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High-Frequency Circuit Design Oriented Compact Bipolar

Transistor Modeling with HICUM

SUMMARY  An overview on the physics and circuit design oriented
background of the advanced compact model HICUM is presented. Related
topics such as the approach employed for geometry scaling and parame-
ter extraction are briefly discussed. A model hierarchy is introduced, that
addresses a variety of requirements encountered during the increasingly
complicated task of designing analog and high-frequency circuits.
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Most frequently used symbols
Ago, Pgo  area and perimeter of emitter window

bgo, lgp  width and length of emitter window
bg, Ig, Ag effective electrical emitter dimensions and area

BE, BC Dbase-emitter, base-collector

EC equivalent circuit

E; electric field at the BC junction

Jfr, fmax  transit and maximum oscillation frequency

hy, hj, he weighting function components

ic (time dependent) collector current

Jri, JTp  internal transfer current density, perimeter trans-
fer current per length

Hn electron mobility

rei, Rpx  internal and external base resistance

Rg, Rcx  external emitter and collector resistance

SCR space charge region

T,T; temperature, junction temperature

Vs saturation velocity

VeEs internal CE collector-emitter saturation voltage
Vbei internal base-collector junction built-in voltage
Vr thermal voltage

Time dependent currents, voltages and charges are indicated
with lower case letters.

1. Introduction

Bipolar transistor technology development in the past 25
years has progressed in leaps: after a period of only in-
cremental improvements, a fundamental change of the de-
vice design brought significant improvements of the elec-
trical characteristics and established again the traditionally
existing performance gap with respect to CMOS technology.
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While it was the self-alignment scheme in the early eighties
and the introduction of Ge (and C) in the nineties, the most
recent improvement in operating speed results from the in-
tegration into CMOS mainstream processes. The utilization
of advanced CMOS lithography allows not only a tremen-
dous lateral footprint reduction but also more device design
alternatives. It is indeed interesting to realize that bipolar
technology is actually benefitting from CMOS process de-
velopment.

The footprint reduction along with the epitaxial growth
of SiGe:C base layers have led to an explosive speed
increase of heterojunction bipolar transistors (HBTs)*
(e.g.[1]1-[9]). Values beyond 200 GHz for fr and fiax
have been obtained consistently (e.g. [1]-[6]), making SiGe-
BiCMOS HBT technology attractive not only for main-
stream markets such as wireless and wireline telecommu-
nications [10] but also for niche markets such as disc drives,
high-performance measurement equipment, and the emerg-
ing automotive radar applications (e.g. [11]-[14]). For in-
stance, the system operating frequencies of interest for some
of the above mentioned wireless applications are in the
range of 24 to 95 GHz.

Designing such high-frequency (h.f.) circuits with con-
fidence requires a process design kit with accurate compact
models (and parameters!) for both active and passive de-
vices as well as important parasitic effects [15], [16]. While
foundries and EDA system developers have tried to keep up
mostly with the directly design related demand, getting the
modeling related infrastructure early enough in place, such
as implementing parameter determination methods and test
structures as well as integrating adequate models in the sim-
ulators, tends to be neglected. On the other hand, mask cost
as high as US$ 1 Mio in 0.1 um-BiCMOS processes increase
the pressure to deploy accurate compact models in order to
reduce design cost. Saving just one design cycle and its as-
sociated mask expense already pays for the annual cost of a
typical compact modeling group in industry!

Optimizing circuit performance requires to make com-
promises regarding the electrical characteristics of transis-
tors by selecting their proper configuration [17]; the latter
is defined by emitter dimensions and contact arrangements.
Figure 1 visualizes the optimization task for two different
types of circuits. In a low-noise amplifier, minimum noise

*The acronym HBT is used here for bipolar transistors in gen-
eral, i.e. including homojunction transistors which are a special
case of HBTs.
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Fig.1  Circuit optimization requirements (simplified): various transistor
figures of merit (FoM) vs. collector current density.

is obtained at much lower transistor current densities than
where the fr peak occurs. Choosing the minimum allowed
emitter width, the designer can achieve low noise and high
gain simultaneously only by varying the emitter length [18].
In “digital” circuits such as frequency dividers and multi-
plexers, the transistors often need to be driven at high cur-
rent densities to minimize gate delay tp. Thus, simultane-
ously achieving maximum speed and low jitter requires a
careful selection of the proper transistor configuration [14],
[17], [19]. Different transistor sizes are generally also neces-
sary in bias circuits. As a consequence of the above discus-
sions, compact models need to be geometry scalable, which
means that every element in an equivalent circuit (EC) has
to be described as a function of the transistor configuration.

