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List of often used symbols and abbreviations

AE0 , LE0 emitter window area and perimeter

AE , LE effective (electrical) emitter area and perimeter

bE0 , lE0 emitter window width and length

bE , lE effective (electrical) emitter width and length

IT , iT DC and time dependent transfer current of the vertical npn transistor structure

ICK critical current (indicating onset of high-current effects)

μn,  μp electron (hole) mobility

NCi (average) collector doping under emitter

NCx collector doping under external base

Qp hole charge

τf forward transit time

wB ,wB0 neutral/metallurgical base width

wCi (effective) collector width under emitter

wCx (effective) collector width under external base

wi width of collector injection zone (for charge storage calculation in collector region)

EC equivalent circuit

GICCR Generalized Integral Charge-Control Relation

SGPM SPICE Gummel-Poon model
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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/L0 has been developed [4, 5, 1], which is a simplified version of HICUM/L2 and falls into

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/L0 contains improved and more physics-based

model equations compared to the SGPM, which also reduces the parameter extraction effort for sin-

gle (geometry) devices. By offering HICUM/L0, 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 a longer optimization cycle is spent, using a more accurate model. 

• Not all 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 simplified model, simulation time can be
reduced. To take full advantage of the speed improvement, HICUM/L0 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 simple EC of HICUM/L0 and the simplified model
equations with a reduced number of parameters, address this issue.

Despite the simplifications, HICUM/L0 still meets the following requirements:

• Its parameters can be generated from the process technology specific HICUM/L2 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 L0 library can be generated automatically from
specific data. Alternatively, L0 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 L0 and L2.
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• The model equations are as physical as the simplified 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 a model simplification is a reduction of the validity range, caused by

either inaccurate equations or completely missing physical effects. However, the purpose of a sim-

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/L0 does not include the following fea-

tures (compared to HICUM/L2):

• 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
BVCBO) and a current 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-
quencies).

It is to be emphasized that, HICUM/L0 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/L0 is being implemented in Ver-

ilog-A and has been made available for commercial circuit simulators. 

The previous and current L0 documents and codes are available at [23]. 
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2 Equivalent circuit

The equivalent circuit (EC) of HICUM/L0 is shown in Fig 2.0.0/1. It results from the HICUM/

L2 EC by merging elements and neglecting certain physical effects [1]. Thus the EC of the internal,

peripheral and external transistor regions cannot be clearly distinguished any more. The partial loss

of direct physical correspondence is a result 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. 

Fig. 2.0.0/1: Complete large-signal equivalent circuit of HICUM/L0 with core electrical EC and
adjunct networks for self-heating (thermal network) and vertical non-quasi-static effects
for mobile charge and transfer current.
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2.1 Model formulation overview

Compared to HICUM/L2, 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 CjE, base resistance rB, base current
ijBE across BE junction, and of the BC depletion capacitance CjC. 

• 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 iAVL representing the BC weak avalanche effect;

• parasitic capacitance elements, CBEpar and CBCpar (included in the element ), that result
from fringing fields in isolation regions;

• self-heating network, consisting of the generated power P as well as the thermal resistance Rth
and capacitance Cth;

• 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/L0 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.

Q· BC
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2.2 Depletion charges and capacitances

Modelling of the bias dependence of the depletion charges (Qj) and capacitances (Cj) follows the

equations given for HICUM/L2. The mapping equations for the merged elements and differences

to HICUM/L2 are discussed below.

2.2.1 Base-emitter junction

Compared to HICUM/L2, the BE depletion capacitance components of the internal and periph-

eral transistor are merged into a single element,

 , 

using also merged values for the zero-bias capacitance CjE0, the built-in voltage VDE, the exponent

coefficient zE and the ratio ajE = CjE,max /CjE0. The form of the classical expressions for the BE de--

pletion charge remains the same as in the previous model version. However, the auxiliary voltage

vj has now been replaced by a hyperbolic smoothing expression,

 . (2.2.1-1)

using the argument

 . (2.2.1-2)

Vf is the voltage at which at large forward bias the capacitance of the classical expression intercepts

the maximum constant value ajECjE0 [1],  

 . (2.2.1-3)

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

tion, which gives,

 . (2.2.1-4)

CjE CjEi CjEp+=

vj Vf VT

x x
2

afj++

2
------------------------------– Vf<=

x
Vf v

B′E′–

VT
---------------------=
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1 zEi⁄( )–

–[ ]=

afj 1.921812=
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It is to be noted that afj is not a model parameter, but a fixed 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,

 ,

with the derivative of vj,

 . (2.2.1-5)

The corresponding charge equation reads

 .

The zero-bias value is directly related to the respective HICUM/L2 values for the internal and

peripheral transistor:

 . 

Similarly, the value of ajE is simply given by CjE,max = CjEi,max + CjEp,max, i.e.

 . 

For each transistor configuration, the values of VDE and zE 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 a star,  and , in order to distinguish them from the physical components (and values)
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used in HICUM/L2. For transistors with a selectively implanted collector, which is a standard op-

tion in high-speed processes today, the (original) physical components  and , as they are

used in HICUM/L2, 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, CjCi, maintains its separate parameter set. The external depletion capacitance,

, consists of two elements, split across rBx according to a partitioning factor

defined by the user. A possible code implementation is shown in 2.2.2/1b, in which CjCi0, CjCx0,

and fBC represent model parameters and the underscored variables are local; the index 1 and 2, re-

spectively, indicate  and , respectively.

Fig. 2.2.2/1: Implementation of a flexible 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 rBx via adjusting fBC. 

