation. Finally, the new built-in voltage is calculated as

V(T
1+ Jl + 4exp(——DI§(——))
Vp(T) = Vp,(T) +2VIn 5 L (2.11-25)
The temperature dependence of low current transit timeis given by,
To(T) = To(T)[L+0,o(T—Tg) +ko(T—Ty)1 |, (2.11-26)

where, ag and kg are the first- and second-order temperature coefficient of the transit time.

The temperature dependence of reverse Early-voltage is modelled as [15],

Vo D) = Vo To) exp[i;j@((%) ] (211-27)

Also, the parameter describing the Early-voltage may change due to 7 and the temperature in-

duced moving of the SCR-boundary. Both effects are modelled using the temperature coefficient

gVEr
i (T) = aVEr(TO)(TlO) (2.11-28)

The temperature dependence expression for the internal collector resistance,

(2.11-29)

Cei
oD = reolTo)( 1)

where 7r7e temperature coefficient ¢ of the epi-collector diffusivity isthe sameasin HICUM/L2.
The temperature dependence for the voltage dividing ohmic and saturation region of the field de-
pendent drift velocity,
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T (CC[_U‘V.;)
Vi) = Vi (T, o)(}') : (2.11-30)

where ¢ is the relative temperature coefficient of the saturation drift velocity.

The CE saturation voltage can be modelled as a linear function of temperature,

|VC'EIS(T) = VC’E‘S(TO)[]' + OLCESAT]| ) (2.11‘31)

with ocgsasamodel parameter. Its value can be estimated from the difference between the respec-
tive relative temperature coefficients of the built-in voltages Vpg and Vpgj. Similarly, the optional

parameter Vpcy ismodelled as alinear function of temperature according to

VoerD) = Vper(To) [ L= 0y AT (2.11-32)

S

with the temperature coefficient oy, as model parameter. These formulations are the same asin

HICUM/L2.

Thetemperature dependence of the seriesresistancesis modelled the sasmeway asin HICUM/L 2:

T Crex
FodlT) = re TO)(FO) , (2.11-33)
T Crax]
o (T) = rp TO)(F) , (2.11-34)
T C:RBI
rgio(T) = 7rpio TO)(FO) , (2.11-35)
T CRE
- (T) = 7y TO)(F) , (2.11-36)
where exponent factors Cp v, Crp v Crpy @d (g @re model parameters.
The temperature dependence of the thermal resistance is modelled as
T Z;rth
R,(T) = Rth(TO)(FO) , (2.11-37)
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with the temperature exponent factor {.,, asmodel parameter.

rth
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2.12 Noise
The (small-signal) noise EC of HICUM/LO is shown in Fig. 2.12.0/2. It is based on the small-
signal model discussed before, but contains in addition for each dissipative element its respective

noise source [2]. It is assumed that base and collector current noise sources are uncorrel ated.

S
0
9 7
CJ o — rCx
- e @ﬂ -
Crex| 173 OBC JIZ: g o
BC
T 12 NolCH
; rb L QL
g >
==CBEpar " " T oo
_ E' gnVp E\ ImiYp'C
IEE e

Fig. 2.12.0/2:Small-signal noise equivalent circuit of HICUM/LO, showing the noise sources with
their RMS values used in acircuit simulator. The following elements have been merged

compared to the small-signal EC in Fig. 2.13.0/1: C;Cx = Ciex t Cpepar

*
* *
Cpei = Cici* Cacr Cpp = Cipt Coyp v 8pc = &ipc* 8upr -

The various noise (current) sources are described as follows. For series resistors, thermal noise

is taken into account,

P= ‘”‘f A (2.12-1)
withr =rg, v, or rp.

For the transfer current, shot noise is assumed:
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5= 2q1, AF . (2.12-2)

The noise resulting from the current injected across the BE junction into the emitter,

2 Af

2 ;
Iyp = 2qL A+ kp Ly i (2.12-3)

contains a shot noise and aflicker noise contribution with k5 and a as the flicker noise model pa-

rameters. The currents across the other junctions are assumed to have a shot noise component only,

2
]jdiode = 2q1jdiode Af 1 (212-4)

with diode = {BC, CS}.
Noise from avalanche generation within the internal BC depletion region is modelled as shot

noise,

2
giving for the total noise contribution within the BC junction

2 2 2
L = /fBCHAVL . (2.12-6)
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3 HICUM/LO Parameters

Below isareference list of model parameters with abrief description. With the “ default” values
all but absolutely necessary functions defining a bipolar transistor are turned off. The second pa-
rameter set named “test” is being provided for exercising the model with most of the effects being
turned on and can be used for model testing.