Both rapid process evolution and h.f. (analog) design
specific demands result in a long list of requirements for
compact models regarding, e.g., not only the incorpora-
tion of important physical and electrical effects but also
the model formulation and implementation (e.g.[16]). In
addition, design houses demand statistical modeling (and
design) capability from foundries. Going even further,
foundries are pressed to release well before process qual-
ification compact models that predict the targeted perfor-
mance sufficiently accurately. These goals can only be ac-
complished by using physics-based compact models and ex-
traction strategies.

To meet all the before mentioned challenges, the com-
pact model HICUM has been developed. From designing
high-speed fiber-optic circuit components, it was realized in
the early eighties (e.g. [20], [22]) that the charge storage de-
scription and scalability of the SPICE Gummel- Poon model
(SGPM) were inaccurate and inadequate. This spurred the
early work on the HIgh-CUrrent Model (HICUM) [20]-
[26] and also on a tool for TRAnsistor DImensioning and
CAlculation (TRADICA) [27]. Early versions of HICUM
were integrated in SPICE2 and experimentally verified for
large-signal transient behavior [24]; early TRADICA ver-
sions were used to generate scalable model parameters
for designing high-speed circuits [17]. Over time, the
model has continuously been improved and experimen-
tally verified towards, e.g., charge storage and geometry
effects, small-signal high-frequency applications, effects in
advanced HBTs and also with respect to noise and distortion
applications [28]-[42].

Since new process generations are constantly being de-
veloped, compact model development cannot stand still ei-
ther. Unfortunately, in terms of compact models EDA ven-
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dors did not keep pace with the rapid evolution of process
technologies until the beginning of this decade. In many
simulators, still only the SGPM was offered. This situ-
ation has changed now, at least in the Si-based field, as
advanced models such as VBIC [43], HICUM and MEX-
TRAM [44] have been implemented in all relevant simula-
tors. An overview on the simulator availability of HICUM
can be found at EDA vendor web sites and [45].

In this paper, the background and features of HICUM
are presented from the perspectives of bipolar process tech-
nology, circuit design and modeling requirements. Due to
the lack of space, the focus will be on Si/SiGe-based verti-
cal NPN structures, although the concepts also apply to PNP
devices and most of the existing III-V HBT technologies.
Furthermore, since presenting the complete set of equations
and their mathematical derivation cannot be accomplished
within the scope of a paper, the emphasis is put on provid-
ing a guide through the references that are relevant for un-
derstanding both the formulation of HICUM and the origin
of its associated infrastructure.

2. Vertical Bipolar Transistor Structures

Figure 2 shows the schematic cross-section of a SiGe HBT
which shall serve as an example for the discussions in
this paper. The cross-section has been partitioned into
“modeling-relevant” regions, that are indicated by the dif-
ferent linestyles. Each subdivision can be represented by
lumped elements, leading to a physics-based EC. The por-
tion in the dashed box under the emitter is called internal
transistor. The line in the center of the emitter window
corresponds to the one-dimensional (1D) transistor that de-
termines the intrinsic (or fundamental) characteristics. The
other regions belong to the parasitic external structure.

In contrast to MOS transistor structures of the same
process generation, bipolar and SiGe HBT structures of the
same generation can differ significantly, depending on the
selected process flow. Just for fabricating SiGe HBTs, the
combination of, e.g., selective or non-selective layer growth
with self-aligning or non-self-aligning BE schemes creates
quite a variety of BE structures with different geometrical
shape. In addition, the contact arrangement can be very
flexible and different isolation schemes are possible (e.g.,
deep trench, junction isolation), leading to a large variety of
configurations adapted for many special tasks. This struc-
tural variety has implications for modeling geometry scal-
ing, which just becomes more complicated than for MOS
transistors since a geometry scalable HBT model is expected
to be applicable to all process technologies, possibly also
III-V HBTs with mesa structures.

Besides the configuration, which corresponds to a vari-
ation of the lateral structure, the addition of Ge provides op-
tions for the vertical device design that are not available for
homojunction BJTs. A layer with a lower emitter concen-
tration is now possible, allowing to drastically increase the
base doping and reduce the base width (e.g. [6], [8], [33])
without increasing parasitic tunneling currents. Also, sig-
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Fig.2  Schematic cross-section for the example of a SiGe HBT fabri-
cated with selective-epitaxial growth (SEG). In order to enhance the corre-
spondence between the EC and cross-section, the internal nodes have been
inserted.

nificant changes in the electrical properties can be achieved
by varying (i) the Ge profile itself across the base and in the
collector region [47] and (ii) the collector profile using just
one mask.