2.2.3 Collector-substrate junction

The element CjS in the EC of Fig. 2.0.0/1 represents the total collector-substrate depletion capac-

itance, which is modelled by the same formulation as CjC. 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 calcu-

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 a simplified 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 Qf is strongly based on the accurate description of

the transit time τf. Like HICUM/L2, the bias dependent transit time consists two components,

 , (2.3-1)

which will be discussed below in more detail. The corresponding total mobile charge used in time-

domain (transient) analysis is 

Qf = Qf0 + ΔQEf + ΔQfh  . (2.3-2)

a) Low current densities

The transit time reads [1] 

 , (2.3-3)

with c ≈  = CjCi0/CjCi, since the capacitance ratio does not depend on the zero-bias val-

ue. The respective forward minority charge is given by

 . (2.3-4)

b) Medium and high current densities

The total increase in the (forward) transit time is given by

 . (2.3-5)

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

τf vC'E' iTf,( ) τf vB'C'( ) Δτf vC'E' iTf,( )+=

τf0 vB'C'( ) τ0 Δτ0h c 1–( ) τBfvl  
1
c
--- 1– 
 + +=

CjCi0
*

CjCi
*⁄

Qf0 τf0 iTf=

Δτf vC'E' iTf,( ) ΔτEf Δτfh+=
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 , (2.3-6)

with the normalized injection width

 . (2.3-7)

and the bias dependent variable 

 . (2.3-8)

The critical current ICK is described by the same voltage dependence as for HICUM/L2,

 , (2.3-9)

with  as the (low-field) internal collector resistance, that possibly includes a lumped factor for

collector current spreading, Vlim as the voltage defining the boundary between low and high electric

fields in the collector, δck for a more flexible description of the field dependent mobility in the col-

lector, aick( = 10-3) as a smoothing parameter, and x = (vceff-Vlim)/VPT with VPT as epi-collector

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

 with the argument  (2.3-10)

where

   or     .. (2.3-11)

The internal CE saturation voltage VC'E's (≈ VDEi-VDCi) is a model parameter. From v2.0 on, either

one of the above options for vc above can be selected by specifying VDCk (> 0) regardless of the
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2ICK
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2
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----------------------------+⋅=
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-------
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 

δck

+ 
 
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value for VC'E's. Ideally, VDCk = VDCi, but this couples the critical current modelling with the CjCi

modelling and becomes inaccurate (for ICK) especially for a forward biased internal BC junction. 

After integrating Δτfh over ITf, the resulting additional charge is then, 

 . (2.3-12)

and corresponds to the HICUM/L2 expression with fτhc = 0; i.e. no collector current spreading.

The emitter component of transit time and charge is given by

(2.3-13)

and after integrating ΔτEf over ITf 

 . (2.3-14)

The model parameters in the above expression are . The model parameters

rCi0, Vlim, VPT and {VCEs, VDCk) for the critical current ICK [8, 9] are the same as in HICUM/L2.

Above formulation neglects also the BC barrier effect, which allows merging the base and collector

component of into a single expression. 

In order to maintain an accurate physics-based description of the shift of the transit time increase

with VC’E’ or VB’C’, temperature, doping and geometry, the bias independent portion of the collec-

tor current spreading factor, , can be included in ICK via rCi0 according to [1] and [9]. Together

with adjusting the parameter  properly, the impact of possible current spreading on  can

then still be included.

The “reverse” transit time τr is assumed to be bias independent. The corresponding charge is then

Qr = Qr0 = τr iTr . (2.3-15)

Geometry scaling can still be achieved by extracting the parameters of the simplified equations

from the full HICUM/L2 formulation.

ΔQfh τhcsiTf w
2

=

ΔτEf τEf0  
iTf

ICK
-------- 
 

gτE

=

ΔQEf ΔτEf  
iTf

1 gτE+
-----------------=

τhcs ahc τfE0 gτE, , ,

fcs

τhcs Δτf
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2.4 Simplified transfer current equation

The basic objective is to find an explicit expression for the transfer current which will be simple

but sufficiently accurate over the practically utilized bias region up to around IC(fT,peak). The initial

HICUM/L0 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.

 , (2.4-1)

with the saturation current IS and the emission factors mCf, mCr as model parameters. Nonlinear

non-ideal effects are described by the normalized hole charge 

. (2.4-2)

Here, 

(2.4-3)

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

trolled by the voltage functions 

 , (2.4-4)

and

 , (2.4-5)

with VEr and VEf as reverse and forward Early voltages, which are the model parameters.

The use of the transfer current related “DC” BE depletion charge QjEi,dc 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 (VDE,dc,

iT iTf iTr–
IS

qpT
--------

vB′E′
mCfVT
---------------- 
 exp

vB'C'

mCrVT
---------------- 
 exp–= =

qpT qj qfl ΔqfT+ +=

qj 1
vjEi dc,

VEr
---------------

vjCi

VEf
--------+ +=

vjEi dc, QjEi dc, CjE0⁄=

vjCi QjCi CjCi0⁄=
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zE,dc, ajE,dc); their values take into account the bias dependent weight factor in the GICCR charge

of HICUM/L2. The default (initial) values for VDE,dc, zE,dc, ajE,dc can be set to the values of the ac-

tual depletion capacitance. Since generally similar accuracy for  can be obtained with different

value pairs for (VDEi,dc, zEi,dc), it is recommended to keep  and to only use VDEi,dc and

ajEi,dc as parameter. For the forward Early effect, the internal BC depletion charge can be used di-

rectly, since the corresponding parameters can be specified as model parameters.

The normalized low-injection mobile charge

(2.4-6)

is defined via a current independent transit time. The current IQr is a model parameter, while 

. (2.4-7)

Here, IQf and fiqf are model parameters.The latter acts as flag that allows to entirely deactivate the

voltage dependence. Physically, the two currents IQf and IQr represent base conductivity modula-

tion, if for τf0 just the base transit time would be inserted.

Finally, 

(2.4-8)

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

the two model parameters IQfh and tfh. Furthermore, 

             and      (2.4-9)

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

which are calculated from the normalized low-injection hole charge,

QjEi

zEi dc, zEi=

qfl

iTfi

IQf vB′C′( )
-----------------------

iTri

IQr
-------+=

IQf vB′C′( )
IQf

1 fiqf
τf0 vB′C′( )

τ0
----------------------- 1–+

-------------------------------------------------------=

ΔqfT w
2

iTf( ) tfh 
iTfl

ICK
--------+ 

  iTfl

IQfh
---------=

iTfl

iTfi

qpT l,
-----------= iTrl

iTri

qpT l,
-----------=
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, (2.4-10)

and the ideal current components,

  and  . (2.4-11)

Note that qpT,l results from the solution of a quadratic equation with qj from (2.4-3) and qfl from

(2.4-6). According to (2.4-1) and (2.4-11) the transfer current components read,

   and    . (2.4-12)

The above solution was implemented in version1.12.  