The factor M allows a scaling of the respective parameters in case of M identical devices con-
nected in parallel.

Table 3.0.0/1:

name description default range test unit | factor

Collector Current

is (Modified) saturation current 1E-16 [0:1] 1.35E-18 A M

mcf non-ideality coefficient of for- 1.0 (0:10] 10 - -
ward collector current

mcr non-ideality coefficient of 1.0 (0:10] 10 - -
reverse collector current

vef forward Early voltage (nor- inf (C:inf] 8.0 \% -
malization volt.)

ver reverse Early voltage (normal- inf (C:inf] 115 \%
ization volt.)

a/Er parameter for biasdependence | 0 [0:100] 0 - -
of Vg,

rver smoothing parameter for 2.0 (0:10] 2.0 - -
ver(VBE) at high voltage

iqf forward DC high-injection inf (C:inf] 3E-2 A M
roll-off current

figf flag for turning on voltage 0 [0:1] 0 - -
dependence of igf

igr inverse DC high-injection inf (C:inf] 1E6 A M
roll-off current

igfh high-injection correction cur- inf (C:inf] 1E6 A M
rent

tfh high-injection correction fac- 0 [O:inf) 2E-9 -S -
tor
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Table 3.0.0/1:
name description default range test unit | factor
ahqg smoothing factor for the DC 0 [-0.9:10] 0 - -
injection width
flteft flag for including (1) or not 0 Oorl 0 - -
(O) emitter charge T depend-
ence
flitm switch for different transfer 0 Oorl 0 - -
current formulations
0: LOv1.2 solution of second-
order equation
1: Cardano (third-order eqg.)
Base Current
ibes BE saturation current 1E-18 [0:1] 1.16E-20 A M
mbe BE non-ideality factor 1 (0:10] 1 - -
ires BE recombination saturation 0 [0:1] 1.16E-16 A M
current
mre BE recombination non-ideal - 2 (0:10] 2 - -
ity factor
ibcs BC saturation current 0 [0:1] 1.16E-20 A M
mbc BC non-ideality factor 1 (0:10] 1.015 - -
BE Depletion Capacitance
cje0 zero-bias BE depletion capac- | 1E-20 (C:inf) 2E-14 F V
itance
vde BE built-in voltage 0.9 (0:10] 0.9 Vv -
ze BE exponent factor 0.5 (0:1) 0.5 - -
ae ratio of maximum to zero-bias 25 [1:inf) 18 - -
value
vdedc BE charge built-in voltage for 0.9 (0:10] 09 Vv -
DC transfer current
zedc BE charge exponent factor for 0.5 (0:1) 05 - -
DC transfer current
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Table 3.0.0/1:
name description default range test unit | factor

gjedc BE capacitance ratio (maxi- 25 [1:inf) 25 - -
mum to zero-bias value) for
DC transfer current

Transit Time

t0 low current transit time at 0 [O:inf) 5E-12 S -
Vbici=0

dtOh base width modulation contri- 0 (-inf:inf) 2E-12 S -
bution

tbvl SCR width modulation contri- 0 [O:inf) 4E-12 S -
bution

tefO storage timein neutral emitter 0 [O:inf) 1E-12 S -

gte exponent factor for emitter 1.0 (0:10] 1 - -
transit time

thes saturation time at high current 0 [O:inf) 3E-11 S -
densities

ahc smoothing factor for current 0.1 (0:10] 0.75 - -
dependence

tr storage time at inverse opera 0 [O:inf) 0 S -
tion

Critical Current

rcio low-field epi collector resist- 150 (C:inf) 50 Q UM
ance under emitter

vlim voltage dividing ohmic and 0.5 (0:10Q] 0.7 \% -
saturation region

vpt punch-through voltage inf (0:100] 10 V -

VCes saturation voltage 0.1 [0:1] 0.1 \% -

vdck built-in BC voltage including 0.0 [0:1] 0.0 \% -
voltagedropinB and C

delck fitting factor for voltage 2.0 (0:10Q] 2.0 - -
dependence of critical current

aick smoothing factor for ICK le-3 (0:10] le-3 - -

Internal BC Depl etion Capacitance
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Table 3.0.0/1:
name description default range test unit | factor
cjcio internal zero-bias BC deple- 1E-20 (O:inf) 1.16E-15 F M
tion capacitance
vdci BC built-in voltage 0.7 (0:10Q] 0.8 \% -
ZCi BC exponent factor 0.333 (0:1] 0.333 - -
vptci punch-through voltage of BC 100 (0:100] 46 V -
junction