3. Physical Effects

Modern bipolar transistors exhibit many physical effects that
are discussed in this section, starting with the intrinsic tran-
sistor, which contains the essential features of bipolar tran-
sistor action. Then the external transistor regions are con-
sidered by means of Fig.3 and Fig. 4, resulting in the con-
struction of the associated physics-based ECs, which are the
basis for a compact model.

3.1 Transfer Current

Consider a 1D line under the emitter window in Fig. 2. Due
to the negligible recombination in Si and SiGe transistors
(at least for not too low voltages Vg or too high current
densities Jc), all electrons injected across the BE junction
traverse the base and adjacent collector region, causing the
transfer current It to flow through the collector contact C’.
For d.c. operation, It equals the (1D) collector current I,
while for dynamic operation ic(f) also contains the (out-of-
phase) charging components.

According to [33], [48], from the transport equation an
exact description of the transfer current is given by

VB 'R/ VB el
exp VT — exp VT

It = Agq ij"/anrnin Xer (1)
—————
¢ f h(x)pdx
Xgr

with the prefactor ¢ not depending on bias. The weighting
function
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Fig.3 Zoom-in of the schematic cross-section in Fig.2: (a) emitter pe-
riphery and external BC region, (b) electron current distribution (flow lines)
from 2D device simulation of half of the internal transistor structure for low
and high bias.
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Fig.4 Zoom-in of the schematic cross-section of the external collector
and substrate isolation region with a physics-based EC: (a) shallow field
oxide or trench with partial pn-isolation, (b) deep trench isolation.
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with Jp = IT/Ag, can be split into three components. In the
1D case, Jnx equals —Jt and the hole quasi-fermi potential
¢p equals Vpp leading to i = 1 and A, = 1, respectively.
Thus, only the impact of A, on the integral in (1) has to be
considered. The most important influence comes from n; via
the bandgap variation caused by both unavoidable highdop-
ing effects and intentional Ge profile variation. Notice, that
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the integration limits in Eq. (1) represent the 1D emitter and
collector contact, thus obviating the complicated description
of a bias dependent internal collector resistance for model-
ing the impact of quasi-saturation.

The hole density p consists of a zero-bias density py,
which is concentrated in the base region only, and a bias
dependent hole density Ap, which can generally be spread
over the whole transistor structure. Thus, Ap can be par-
titioned into its components in the neutral E, B, C region
and in the BE and BC space-charge regions. In each re-
gion, an average value of the weighting function turns out to
be a suitable approximation over bias [25], [48] so that the
remaining terms f Apdx represent the respective depletion
and minority charge contribution.

So far, a 1D transistor has been considered. Taking a
closer look at Fig. 3(a) shows, that electron injection occurs
not only under the emitter but also across the BE periph-
ery junction, leading to an internal and a perimeter current
component. Thus, the total transfer current can be written
as

It = Ity + Itp = J1iAE0 + J1pPE0- 3

In principle, one could try to apply a transfer current de-
scription such as Eq. (1) separately to I1; and It,. However,
first of all, this would lead to a model with two transfer cur-
rent sources (and related elements); i.e. a 2-transistor model,
the complexity of which is desirable neither for circuit de-
sign nor for parameter extraction. Also, as the current flow
lines in Fig.3(b) indicate, the assumption of Jy in A; of
Eq. (2) being spatially independent is not quite correct any-
more. The same holds for /., especially at higher injection
levels.

According to Egs. (1) and (2), mostly the lateral spread
of Jyx via the weighting function h; determines the holes
and, hence, the charge that has to be included in the de-
nominator of Eq. (1) in lateral direction [36]. A first-order
approximation is to use in Eq. (1) an effective emitter area
defined by Eq. (3) [42]

Jr P
Ap = Apo + — Pgo =AE0(1 +7C£) “4)
JTi AE()
with yc as a constant for a given process that can also be
easily measured [50]. As a further approximation, Ag is also

used to define the charge components in f Apdx [24].

3.2 Depletion Charges

According to Fig.3(a), the total BE depletion charge con-
sists physically of a component related to the bottom junc-
tion under the emitter window and one related to the periph-
ery junction. Due to the different doping profiles in these
regions, the components behave electrically different. The
portion entering the denominator of Eq. (1) is laterally de-
fined (to first order) by Ag.