With certain parameter combinations, above solution can lead to a negative transconductance

over a small 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

     and       , (2.4-13)

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

, (2.4-14)

which can be solved using Cardano’s approach with respect to qpT (cf. Appendix). The results are

shown in Fig. 2.4.0/1, where a comparison between HICUM/L2 and HICUM/L0 is shown. Here,

high current effects were turned off in both models and gτfE=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 L0 perfectly match those of L2. Here, the ratio tfh/IQfh was directly calcu-

lated from L2 parameters.

qpT l,
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---- 
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Fig. 2.4.0/1:IC and gm for reference temperature using Cardano’s equations (set gτfe=1 in HICUM/
L2 model, to show the usability of the equations). No influence of high current effects
(τhcs=0 and Iqfh very large). Results shown for various VBC.

In summary, in HICUM/L0 qpT is calculated three times. The calculation of the collector related

minority charge has not been changed. There, qpT is calculated first with w=0 and then with w=1.

These results are used to calculate the final value for w. In order to reduce the computational effort,

only the final qpT is calculated as third order polynomial. Both intermediate values are still calcu-

lated as in the previous version. This results in a more generalized form for the HICUM/L0 transfer

current.

(2.4-15)

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

Finally, tfh can simply be calculated by

. (2.4-16)

For more details see [15]. 
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2.4.1 Low and medium current density range

Since HICUM/L2 has been extended to a bias dependent weight factor hjEi [14], the same equa-

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

(2.4-1)

with

(2.4-2)

Here, VEr0 is the Early voltage for zero volt and aVEr the parameter describing the change of the

Early voltage. Towards and beyond VDE, the voltage vB’E’ is limited smoothly by

  with  , (2.4-3)

with the model parameter rVEr and the smoothing constant afi= 1.921812. A possible division by

zero in the Bernoulli function  in (2.4-1) at vB’E’=0 is avoided by a series

expansion and with the following implementation:

. (2.4-4)

The boundary for the series expansion has been set to umin = 0.001 and is not critical since 1/VEr is

multiplied with a vanishing (normalized) BE depletion charge in the corresponding bias region. 

The parameters VDE and zE used here are the same as for the electrostatic capacitance. For sim-

plification, the parameter rVEr is set to a fixed value of two (2), which can be shown to be sufficient

for all verifications [15]. The bias dependence of VEr can be turned off by settings aVEr to zero.

VEr VEr0
u( )exp 1–
u

-------------------------- 
 ⁄=

u aVEr 1 1
vj u,
VDE
----------– 

 
zE

– 
 =

vj u, VDE rVErVT

xu xu
2 afi++

2
---------------------------------–= xu

VDE vB'E'–

rVErVT
--------------------------=

B u( ) u( )exp 1–[ ] u⁄=

B u( )

u( )exp 1–
u

--------------------------   for  u umin≥

1
u
2
---+   for  u umin<









=
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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 hf0. How-

ever, any changes for IQf (except for temperature dependences) are not necessary, since IQf is itself

a model parameter so it could be set to any value. The equation to calculate its value from HICUM/

L2 parameters can be written as, 

.

Since v1.3.1, the third order polynomial function of the transfer current at high injection (result-

ing from gτfE=1 in 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, 

, 

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. Thus in 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/L2 parameters as:

IBES = IBEiS + IBEpS           and            IRES = IREiS + IREpS .

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

model parameters have to be set as follows:

IBES = ICS / Bf           and            mBE = mCf . 

IQf

Qp0

hf0τf0
-------------=

ijBE IBES  
vB'E'

mBEVT

----------------- 
  1–exp IRES  

vB'E'

mREVT

----------------- 
  1–exp+=
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2.5.2 Injection across the BC junction

The diode current IjBC injected into the collector across the BC junction, is described by:

 .

Usually, 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 designers if the transistor enters

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

2.5.3 Avalanche current

In HICUM/L2, the weak avalanche current is modelled as [1, 7], 

 ,  

with Cc = CjCi(vB'C')/CjCi0, and the avalanche factors

fAVL = 2an/bn          and      qAVL = bnεAE/2 , 

which depend on emitter area, physical data and temperature (via an and bn). Here an and bn are the

(temperature dependent) ionization coefficients. The two model parameters fAVL and qAVL can be

taken over from HICUM/L2.

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,

(2.5-1)

It is to be noted that, the same non-ideality coefficient is being used for forward and inverse oper-

ation of the substrate transistor. 

ijBC IjBCS  
vB'C'

mBCVT

----------------- 
  1–exp=

iAVL iTf  

fAVLVDCi

Cc
1 zCi⁄

---------------------- exp
qAVL

CjCi0VDCi
------------------------- Cc

1
zCi

------ 1– 
 

–
 
 
 
 

=

ITS ITSS  
vB'C'

mSVT

------------- 
  vS'C'

mSVT

------------- 
 exp–exp=
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The total current across the collector substrate junction is described by the usual diode equation:

 . 

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 L0 model is the description of the DC internal base sheet resistance in HI-

CUM/L2,

 , (2.6-1)

with qrb as the normalized charge, rSBi0 as the zero bias sheet resistance, and 

 , (2.6-2)

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/L0, 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 qj = Qj/

Cj0, the charge ratio is approximated here by 

 , (2.6-3)

with the voltage function vjE = QjE / CjE0 and vjCi = QjCi/CjCi0. Furthermore, Vr0E = Qrb0 / CjE0

and Vr0C = Qrb0 / CjCi0 are model parameters, which are defined similarly to the artificial Early-

voltages used for iTf. 

ijSC ISCS  
vS'C'

mSCVT

---------------- 
  1–exp=

1
qrb
-------

rSBi

rSBi0
-----------=

1

1
QjEi Q+ jCi

Qrb0
---------------------------

Qf Q+ r

Qrb0
------------------+ +

--------------------------------------------------------------=

Qrb0 Qp0 ΔQrb0 1 fDQr0+( )Qp0 Qp0≥=+=

QjEi Q+ jCi

Qrb0
---------------------------

vjE

Vr0E
-----------

vjCi

Vr0C
-----------+≅
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In analogy to the simplification of the current dependent charge ratios for the (G)ICCR, the ratio

containing the minority charges in (2.6-1) can be simplified by introducing “critical” currents IrBif

and IrBir, 

 , (2.6-4)

with  and . Since HICUM/L0 becomes less accurate at high

current densities, the number of model parameters is further reduced by setting IrBif = IQf and

IrBir = IQr. 