External BC Depletion Capacitance

cjcx0 external zgro—bias BC deple- 1E-20 [O:inf) 1E-20 F M
tion capacitance

vdcx external BC built-in voltage 0.7 (0:10] 0.7 \% -

Zcx external BC exponent factor 0.333 (0:1] 0.333 - -

vptcx punch-through voltage inf (0:100] 100 V -

fbc factor for splitting either Ci¢g 1 [0:1] 0.1526 - -

(Cjxo not specified) or Cjeyg (if
both Cj¢ig and Cjexo Specified)

Base Resistance

rbio internal base resistance at 0 [O:inf) 100 Q UM
zero-bias

vrOe reverse Early voltage (normal- 25 (C:inf] 16 \% -
ization volt)

vrOc forward Early voltage (nor- inf (C:inf] 8 \% -
malization volt)

fgeo geometry factor 0.656 [C:inf] 0.73 - -

Series Resistances

rbx external base series resistance 0 [O:inf) 8.8 Q -

rcx external collector series resist- 0 [O:inf) 9.16 Q -
ance

re emitter series resistance 0 [O:inf) 125 Q -

Substrate Transfer Current, Diode Current and Capacitance
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Table 3.0.0/1:
name description default range test unit | factor
itss substrqte transistor transfer 0 [0:1] 1E-17 A -
saturation current
msf substrate transistor transfer 1.0 (0:10] 1.0 - -
current non-ideality factor
iscs SC saturation current 0 [0:1] le-17 A M
msc SC non-ideality factor 1 (0:10] 1 - -
cjso zero-bias SC depletion capaci- | 1E-20 [O:inf) 1E-15 F M
tance
vds SC built-in voltage 0.3 (0:10] 0.6 \% -
zs external SC exponent factor 0.3 (0:1] 0.447 - -
vpts SC punch-through voltage inf (0:100] 100 \% -
Parasitic Capacitance
cbcpar collector-base isolation (over- 0 [O:inf) 1E-15 F M
lap) capacitance
cbepar emitter-base oxide capaci- 0 [O:inf) 2E-15 F M
tance
BC Avalanche Current
favl prefactor 0 [O:inf) 1E-14 - -
gavl exponent factor 0 [O:inf) 1.19 - -
Flicker Noise
kf flicker noise coefficient 0 [O:inf) 0 - ML-AF
af flicker noise exponent factor 2 (0:10] 2 - -
Temperature Dependence
vgb bandgap-voltage 12 (0:10] 1.17 Vv -
vge effective emitter bandgap- 117 (0:10] 1.1386 \% -
voltage
vgc effective collector bandgap- 117 (0:10] 1.1143 \% -
voltage
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Table 3.0.0/1:
name description default range test unit | factor
vgs effective substrate bandgap- 1.17 (0:10] 1.15 \% -
voltage
Av,epE Bandgap difference between 0 - 0 - -
base and BE-junction. Used
for temperature dependence of
flvg coefficient K1 in T-dependent - -1.0237E-4 | VIK -
bandgap equation 1.0237
E-4
f2vg coefficient K2 in T-dependent | 4.3215e 4.3215e-4 | VIK -
bandgap equation -4
alto first-order TC of tfO 0 [-10:10] 0 UK -
ktO second-order TC of tfO 0 [-10:10] 0 1/K?2 -
zetavgbe Temperature parameter for 1
Vi,
-1 - - - -
setaver Temperature parameter for
VEFY.
zetact exponent coefficient in trans- 3 [-10:10] 35 - -
fer current temperature
dependence
zetabet exponent coefficient in BE 35 [-10:10] 4 - -
junction current temperature
dependence
zetaiqf temperature coefficient for igf 0 [-10:10] 0 - -
zetaci TC of epi-collector diffusivity 0 [-10:10] 16 - -
aligfh First order temperature coeffi- 0 -
cient for 7 .
kigfh Second order temperature 0 -
coefficient for 7 4,.
alvs relative TC of saturation drift 0 [-10:10] 1E-3 VUK -
velocity
alces relative TC of vces 0 [-10:10] 4E-4 UK -
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Table 3.0.0/1:
name description default range test unit | factor
aldck Relative TC of vces 0 - UK -
zetarbi TC of internal base resistance 0 [-10:10] 0.6 - -
zetarbx TC of external base resistance 0 [-10:10] 0.2 - -
zetarcx TC of externa collector resist- 0 [-10:10] 0.2 - -
ance
zetare TC of emitter resistances 0 [-10:10] 0 - -
arth First-order relative tempera- 0 [-10:10] 0 /K
ture coefficient of parameter
Rth
zetarth Exponent factor for tempera- 0 [-10:10] 0 - -
ture dependent thermal resist-
ance
afav Relative TC for FAVL 0 [-10:10] 0 UK -
algav Relative TC for QAVL 0 [-10:10] 0 1k -
Vertical NQS Effect
fings Flag for turning on and off of 0 Oorl
vertical NQS effects
alit Factor for additional delay 0.333 (0;1]
time of transfer current
algf Factor for additional delay 0.167 (0;1]
time of minority charge
Self-Heating
flsh flag for turning on (1) or off 0 Oorl 1 - -
(O) self-heating effect
rth thermal resistance 0 [O:inf) 200 KIW | 1M
cth thermal capacitance 0 [C:inf) 0.1 ws/ M
K