Similarly, the BC depletion charge consists of the in-
ternal component Qjci, laterally defined by Ag, and an ex-
ternal component. The latter contains a portion given by the
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SIC extension beyond the effective emitter width and a por-
tion given by the collector-epi background doping. These
charges depend on the voltages across the respective junc-
tions. However, the transfer current passing through the
SCR also reduces at high current densities the electric field
E;. at the BC junction, which causes the respective charge
to become current dependent. Since there is very little cur-
rent spreading in the base and BC SCR, only Qjc; is affected
by Jr. In the literature, the current dependence of mostly
the associated internal depletion capacitance Cic; has been
investigated. Unfortunately, most of the proposed analyti-
cal approximations for Cjc; contain various numerical insta-
bilities and are not integrable, which is required for com-
pact models. A physics-based solution of this problem is to
model the charge via the electric field Ejc = Opci/(€0€AE),
with Qpc; as total internal BC charge. Such a bias depen-
dent description of Ej., that is suitable for compact mod-
eling, was presented in [51], [52] and successfully verified
also for CjCi(VB’C’» [T) [52]

Finally, as Fig. 4 shows, the depletion charge of the CS
junction can physically also be partitioned into a bottom and
a perimeter portion that are expected to behave electrically
different. In case of deep trench isolation, the perimeter
component is strongly reduced and behaves more like a plate
capacitor.

3.3 Minority Charge

For the following discussion, forward operation of the tran-
sistor is assumed. The injection across the BE junction leads
to associated electron and hole minority charges in base,
emitter and—at sufficiently high current densities—also in
the collector region. First, a 1D structure is considered,
which is then expanded to the 2D/3D case.

At low injection, the minority charge consists mostly of
electrons stored in the base region and can be described ana-
lytically by classical transistor theory. The amount of holes
stored in the emitter depends on the Ge profile, the junc-
tion depth, and the recombination properties of the emitter
poly-silicon layer. The corresponding analytical description
is quite complicated. An additional component, that causes
a time delay, is located in the BC SCR, and is especially
important in transistors with a thin base and low collector
doping, such as in III-V HBTs and Si/SiGe power transis-
tors.

With increasing current density Jr, the electron density
n = Jr/(qus) in the BC SCR increases, too, resulting even-
tually in a compensation of the ionized donor concentration
in the SCR. In addition, for lower voltages Vg the cur-
rent through the undepleted portion of the collector causes a
voltage drop, that reduces the voltage across the SCR. The
consequence is an even faster drop of the electric field at the
junction with increasing Jy. This effect was first analyzed
by Kirk [53] for BJTs but also occurs in HBTs. Note, that
the resulting analytical equation for the BC SCR width is
not suitable for compact modeling.

The critical current Icx at which the electric field at
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the BC junction has collapsed can be calculated from the
condition of either a horizontal field distribution (equaling
complete compensation in the SCR) at low Vg or—at high
voltages—Ej. reaching the value Ejy = vs/unci wWhich sep-
arates the ohmic and saturation velocity regime. The con-
sequence of the field reduction and eventual collapse to a
very low value is, regardless of BJT or HBT, a more or less
strong increase in electron density at the BC junction and the
associated charge and transit time. In a BJT this increase is
caused by a extension of n and, for charge neutrality reasons,
also p into the collector in order to support an additional dif-
fusion current component. In a SiGe HBT, the barrier in the
valence band caused by the Ge drop in the BC SCR prevents
holes to move into the collector. Instead, they accumulate at
the end of the (neutral) base just before the barrier and start
forming a dipole layer with the electrons still entering the
collector [54]. This results in an electric field in opposite
direction to the transfer current flow that forms a potential
barrier in the conduction band, limiting the further increase
of Jr with Vg and leading to a dramatic increase of n with
Jr in the base region. The impact of n(Jt) on 7 and fr can
also be accurately described by Ejc(Jt) [52].

So far, the 1D case was considered. According to
Fig. 3(b), the injection across the BE perimeter junction also
leads to electron charge in the external base region. At low
current densities, there is negligible spreading in the base
and BC SCR underneath the emitter, so that bottom and
perimeter charge can be separated experimentally according
to

Or = QAo + O, Pro- (5)

At high current densities, collector current spreading occurs
(cf. Fig.3(b)), indicating a 2D/3D carrier and charge dis-
tribution in the transistor. This effect, which depends on
geometry and bias (Vp/¢, IT), can be described analytically
for the general 3D case [42]. As was also shown in [42], the
critical current derived for the 1D case has to be modified
by a current spreading factor f,

Ick = Icx,ip(VorE ) fes(bE, Ig, 6¢), (6)

with d¢ as (average) current spreading angle.