Defining, 

  , (2.6-5)

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

 , (2.6-6)

where,

  , (2.6-7)

is a smoothing function to avoid a divide by zero at too large reverse bias. rBi0 is a model parameter,

that is a function of zero-bias sheet resistance rSBi0 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]  

 , (2.6-8)

with the current crowding factor 

Qf Q+ r

Qrb0
------------------

ITf

IrBif
----------

ITr

IrBir
----------+≅

IrBif Qrb0 τf0⁄= IrBir Qrb0 τr⁄=

Qz 1
vjE

Vr0E
-----------

vjCi

Vr0C
-----------

ITf

IQf
-------

ITr

IQr
-------+ + + + 

 =

ri

rBi0
fQz
---------=

fQz
1
2
--- Qz Qz

2
0.01++

 
 
 

=

ψ η( ) 1 η+( )ln
η

-----------------------=
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 , (2.6-9)

which depends on the sheet resistance rSBi0, the internal base current and emitter geometry via the

factor fgeo. Due to the model simplifications, the internal base current (IBEi) is not directly available

so that  η has to be calculated from the total base current . This is done by mod-

ifying the geometry factor fgeo to

 , (2.6-10)

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

can be calculated from HICUM/L2 parameters. As a result

 . (2.6-11)

Note that  does not depend on bias and, therefore, is a model parameter that can be directly

extracted for a given (transistor) geometry. 

The final equation for the internal base resistance then reads

 , (2.6-12)

and contains the model parameters rBi0, Vr0E, Vr0C and . 

For circuit design, often an estimation of the internal base resistance close to the circuit operation

is of interest. The low-current value of rBi can be roughly approximated using simple voltage ratios

like in the SGPM:

 , (2.6-13)

with VrBif and VrBir as constants. For instance, VrBif can be estimated as the ratio Vr0E/cjE,op with

the model parameter Vr0E and the normalized capacitance CjE,op at the desired bias value. 

η fgeo 
riIBE

VT
------------=

IBE IBEi IBEp+=

fgeo
* fgeo

1 γB PE0 AE0⁄( )+
------------------------------------------=

η fgeo
*

 
riIBE

VT
------------=

fgeo
*

rBi ri  ψ= η( )

fgeo
*

rSBi

rSBi0
----------- 1

1
vB'E'

VrBif
-----------

vB'C'

VrBir
------------+ +

----------------------------------------=
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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, rCx, and for the emitter region, rE. In contrast to HICUM/L2, the

EC contains only a single base resistance element representing the total base resistance 

 . (2.7-1)

The physical meaning of all series resistor components is the same as for HICUM/L2. 

Since in the simplified EC the internal base resistance cannot be accessed anymore through a sep-

arate node (between rBx and rBi) the lateral NQS effect (i.e. dynamic emitter current crowding) is

omitted in HICUM/L0. 

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/L0 applicable for an as large as possible variety of

technologies, the corresponding two capacitance elements CBEpar and CBCpar have been added to

the equivalent circuit of Fig. 2.0.0/1. The capacitances can include also contributions from the met-

alization above the silicon surface. The values are usually the same as for CBEpar and CBCpar 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, it is a well 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 a third of the internal fT, a significant phase shift is felt already at

fT and below. Vertical NQS effects are taken into account in HICUM/L0 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

rB rBi rBx+=
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 . (2.9-1)

with the bias independent delay time

. (2.9-2)

The frequency dependence of the collector terminal current is, in contrast to HICUM/L2, mod-

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

(2.9-3)

with the bias independent delay time

. (2.9-4)

Eq. (2.9-1) and (2.9-3) are included 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: αQf, αiT and flnqs. The flag flnqs 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

As shown in Fig 2.0.0/1, a  simple thermal network for modelling self-heating is provided, con-

sisting of the temperature dependent thermal resistance

(2.10-5)

with the model parameters αRth and ζRth, and a temperature independent thermal capacitance Cth.

For FLSH = 1 (self-heating turned on), the power dissipation is calculated as

P = ITVC’E’ + IAVL(VDCi-VB’C’) . (2.10.0-6)

Qf nqs,
Qf

-------------- 1
1 jωτQf+
-----------------------=

τQf αQfτ0=

iT nqs,
iT

------------- 1
1 jωτIT+
-----------------------=

τIT αiTτ0=

Rth T( ) Rth T0( ) 1 αRthΔT+[ ] T
T0
----- 
  ζRth

=



HICUM/L0 Equivalent circuit

© MS                                                                                                                                                                             25

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/L0 follows closely the equations of HICUM/

L2, therefore, attempting to maintain an as strong as possible relation to physics despite simplifi-

cations in model equations. In the following formulas, T0 is the 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,

 , (2.11-1)

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

, but higher accuracy at the same time. 

The original coefficient values are given in Table 2.11.0/1; the second row contains an improved

set of parameters which is more accurate at low temperatures with respect to the classical formula-

tion

 . (2.11-2)

 

Parameter K1 [V/K] K2 [V/K] Vg(0) [V]

[15]
[16]

-8.459 10-5 
-1.02377 10-4

3.042 10-4

 4.3215 10-4
1.1774
1.170

Vg T( ) Vg 0( ) K1T T( )ln K2T+ +=

Vg T( ) Vg cl, 0( ) agT–=

Vg T( ) Vg cq, 0( )
αgT

2

T Tg+
---------------–=
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Table 2.11.0/1: Coefficients for calculating the bandgap voltage in silicon as a function of 
temperature from (2.11-1). In the range from 250 to 400K, a smaller error can be obtained by 

simply setting Vg(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 a reference temperature T0 (e.g. for parameter extraction), which gives

 . (2.11-3)

with the definitions 

       ,      , (2.11-4)

and the bandgap voltage at the measurement reference temperature,

 . (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. 

Vg T( ) Vg T0( ) k1
T
T0
----- T

T0
----- 
 ln k2

T
T0
----- 1– 
 + +=

k1 K1T0= k2 K2T0 k1 T0( )ln+=

Vg T0( ) k2 Vg 0( )+=
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Fig. 2.11.0/1: Comparison of bandgap voltage approximations. The parameters used for (2.11-2)

are Vg(0) = 1.170 V, αg = 4.73 10-4 V/K, Tg = 636 K. The parameters for the (at T0) lin-

earized equation are Vg(0) = 1.2009 V, ag = 2.5461 10-4 V/K.