Apart from the above list of the model parameters, there are few circuit simulator specific param-

eters asfollows:
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HICUM/LO Parameters

Table 3.0.0/2:
Circuit Simulator Specific Parameters
name description default test unit
tnom | temperature for which parame- 27 27 oc
tersarevalid
dt temperature change for particular 0 0 K
transistor
type | For transistor type NPN(+1) or +1
PNP(-1)

» Thereference temperature 27°C has been chosen to remain compatible with the usual simulator
default. The desired temperature dependence of the bandgap (linear or nonlinear) can be
adjusted by assigning proper values to f1vg and f2vg (K, and K5). Note that f1vg and f2vg are
not necessarily HICUM-specific, but may be made general parametersin a simulator.
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4 Operating point information

In HICUM/LOv1.31, the operating point values are cal culated directly inside the verilog-A code.
A compiler flag “CALC _OP " has been introduced, which enables the cal cul ations inside the code
when the flag is turned-on [17].

Below isthe list of those quantities that should be provided in the circuit simulator output to the

model users as “ operating point information”. The voltages in the expressions are defined as

VBEi = VBl - VE'
Veci = Vy=Vg
Table 4.0.0/1:
. . o . . M
Variable | Unit Description Definition
factor
IB A Base terminal current as calculated in the model *M
IC A Collector terminal current as calculated in the model *M
IS A Substrate current as calculated in the model *M
IAVL A Avalanche current as calculated in the model *M
VBE \Y, Externa BE voltage as calculated in the model -
VBC Vv Externa BC voltage as calculated in the model -
VCE Vv External CE voltage as calculated in the model -
VSC Vv Externa SC voltage as calculated in the model -
BETADC Common emitter forward I -
current gain Bac= 7
B
GMi AV | Internal transconductance oIy oIy al, *M
Emi~ aVBEz - aVBEi +aVBCi
VCEi BCi V[fE
RPIi Q Internal input resistance 1 ol gy, M
i Vg
BCi
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Table 4.0.0/1:
Variable | Unit Description Definition M
factor
RMUi Q Internal feedback resistance 1 e Oy M
Fi WVpei Ve v
BEi
ROI Q Internal Output resistance 1 ol oy, /M
oi aVBCi Vs d VBCZ' Vo
CPli F Total BE capacitance Cri = Cip* Cap* Cpppa, *M
CMUi F Total internal BC capacitance Cui = chi +C e *M
CBCX F Total external BC capaci- Caer = Ciex * Cacpar *M
tance
CCs F CSjunction capacitance Ces = Cg *M
RBI Q Internal base resistance T M
RB Q Total base resistance Fp =gty M
RCX Q External (saturated) collector | Model parameter Ry M
series resistance
RE Q Emitter series resistance Model parameter R, ™M
BETAAC Small signal current gain Boe = & T'mi -
TF S Total forward transit time as calculated in the model -
FT Hz | Transit frequency ~ 2 -
I 21 (Cpp+ Cpetr-Cpe gy’
(Note thisis an approxima- C.. = C._.
tion) BE T”
Cpe = Cuit Cpey
Ry+R
r=Rp +Ry+2—2L
Bac

Note: ThevariablesGMi, RPli, RMUi, ROI, CPli, CM Ui represent the accurate designation com-
pared to the corresponding variables GM, RPI, RMU, RO, CPI, CMU of the SGP model.
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6 Appendix

6.1 Parameter Extraction

HICUMY/LO has been derived from the more sophisticated and accurate HICUM/L 2 model, hence
the parameter extraction can be done in two different ways: (i) calculation of HICUM/LO parame-
tersdirectly from HICUM/L 2 parameters and characteristics, or (ii) extraction directly from meas-

ured characteristics of agiven transistor. Below, these options are briefly discussed.