For sufficiently wide emitters (i.e. large bgg) and high
current densities, d.c. emitter current crowding occurs (see
later), which leads to an increased injection at the BE
perimeter junction compared to the bottom portion. Once
significant current spreading occurs in both the external base
and the collector, it becomes impossible to experimentally
separate perimeter and bottom components using Egs. (5)
and (3).

3.4 Base Current Components

The most important base current component is given by the
back injection into the emitter. A derivation including all
occurring physical effects in detail becomes quite compli-
cated (e.g. [55]) and is not suitable for compact models. As
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it turns out for Si/SiGe HBTSs, the non-ideal effects can be
lumped into an ideality coefficient mgg;, yielding a simple
relation for the back injection current,

E Vee

I_]BEI Iggis [GXP (mBEi VT) 1] . (7N
At very low current densities, the recombination in the BE
SCR causes an additional current component /3%, that can
be described by the same formulation as Eq. (7), but with
the parameters Irgis and mgg; instead. The same approach
applies to the other junction current components.

At high current densities, excess recombination (with
the lifetime 7pprec) Within the dipole layer at the BC barrier
causes the base current to increase more rapidly due to the
accumulation of carriers there. Denoting the resulting ex-
cess base charge by AQsp, the corresponding base current
component can be approximated quite well by [56], [57].

AQ

TBhrec

®)

IBhrec =

3.5 Series Resistances

The holes flowing from the external base region into the
internal transistor supplying the internal base current com-
ponents cause a (time or frequency dependent) distributed
voltage drop in parallel to the emitter junction. For d.c. op-
eration, this voltage drop can be represented by a lumped
internal base resistance rg;. At high current densities, the
lateral voltage drop across rp; can lead to current crowding
at the emitter perimeter edge. While this effect is negligi-
ble in advanced transistors with narrow emitter stripes and
fairly low internal base sheet resistance, it can become rel-
evant for power transistors due to their larger emitter width
and is very pronounced at highfrequencies or for fast tran-
sient operation (e.g. [19], [32]).

Under the assumption of negligible d.c. emitter cur-
rent crowding a lumped representation of the internal base
impedance zg; is possible also for small-signal h.f. operation
(e.g.[32], [59]). However, for large-signal switching opera-
tion no closed-form analytical solution exists. In this case, at
least a 2-transistor model is required [58] to approximate the
distributed character of the (dis-) charging process of the in-
ternal transistor with reasonable accuracy. In summary, the
internal base resistance is one of the most difficult elements
to describe in compact analytical form, since it depends not
only on geometry, bias and temperature but also on the tran-
sistor operating mode.

As shown in Fig.3, the external base region can be
represented physically by a series of resistors with differ-
ent sheet resistance values and geometry dependence. In
modern processes, often the contribution of the link region
under the spacer dominates. Similar considerations apply to
the external collector resistance, that consists of three phys-
ically different components. In practice, the contact and
sinker portion are lumped together into a single areaspe-
cific value since they cannot be distinguished experimen-
tally. The emitter resistance can consist of a series of single
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components representing mostly the contact resistance be-
tween the layers of the emitter material stack.

Finally, the connection between the SCR edge of the
CS junction is connected to a substrate contact somewhere
on the surface through a substrate impedance, consisting of
a network with resistors and capacitors in parallel for each
electrical path (cf. Fig. 4). The capacitor represents the per-
mittivity of the substrate. For the most simple structure of
a trench-isolated transistor and not too high frequencies, a
single substrate resistance may be adequate, which still has
a complicated geometry dependence though.

All external series resistances depend on temperature
and geometry, while their bias dependence is negligible.

3.6 Self-Heating and Thermal Effects

The high speed of modern SiGe HBTs can only be achieved
at fairly high current densities and, hence, at the expense
of high power dissipation. The latter, which occurs mostly
in the internal BC SCR, leads to an increase of the device
operating temperature above chip temperature. This effect,
called self-heating, can cause device and circuit failure if
it is not properly being taken care of during circuit design.
Therefore, self-heating needs to be taken into account in a
compact model.

According to [61], the temperature T peaks close to the
BC junction. While it drops quickly towards the substrate,
only a small decrease is observed at the surface due to the
shallow junctions. As a consequence, the temperature T; at
the BE junction,which controls the transistor characteristics,
differs only slightly from the peak. This difference depends
somewhat on the emitter width and metallization [60].

In a compact model, the spatial temperature distribu-
tion cannot be described directly but has to be represented
by a lumped approach. This is usually done by employing
the similarity between the heat and the continuity equation,
allowing to represent the solution of the heat equation by an
infinite lumped RC network driven by a current source for
the generated power in the device. In steady-state, often a
single thermal resistance element, Ry, is used to calculate
the temperature increase at the BE junction. Obviously, due
to the inhomogeneous lateral temperature distribution over
the BE junction plane, Ry, corresponds to an average value.
This also holds for Cy, during dynamic operation. As in-
vestigations have shown, for an accurate description of the
transient behavior at least a 2-pole network is required [61],
[62].