The choice of the bandgap description also influences the formulation of the effective intrinsic

carrier density, which now reads

 , (2.11-6)

with the constant

 , (2.11-7)

and K1 from the bandgap voltage equation (2.11-1). Using the values in 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

  , (2.11-8)

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

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

 , (2.11-9)

with the new model parameter  and 

 , (2.11-10)

with the mg from (2.11-7). Similar equations hold for the junction saturation currents iBCx, iBCi and

iCS of the other diodes, e.g.,

nie
2

T( ) nie
2

T0( ) T
T0
----- 
 mg Vgeff 0( )

VT
------------------- T

T0
----- 1– 
 exp=

mg 3
k1

VT0
--------– 3

qK1

kB
---------–= =

IS T( ) IS T0( ) T
T0
----- 
  ζCT Vgb

VT T( )
-------------- T

T0
----- 1– 
 exp=

ζCT

IBES T( ) IBES T0( ) T
T0
----- 
  ζBET Vge

VT T( )
-------------- T

T0
----- 1– 
 exp=

ζBET

IRES T( ) IRES T0( ) T
T0
----- 
 mg 2⁄ Vgbe

2VT T( )
------------------ T

T0
----- 1– 
 exp=
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 , (2.11-11)

and 

 , (2.11-12)

  , (2.11-13)

with , and  . 

The temperature dependence of IQf is changed [15] according to the new formulations of HI-

CUM/L2, which leads to the following expression, 

, (2.11-14)

where the exp-formulation is added and  is the temperature coefficient for IQf and a model pa-

rameter The corresponding parameter is also used to describe the bias dependence of the reverse

Early voltage.

Due to different bandgap voltages in the transistor, high current effects may become also temper-

ature dependent. Since for IQfh, minority charges in different regions of the transistor are taken into

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

(2.11-15)

 Temperature dependence of tfh is expressed as [15], 

(2.11-16)

The temperature dependence of tef0 is expressed as

IBCS T( ) IBCS T0( ) T
T0
----- 
  ζBCI Vgc

VT T( )
-------------- T

T0
----- 1– 
 exp=

ISCS T( ) ISCS T0( ) T
T0
----- 
  ζSCT Vgs

VT T( )
-------------- T

T0
----- 1– 
 exp=

ITSS T( ) ITSS T0( ) T
T0
----- 
  ζSCT Vgc

VT T( )
-------------- T

T0
----- 1– 
 exp=

ζSCT mg 1.5–= Vgbe Vgb Vgc+( ) 2⁄=

IQf T( ) IQf T0( ) T
T0
----- 
  ζIQf ΔvgBE–

VT
------------------ T

T0
----- 1– 
 

 
 exp=

ζIQF

IQfh T( ) IQfh T0( ) 1 αIQfhΔT kIQfhΔT2+ +( )=

tfh T( ) tfh T0( )
IQfh T( )
IQfh T0( )
--------------------

vgb vge–

VT
--------------------- T

T0
----- 1– 
 

 
 exp=
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 , (2.11-17)

In addition, the flag “flteft” allows to turn on or off the T dependence of tef0(T).

In principle, the bandgap voltages Vgbx and Vgsc differ from Vgb due to the different doping con-

centrations in the corresponding regions. However, for simplicity reasons 

Vgsc = Vgbx = Vgb  . (2.11-18)

The temperature dependence of the zero-bias junction capacitances is given by 

 . (2.11-19)

In addition, the parameter aj is modelled temperature dependent as

 . (2.11-20)

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

(2.11-21)

(2.11-22)

where  and  are the temperature coefficient of avalanche prefactors. These parameters are

the same as for HICUM/L2.

The formulation for the built-in voltages has been extended physically (as in HICUM/L2) to

avoid numerical issues at very high temperature. First, an auxiliary voltage is calculated at the ref-

erence temperature from the model parameter VD, 

 , (2.11-23)

with VT0 = kBT0/q. Then, the respective value at the actual temperature is calculated,

tef T( ) tef T0( ) T
T0
----- 
  ζtef vgb vge–( )–

VT
----------------------------- T

T0
----- 1– 
 

 
 exp=

Cj0 T( ) Cj0 T0( )
VD T0( )
VD T( )
------------------ 
 

z
=

aj T( ) aj T0( )
VD T( )
VD T0( )
------------------=

fAVL T( ) fAVL T0( ) αfav T T0–( )( )exp=

qAVL T( ) qAVL T0( ) αqav T T0–( )( )exp=

αfav αqav

VDj T0( ) 2VT0

VD T0( )
2VT0

------------------ 
  VD T0( )

2VT0
------------------– 

 exp–expln=
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 , (2.11-24)

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

 . (2.11-25)

The temperature dependence of low current transit time is given by,

 , (2.11-26)

where, αt0 and kt0 are the first- and second-order temperature coefficient of the transit time.

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

. (2.11-27)

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

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

(2.11-28)

The temperature dependence expression for the internal collector resistance,

 , (2.11-29)

where τηε temperature coefficient ζCi of the epi-collector diffusivity is the same as in HICUM/L2.

The temperature dependence for the voltage dividing ohmic and saturation region of the field de-

pendent drift velocity, 
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T0
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-----– 
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 
 
 
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 , (2.11-30)

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

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

 , (2.11-31)

with αCEs as a model parameter. Its value can be estimated from the difference between the respec-

tive relative temperature coefficients of the built-in voltages VDEi and VDCi. Similarly, the optional

parameter VDCk is modelled as a linear function of temperature according to

, (2.11-32)

with the temperature coefficient αDCk as model parameter. These formulations are the same as in

HICUM/L2.

The temperature dependence of the series resistances is modelled the same way as in HICUM/L2:

 , (2.11-33)

 , (2.11-34)

 , (2.11-35)

 , (2.11-36)

where exponent factors  and  are model parameters.