6.1.1 Parameter determination of HICUM/L0 from HICUM/L2

Many parameters can be cal culated directly from the HICUM/L 2 parameter set, e.g., CS, BE, BC
diode current and depletion charge, series resistances with most of the parameters for the internal
base resistance, self-heating, temperature dependence (many of the coefficients), parasitic substrate
transistor, transit time (most parameters), avalanche current [1, 15]. Also, useful initial values for
the remaining parameters of the transfer current and transit time can be generated from HICUM/
L2. Anfully automated “L2-to-L0” converter has been developed [22], which can be used to gen-

erate LO model parameter sets directly from those of L2 for given discrete transistor geometries.

6.1.2 Parameter extraction from experimental data

The simplicity of HICUM/LO allows extractions on single (discrete) transistors. Table 6.1.2/1
contains the possible flow of a step-by-step extraction procedure is described here. Due to the
strong self-heating in advanced process technologiesit is recommended to determine the tempera-
ture dependent parameters early in the procedure to enable possible corrections during the extrac-

tion of the other parameters.

Table 6.1.2/1:

Step EC Element Parameters

1 Total BE, BC, and CS depletlon Con, VDE’ YA CjCiO’ VDCi’ ZCi»

capacitances Vercis Cijcxoo Vpexe Zex Veresx
Ciso> Vpss Zs
2 Base current componentsrelated | Iggs, mpg, Irgs» MRE » Ipcss

to BE and BC junction CS sub-

AR mgc, Igcs, mgc
strate junction current
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Table 6.1.2/1:
Step EC Element Parameters
3 Temperature coefficients self-heat- | TCs of Ry, Cthy
ing
4 Series resistances Cxo PE> TBy IBios VroEs Vroc fgeo
5 Transfer current at low and I, mcp Mcp Vi VEp VDEde
medium injection ZEde AjEde Cjcde YDCde VPTde
6 BC Avalanche current eavLs Kave
7 Transit time at low injection T0> TBvl> ATons AjE
8 Critical current rcioo YCEs» VP Viim
9 Transit time at high injection TEf0> EtE> Thess 3he

10 | Transfer current at highinjection | Igp Igp Ioms tm 2nq

11 Remaining parameters and fine Kp Ap
tuning

6.2 Solution of transfer current equation

The general normalized form for of athird-order equation can be written as

CHaxl+bx+e =0 , (6.2-1)
with the coefficients
i i I It
a:{1+€£+€£,b:_(1&+ﬂ+w2_m) and ¢ = L (6.2-2)
Ver Vi lekr ek Lo Teklom

The third-order equation can be transformed to a depressed-cubic equation using the transforma-
a

3 which allows to eliminate the second-order term. The equation how reads,

tionx = z—

2 tpz+qg =0, (6.2-3)

The values of p and g are given by;
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p=b—a—2 andq:2—613—@+c. (6.2-4)
3 27 73

The number of real solutions depends on the value of the determinant

D = @2+@3 . (6.2-5)

For low injectionin either forward and reverse case, the values of both, 5 and ¢ tend towards zero,
leading to D = 0 and thus

_ 39 _ _Zii — _2 _
z = PR > 34 - (6.2-6)
This gives the following solution:
2 1 9 4ic
= —_ - —_— = — = + + . 2
X 3¢~ 34 a =1 —LVEV —LVEf (6.2-7)

For reverse operation, ¢ tends towards zero. Thisis also the case if ¢4 is set to zero, resulting in

_ 4b°—b%d”

b 108

(6.2-8)

which isnegativein al cases. In this case, complex solutions are possible. For evaluating the solu-

tion, only the angles for the third roots need to be calculated. The value of

27
o = acos[—g 5} : (6.2-9)

Isused for reference. If a>> b, theargument isone. However, with increasing b, the argument tends
toward zero. Therefore, the resulting angle will be in all cases between 0° and 90°. The three solu-

tions are calculated as
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zq = —J—gpcos(%S—g) Iy = — /—gpcos(%ﬁ) 23 = —J—gpcos(%é +7—9 (6.2-10)

Though three different values of z are possible, the maximum value of z; and z; will be zero,

a
3
z; and its corresponding value for x; (i.e. ¢,,,) have been considered since they lead to aphysically

which finally leads to a maximum of x, ., = — . Hence both solutions are not meaningful. Only

meaningful result and therefore correct values.

For the remaining case, when D is positive, only one physically correct solution exists and both
u = 3/—%+ﬁ) and v = 3/(—9—@ (6.2-11)
are real numbers. The only real solution then reads

z, = u+v withthe corresponding x; = z—%. (6.2-12)
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