Note, that the thermal time constants are much larger
than the usual electrical time constants. This leads to
“memory”’-like effects for certain types of circuits (such as
laser drivers), in which transistors can spend a long time at
a d.c. bias point before they switch.

3.7 Other Effects

Increasing transistor speed is also being achieved by shorter
and higher doped collectors, resulting in a reduction of the
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breakdown voltage. The associated avalanche effect limits
the transistor operation voltage V¢, especially at higher
collector current densities. If breakdown-sensitive transis-
tors in circuits (such as power amplifiers) are driven by a
fairly low source resistance and are operated at high cur-
rent densities, the avalanche current iay;, causes a reversal
of the current direction through rg;. As a consequence, in a
real transistor the highest voltage Vg and injection occurs
then in the center of the emitter window. This so-called 3D
pinch-in effect was shown in [63] to be the dominant failure
mechanism in critical transistors of high-speed circuits.

If the intrinsic transistor is operated at very high fre-
quencies or switching speed, the minority carriers experi-
ence a delay w.r.t. their controlling voltage. This delay is
called non-quasi-static (NQS) effect. As a result, at forward
operation the transfer current it(f) and minority charge g¢(t)
do not anymore follow immediately their controlling voltage
Vg . Since the NQS effect can become important in certain
circuits [64], it needs to be taken into account properly. The-
oretically, for small-signal operation the NQS effect can be
described by an infinite series in frequency for the input ad-
mittance y; and the transconductance y,; [65]. However,
this representation in frequency domain is suitable neither
for compact models nor for large-signal transient operation.
By limiting the solutions to their respective first-order term,
they can be converted to different representations in an EC,
that are suitable for both frequency and time domain anal-
ysis [32],[66], [67]. The first-order approximation of the
exact NQS solution is sufficient for practical applications,
since the external transistor’s low-pass behavior reduces the
signal speed at the terminals of the intrinsic transistor, and
the frequency corresponding to the next pole is about three
times the fr of the intrinsic transistor (for a box profile).

4. HICUM Formulation Overview

Based on the discussion in the previous section, a physics-
based EC and associated set of model equations can
be “constructed” that define the standard version 2.2 of
HICUM/Level2. Due to the lack of space, only the most
important equations can be given. For a complete descrip-
tion of the model the reader is referred to [45], [46]. In the
following sections, the model equations are split into bias,
temperature and geometry dependence.

4.1 Equivalent Circuit

Each of the regions in the cross-sections of Fig.2 to Fig-
ure 4 is represented in the EC in Fig. 5 by a corresponding
network, indicated again by the different linestyles.

The internal transistor determines the fundamental
transistor characteristics and is represented by a transport
model. The definition of the effective emitter area (and asso-
ciated width and length [42]) in Eq. (4) allows to include the
perimeter contributions with a single transfer current source
and a single minority charge source. The BC avalanche and
a possible BE tunneling effect are taken into account by the



1104

1 . CSu
external BC region

Rea[ ] |

»y |
MEINE T ol e i
@BCZL QBCX_T_ QjAV[‘quCi _T_qr

self-heating
network

Fig.5 Equivalent circuit of HICUM/Level2 version 2.2. The sources ¢
indicate time dependent currents from nonlinear charges; linear charges are
indicated by the notation C.

controlled current sources iay;, and igg;. The lumped inter-
nal base impedance, consisting of rg; and Cig;, represents
the distributed voltage drop under the (effective) emitter ac-
curately for d.c. and for h.f. small-signal operation.

The external BE region includes the remaining portions
of the depletion charge and base current related to the emit-
ter perimeter junction. The various base resistance compo-
nents in Fig. 3 are lumped together into a bias independent
resistor Rgx. Similarly, the emitter resistance Rg contains
all contributions from the material stack. The parasitic iso-
lation capacitance of the BE spacer and contact metal studs
is taken into account by a constant capacitance Cpgpyr. In
modern processes with shallow emitter junctions, the latter
is often larger than the perimeter depletion capacitance. De-
pending on the process though (i.e. spacer shape, link region
resistance), Cggpar can be split across Rpy to enable an accu-
rate modeling of the input impedance.