The temperature dependence of the thermal resistance is modelled as

 , (2.11-37)

Vlim T( ) Vlim T0( ) T
T0
----- 
  ζ( Ci αvs )–

=

VC'E's T( ) VC'E's T0( ) 1 αCEsΔT+[ ]=

VDCk T( ) VDCk T0( ) 1 αDCkΔT–[ ]=

rCx T( ) rCx T0( ) T
T0
----- 
  ζRCX

=

rBx T( ) rBx T0( ) T
T0
----- 
  ζRBX

=

rBi0 T( ) rBi0 T0( ) T
T0
----- 
  ζRBI

=

rE T( ) rE T0( ) T
T0
----- 
  ζRE

=

ζRCX ζRBX ζRBI, , ζRE

Rth T( ) Rth T0( ) T
T0
----- 
  ζrth

=
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with the temperature exponent factor  as model parameter.ζrth
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2.12 Noise

The (small-signal) noise EC of HICUM/L0 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 uncorrelated. 

Fig. 2.12.0/2:Small-signal noise equivalent circuit of HICUM/L0, showing the noise sources with
their RMS values used in a circuit simulator. The following elements have been merged

compared to the small-signal EC in Fig. 2.13.0/1: ,

, , .

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

is taken into account,

  , (2.12-1)

with r = rE, rCx or rB. 

For the transfer current, shot noise is assumed:

CBE
gjBE

CBEpar

CjS

gjSC

gmfVB’E’-gmrVB’C’

rE

B

gBC
rCx

E
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B’

E’

S

CBCx
*

go

CBCi
*

IrE
2

IBE
2

IT
2

IBC
2

IjSC
2

IrCx
2

rb

IrB
2

CBCx
*

CjCx
*

CBCpar+=

CBCi
*

CjCi
*

CdC+= CBE CjE CdE+= gBC gjBC gAVL+=

Ir
2 4kTΔf

r
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  . (2.12-2)

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

  , (2.12-3)

contains a shot noise and a flicker noise contribution with kF and aF as the flicker noise model pa-

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

  , (2.12-4)

with diode = {BC, CS}. 

Noise from avalanche generation within the internal BC depletion region is modelled as shot

noise,

  , (2.12-5)

giving for the total noise contribution within the BC junction 

  . (2.12-6)

IT
2

2qIT Δf=

IBE
2

2qIjBEΔf kF IjBE
aF  

Δf
f

-----+=

Ijdiode
2

2qIjdiode Δf=

IAVL
2

2qIAVL Δf=

IBC
2

IjBC
2

IAVL
2

+=
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3 HICUM/L0 Parameters

Below is a reference list of model parameters with a brief 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-
ward collector current

1.0 (0:10] 1.0 - -

mcr non-ideality coefficient of 
reverse collector current

1.0 (0:10] 1.0 - -

vef forward Early voltage (nor-
malization volt.)

inf (0:inf] 8.0 V -

ver reverse Early voltage (normal-
ization volt.)

inf (0:inf] 1.15 V

aVEr parameter for bias dependence 
of VEr.

0 [0:100] 0 - -

rver smoothing parameter for 
ver(VBE) at high voltage

2.0 (0:10] 2.0 - -

iqf forward DC high-injection 
roll-off current

inf (0:inf] 3E-2 A M

fiqf flag for turning on voltage 
dependence of iqf

0 [0:1] 0 - -

iqr inverse DC high-injection 
roll-off current

inf (0:inf] 1E6 A M

iqfh high-injection correction cur-
rent

inf (0:inf] 1E6 A M

tfh high-injection correction fac-
tor

0 [0:inf) 2E-9 -s -
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ahq smoothing factor for the DC 
injection width

0 [-0.9:10] 0 - -

flteft flag for including (1) or not 
(0) emitter charge T depend-
ence

0 0 or 1 0 - -

flitm switch for different transfer 
current formulations
0: L0v1.2 solution of second- 
order equation
1: Cardano (third-order eq.)

0 0 or 1 0 - -

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 
current

0 [0:1] 1.16E-16 A M

mre BE recombination non-ideal-
ity factor

2 (0:10] 2 - -

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-
itance

1E-20 (0:inf) 2E-14 F V

vde BE built-in voltage 0.9 (0:10] 0.9 V -

ze BE exponent factor 0.5 (0:1) 0.5 - -

aje ratio of maximum to zero-bias 
value

2.5 [1:inf) 1.8 - -

vdedc BE charge built-in voltage for 
DC transfer current

0.9 (0:10] 0.9 V -

zedc BE charge exponent factor for 
DC transfer current

0.5 (0:1) 0.5 - -

Table 3.0.0/1: 

name description default range test unit factor
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ajedc BE capacitance ratio (maxi-
mum to zero-bias value) for 
DC transfer current

2.5 [1:inf) 2.5 - -

Transit Time

t0 low current transit time at 
Vbici=0

0 [0:inf) 5E-12 s -

dt0h base width modulation contri-
bution

0 (-inf:inf) 2E-12 s -

tbvl SCR width modulation contri-
bution

0 [0:inf) 4E-12 s -

tef0 storage time in neutral emitter 0 [0:inf) 1E-12 s -

gte exponent factor for emitter 
transit time

1.0 (0:10] 1 - -

thcs saturation time at high current 
densities

0 [0:inf) 3E-11 s -

ahc smoothing factor for current 
dependence

0.1 (0:10] 0.75 - -

tr storage time at inverse opera-
tion

0 [0:inf) 0 s -

Critical Current

rci0 low-field epi collector resist-
ance under emitter

150 (0:inf) 50 1/M

vlim voltage dividing ohmic and 
saturation region

0.5 (0:10] 0.7 V -

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

vces saturation voltage 0.1 [0:1] 0.1 V -

vdck built-in BC voltage including 
voltage drop in B and C

0.0 [0:1] 0.0 V -

delck fitting factor for voltage 
dependence of critical current 

2.0 (0:10] 2.0 - -

aick smoothing factor for ICK 1e-3 (0:10] 1e-3 - -

Internal BC Depletion Capacitance

Table 3.0.0/1: 

name description default range test unit factor

Ω
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cjci0 internal zero-bias BC deple-
tion capacitance

1E-20 (0:inf) 1.16E-15 F M

vdci BC built-in voltage 0.7 (0:10] 0.8 V -

zci BC exponent factor 0.333 (0:1] 0.333 - -

vptci punch-through voltage of BC 
junction

100 (0:100] 46 V -

External BC Depletion Capacitance

cjcx0 external zero-bias BC deple-
tion capacitance

1E-20 [0:inf) 1E-20 F M

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

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 Cjc0 
(Cjx0 not specified) or Cjcx0 (if 
both Cjci0 and Cjcx0 specified)