The external BC region contains as most important
component for typical applications the BC charge Qgc. The
latter includes the nonlinear depletion components of the
various BC junction regions with different (collector) dop-
ing concentrations and a bias independent parasitic capac-
itance that represents the shallow trench and BC contact
metal studs. The distributed character of the external BC re-
gion, visualized in Fig. 3(a), is approximated by a 7-EC with
the total capacitance (and charge gpcx) partitioned across
Rpx. This has turned out to be sufficient for practical ap-
plications and corresponds already to one additional pole in
the input network compared to conventional models such as
the SGPM. If the BC junction is strongly forward biased,
e.g. at hard-saturation operation in a power amplifier, holes
are injected into the lightly doped external collector region.
This causes not only an additional base current, ijpcx, and
minority charge, gqs, but possibly also the parasitic (pnp)
substrate transistor to turn on (see below).

For typical transistor operation, the EC of the collec-
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torsubstrate region consists only of its nonlinear depletion
charge, gjs, the external collector resistance, Rcx, and a sub-
strate network (Rsy, Cy, in the most simple case). All these
elements are simplified lumped representations of the phys-
ically distributed character of the structure. At very high
frequencies, a more sophisticated network may be neces-
sary (e.g. [68]) which can be realized by an external subcir-
cuit. For a highly forward biased BC junction in a structure
in which the lightly doped collector touches the substrate,
a parasitic substrate transistor transfer current itg can start
flowing. In critical applications, this can always be avoided
though by a surrounding collector sinker with sufficient high
doping at the bottom, since the highly doped buried layer
leads to a current gain itg/ipcx < 1.

4.2 Bias Dependence

In this section, the background of the most important equa-
tions employed in HICUM/Level2 to describe the bias de-
pendence are discussed. For a complete set of equations see
[45]. To make the model suitable for circuit simulators, all
current and charge formulations are continuously differen-
tiable, giving at least continuous first-order derivatives (i.e.
conductances and capacitances), but in many cases also high
order continuity.

Since dynamic operation is the most important appli-
cation for bipolar transistors, it is useful to start with the
charges. The classical equations for depletion charges (Q;)
have been extended to include the physical effects of a finite
charge at high forward bias and of a possible SCR punch-
through at reverse bias. The associated depletion capac-
itances (Cj) in HICUM exhibit a maximum value at high
forward bias which is consistent with the method for experi-
mental determination of the (forward) transit time. The total
forward minority charge in the transistor is given by

I¢
0 - fo Dyl ©)

A physics-based formulation is employed for the respective
forward transit time 7, that combines the bias dependent
components of the various structural regions in the transistor
in a compact analytical form [35]. The occurring physical
effects depend on the effective collector voltage

Ve = Vor — Vegs = Voo + Vows (10)

a smoothed formulation of which (around Vg) is also be-
ing used in the model. 7¢ can be split into a voltage only
dependent component, 75(V.), and a current and voltage
dependent portion, At¢(Its, V). The possible voltage be-
havior of the low-current portion 7y is shown in Fig. 6(a).
For high-speed transistors, the collector is highly doped and
the reduction of the base width with increasing Vg (Early
effect) leads to a decrease in 7g. In contrast, high-voltage
(power) transistors contain a wide lightly doped collector.
Thus, 1y increases again towards higher Vg, once the tran-
sit time through the wide BC SCR starts to dominate. This
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Fig.6  (a) Low-current transit time vs. collector voltage. (b) Transit fre-
quency vs. collector current density.
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Fig.7  Critical current /cx and its voltage dependence in Si-based tran-
sistors. V. is the effective collector voltage according to Eq. (10).

leads to the observed cross-over in fp for power transistors
(and also ITII-V HBTs) that is sketched in Fig. 6(b). HICUM
is the only model, in which these different effects are accu-
rately captured.

Towards high current densities, fr decreases (for any
given V) as shown in Fig. 6(b) due to the effects already
described in Sect.3. The resulting strong increase in 7y is
described in HICUM by the component Aty that is com-
posed of an emitter, base and collector contribution [35],
[45]. The latter can also include bias dependent collector
current spreading [42].

The onset of high-current effects strongly depends on
V. and can be described quite well by the critical current
Ick. As shown in Fig. 7 for Si/SiGe transistors, Ick follows
at low voltages the velocity-field relation v(E); the slope at
the origin is given by the low-field internal collector resis-
tance Rcjp which depends on epi doping and width, and is
a model parameter. The voltage Vi, separates the low field
(ohmic-like) and saturation region of the v(E) curve. Be-
yond Vjin, the critical current approaches a linear voltage
dependence with the slope given by the (reciprocal of the)
collector punch-through voltage Vpr [26], [42].