1 [0:1] 0.1526 - -

Base Resistance

rbi0 internal base resistance at 
zero-bias

0 [0:inf) 100 1/M

vr0e reverse Early voltage (normal-
ization volt)

2.5 (0:inf] 1.6 V -

vr0c forward Early voltage (nor-
malization volt)

inf (0:inf] 8 V -

fgeo geometry factor 0.656 [0:inf] 0.73 - -

Series Resistances

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

rcx external collector series resist-
ance

0 [0:inf) 9.16 -

re emitter series resistance 0 [0:inf) 12.5 -

Substrate Transfer Current, Diode Current and Capacitance

Table 3.0.0/1: 

name description default range test unit factor

Ω

Ω

Ω

Ω
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itss substrate transistor transfer 
saturation current

0 [0:1] 1E-17 A -

msf substrate transistor transfer 
current non-ideality factor

1.0 (0:10] 1.0 - -

iscs SC saturation current 0 [0:1] 1e-17 A M

msc SC non-ideality factor 1 (0:10] 1 - -

cjs0 zero-bias SC depletion capaci-
tance

1E-20 [0:inf) 1E-15 F M

vds SC built-in voltage 0.3 (0:10] 0.6 V -

zs external SC exponent factor 0.3 (0:1] 0.447 - -

vpts SC punch-through voltage inf (0:100] 100 V -

Parasitic Capacitance

cbcpar collector-base isolation (over-
lap) capacitance

0 [0:inf) 1E-15 F M

cbepar emitter-base oxide capaci-
tance

0 [0:inf) 2E-15 F M

BC Avalanche Current

favl prefactor 0 [0:inf) 1E-14 - -

qavl exponent factor 0 [0:inf) 1.19 - -

Flicker Noise

kf flicker noise coefficient 0 [0:inf) 0 - M1-AF

af flicker noise exponent factor 2 (0:10] 2 - -

Temperature Dependence

vgb bandgap-voltage 1.2 (0:10] 1.17 V -

vge effective emitter bandgap-
voltage

1.17 (0:10] 1.1386 V -

vgc effective collector bandgap-
voltage

1.17 (0:10] 1.1143 V -

Table 3.0.0/1: 

name description default range test unit factor
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vgs effective substrate bandgap-
voltage

1.17 (0:10] 1.15 V -

ΔvgBE Bandgap difference between 
base and BE-junction. Used 
for temperature dependence of 
VEr and Iqf.

0 - 0 - -

f1vg coefficient K1 in T-dependent 
bandgap equation

-
1.0237

E-4

-1.0237E-4 V/K -

f2vg coefficient K2 in T-dependent 
bandgap equation

4.3215e
-4

4.3215e-4 V/K -

alt0 first-order TC of tf0 0 [-10:10] 0 1/K -

kt0 second-order TC of tf0 0 [-10:10] 0 1/K2 -

zetavgbe Temperature parameter for
VEr.

1

zetaver
Temperature parameter for 
VEr.

-1 - - - -

zetact exponent coefficient in trans-
fer current temperature 
dependence

3 [-10:10] 3.5 - -

zetabet exponent coefficient in BE 
junction current temperature 
dependence

3.5 [-10:10] 4 - -

zetaiqf temperature coefficient for iqf 0 [-10:10] 0 - -

zetaci TC of epi-collector diffusivity 0 [-10:10] 1.6 - -

aliqfh First order temperature coeffi-
cient for Iqfh.

0 -

kiqfh Second order temperature 
coefficient for Iqfh.

0 -

alvs relative TC of saturation drift 
velocity

0 [-10:10] 1E-3 1/K -

alces relative TC of vces 0 [-10:10] 4E-4 1/K -

Table 3.0.0/1: 

name description default range test unit factor
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Apart from the above list of the model parameters, there are few circuit simulator specific param-

eters as follows:

aldck Relative TC of vces 0 - 1/K -

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 external collector resist-
ance

0 [-10:10] 0.2 - -

zetare TC of emitter resistances 0 [-10:10] 0 - -

alrth First-order relative tempera-
ture coefficient of parameter 
Rth

0 [-10:10] 0 1/K

zetarth Exponent factor for tempera-
ture dependent thermal resist-
ance

0 [-10:10] 0 - -

alfav Relative TC for FAVL 0 [-10:10] 0 1/K -

alqav Relative TC for QAVL 0 [-10:10] 0 1/k -

Vertical NQS Effect

flnqs Flag for turning on and off of 
vertical NQS effects

0 0 or 1

alit Factor for additional delay 
time of transfer current

0.333 (0;1]

alqf Factor for additional delay 
time of minority charge

0.167 (0;1]

Self-Heating

flsh flag for turning on (1) or off 
(0) self-heating effect

0 0 or 1 1 - -

rth thermal resistance 0 [0:inf) 200 K/W 1/M

cth thermal capacitance 0 [0:inf) 0.1 Ws/
K

M

Table 3.0.0/1: 

name description default range test unit factor
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Table 3.0.0/2: 

• The reference temperature 27oC 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 (K1 and K2). Note that f1vg and f2vg are
not necessarily HICUM-specific, but may be made general parameters in a simulator. 

Circuit Simulator Specific Parameters

name description default test unit

tnom temperature for which parame-
ters are valid

27 27 oC

dt temperature change for particular 
transistor

0 0 K

type For transistor type NPN(+1) or 
PNP(-1)

+1
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4 Operating point information

In HICUM/L0v1.31, the operating point values are calculated directly inside the verilog-A code.

A compiler flag “CALC_OP” has been introduced, which enables the calculations inside the code

when the flag is turned-on [17]. 

Below is the 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

Table 4.0.0/1: 

Variable Unit Description Definition
M 

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 V External BE voltage as calculated in the model -

VBC V External BC voltage as calculated in the model -

VCE V External CE voltage as calculated in the model -

VSC V External SC voltage as calculated in the model -

BETADC Common emitter forward 
current gain

-

GMi A/V Internal transconductance *M

RPIi Ω Internal input resistance /M

VBEi V
B′ V

E′–=

VBCi V
B′ V

C′–=

βdc

IC

IB
-----=

gmi

∂IT

∂VBEi
--------------

VCEi

=
∂IT

∂VBEi
--------------

VBCi

∂IT

∂VBCi
---------------

VBEi

+=

1
rπi
------

∂IBEi

∂VBEi
--------------

VBCi

=
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Note: The variables GMi, RPIi, RMUi, ROi, CPIi, CMUi represent the accurate designation com-

pared to the corresponding variables GM, RPI, RMU, RO, CPI, CMU of the SGP model. 

RMUi Ω Internal feedback resistance /M

ROi Ω Internal Output resistance /M

CPIi F Total BE capacitance *M

CMUi F Total internal BC capacitance *M

CBCX F Total external BC capaci-
tance

*M

CCS F CS junction capacitance *M

RBi Ω Internal base resistance /M

RB Ω Total base resistance  /M

RCX Ω External (saturated) collector 
series resistance

Model parameter RCX /M

RE Ω Emitter series resistance Model parameter RE /M

BETAAC Small signal current gain -

TF s Total forward transit time as calculated in the model -

FT Hz Transit frequency

(Note this is an approxima-
tion)

,

 , 

 , 

-

Table 4.0.0/1: 

Variable Unit Description Definition
M 

factor

1
rμi
------

∂IBCi

∂VBCi
--------------

∂IAVL

∂VBCi
--------------

VBEi

–=

1
roi
------

∂IT

∂VBCi
--------------

VBEi

–
∂IAVL

∂VBCi
--------------

VBEi

+=

Cπi CjE CdE CBEpar+ +=

Cμi CjCi CdC+=

CBCx CjCx CBCpar+=

CCS CjS=

rBi

rB rBi= rBx+

βac gmi rπi⋅=

fT

gmi

2π CBE CBC r CBC⋅ gmi⋅+ +( )⋅
-------------------------------------------------------------------------------=

CBE Cπi=

CBC Cμi CBCx+=

r RCx RE

RB RE+

βac
-------------------+ +=
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6 Appendix

6.1 Parameter Extraction

HICUM/L0 has been derived from the more sophisticated and accurate HICUM/L2 model, hence

the parameter extraction can be done in two different ways: (i) calculation of HICUM/L0 parame-

ters directly from HICUM/L2 parameters and characteristics, or (ii) extraction directly from meas-

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

6.1.1 Parameter determination of HICUM/L0 from HICUM/L2 

Many parameters can be calculated directly from the HICUM/L2 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. An fully automated “L2-to-L0” converter has been developed [22], which can be used to gen-

erate L0 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/L0 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 technologies it 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 depletion 
capacitances 

CjE0, VDE, zE CjCi0, VDCi, zCi, 
VPTCi , CjCx0, VDCx, zCx, VPTCx , 
CjS0, VDS, zS 

2 Base current components related 
to BE and BC junction CS sub-
strate junction current

IBES, mBE, IRES, mRE , IBCS, 
mBC, ISCS, mSC 
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6.2 Solution of transfer current equation

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

 , (6.2-1)

with the coefficients

,   and  . (6.2-2)

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

tion , which allows to eliminate the second-order term. The equation now reads, 

 , (6.2-3)

The values of p and q are given by;

3 Temperature coefficients self-heat-
ing 

TCs of RTH, CTH  

4 Series resistances rCx, rE, rBx, rBi0, Vr0E, Vr0C, fgeo 

5 Transfer current at low and 
medium injection 

IS, mCf, mCr, VEf, VEr, VDEdc, 
zEdc, ajEdc, CjCdc, VDCdc, VPTdc 

6 BC Avalanche current eAVL, kAVL 

7 Transit time at low injection τ0, τBvl, Δτ0h, ajE 

8 Critical current rCi0, VCEs, VPT, Vlim 

9 Transit time at high injection τEf0, gτE, τhcs, ahc

10 Transfer current at high injection  IQf, IQr, IQfh, tfh, ahq 

11 Remaining parameters and fine 
tuning 

KF, AF

Table 6.1.2/1: 

Step EC Element Parameters

x
3

ax
2

bx c+ + + 0=

a 1
qjE

VEr
--------

qjC

VEf
--------+ + 

 –= b
iTfi

ICKf
----------

iTri

ICKr
---------- w

2 ITfi

IQfh
---------+ + 

 –= c
ITfi
2

tfh

ICKIQfh
------------------–=

x z
a
3
---–=

z
3

pz q+ + 0=
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 and . (6.2-4)

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

 . (6.2-5)

For low injection in either forward and reverse case, the values of both, b and c tend towards zero,

leading to D = 0 and thus

 . (6.2-6)

This gives the following solution:

. (6.2-7)

For reverse operation, c tends towards zero. This is also the case if tfh is set to zero, resulting in

, (6.2-8)

which is negative in all 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

 , (6.2-9)

is used for reference. If a >> b, the argument is one. 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

p b
a

2

3
-----–= q

2a
3

27
-------- ab

3
------– c+=

D
q
2
--- 
  2 p

3
--- 
  3

+=

z
3q
p

------ 2a
3

9
-------- 3

a
2

-----–
2
3
---a–= = =

x
2
3
---a–

1
3
---a– a– 1

qjE

VEr
--------

qjC

VEf
--------+ += = =

D
4b

3
b

2
a

2
–

108
--------------------------=

δ q
2
--- 27

p
3

------––
 
 
 

acos=
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,  , (6.2-10)

Though three different values of z are possible, the maximum value of z1 and z3 will be zero,

which finally leads to a maximum of . Hence both solutions are not meaningful. Only

z2 and its corresponding value for x2 (i.e. qpt) have been considered since they lead to a physically

meaningful result and therefore correct values.

For the remaining case, when D is positive, only one physically correct solution exists and both 

 and (6.2-11)

are real numbers. The only real solution then reads

 with the corresponding . (6.2-12)

z1
4
3
---p

1
3
---δ π

3
---– 

 cos––= z2
4
3
---p

1
3
---δ 
 cos––= z3

4
3
---p

1
3
---δ π

3
---+ 

 cos––=

x1 3⁄
a
3
---–=

u
q
2
---– D+3= v

q
2
---– 

  D–3=

z1 u v+= x1 z
a
3
---–=