As discussed in Sect. 3, the physical mechanisms lead-
ing to the onset of high-current effects and the Icx formu-
lation in HICUM are the same in Si BJTs and SiGe- HBTs.
As a consequence, the employed transit time description in
HICUM has been successfully applied to many generations
of bipolar technologies since the early eighties.

Using Eqgs. (1) and (2), the quasi-static transfer cur-
rent can be expressed by measurable quantities leading to
the Generalized Integral Charge-Control Relation (GICCR)
[33], 48]
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Q Qo 0
Fig.8  Visualization of the GICCR Egs. (11)—(14), assuming hjg = 1 for
simplicity.
exp VBIEI — exp VBIC/
Vr Vr
It =Itt— It =cpo (11)

Qp,T

with the bias independent constant
c10 = ARq* Vitnorh; (12)

in which n; and gy, are defined in the neutral base. The
transfer current related hole charge (index “T”)

Op1 = Opo + g QjEi + hicQjci + Or.1 (13)
with
Orr = hie O + O + hicOrc (14)

represents all effects impacting the ideal exponential depen-
dence and also includes the influence of the bandgap vari-
ation in the transistor structure on electron transport. The
charge Eq. (13) consists of a zero-bias component Qpo, the
internal depletion charges Qjg; and Qjci, and the minority
charges Ore, Os, Oic, in the various transistor regions. Tak-
ing the neutral base region as reference, Eq. (1) leads for the
charge components in the other regions to weighting factors
(h --), that are determined mostly by the bandgap changes
[33],[48],[49]. For simple cases, Egs. (1) and (2) can be
evaluated analytically, yielding compact expressions for the
weighting factors [48], [49]. In general though, these factors
are average values. Figure 8 visualizes the impact of the var-
ious charges on the transfer current. Numerical comparisons
can be found in [25], [33], [36], [48].

Although the GICCR usually is derived for the d.c.
case, it can be shown that it is valid up to high frequencies
[32], [67] or high-speed transient operation [19], until NQS
effects start. Existing compact models for bipolar transis-
tors in one way or the other all employ a GICCR, usually in
some simplified form, i.e. as ICCR [69]. The GICCR (11)
is actually based on a 1D transistor structure and—as men-
tioned in Sect. 3—obtained by making certain simplifying
assumptions about the lateral distribution of the weighting
function, especially 4; in Eq.(1). Considering the 2D/3D
case allows to clearly define the charge contributions also in
lateral direction [36] and, thus, to establish a master equa-
tion for deriving accurate formulations of I7 that enable a
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compromise between accuracy and simplicity.

In HICUM, all base currents in Fig. 5 (such as Ijpg; =
L EEt L SCR + Iphrec) are modelled independently of the trans-
fer current, reflecting the physically independent mecha-
nisms governing base and collector current. This way, re-
alistic shapes of the bias dependent current gain can be de-
scribed accurately from very low to very high injection. The
avalanche current iy (Fig. 5) can become a quite compli-
cated function of bias at high Jr, even for just the 1D case.
As investigations of critical transistors in highspeed circuits
have shown [63], the pinch-in effect explained in Sect. 3 is
the dominant mechanism compared to 1D breakdown, mak-
ing any lumped representation of this effect questionable in
terms of accuracy for practical circuit design. Thus, rather
than offering a computationally expensive 1D breakdown
model, HICUM contains only a weak avalanche model with
the main purpose of indicating the onset of breakdown and
of constructing a distributed 3D model to properly capture
the pinch-in effect.

HICUM contains an accurate compact analytical for-
mulation for the bias dependence of rg; that includes emitter
current crowding and is valid up to very high current densi-
ties [29]-[31]. The frequency dependent current crowding
for small-signal operation is also explicitly accounted for (to
first order) via the shunt capacitance C;g; in Fig. 5 [32]. Un-
fortunately, a similar approach is not possible for the general
case of (high-speed) large-signal switching. Therefore, us-
ing C;p; in the latter case can lead to incorrect results and
is not recommended. Investigations have shown though that
at least for the class of high-speed current-mode circuits the
different values of rg; during switching-off and -on tend to
compensate each other [19], giving fairly accurate results
using the d.c. value.

Vertical NQS effects for both y,; and y;; are taken into
account in HICUM, based on the first-order solution dis-
cussed in Sect. 3. Note, that all other compact models ne-
glect NQS effects in the minority charge, i.e. for y;.

4.3 Temperature Dependence

An important quantity determining the temperature depen-
dence is the bandgap, which enters the transfer and junc-
tion currents as well as the built-in voltages. Assuming the
bandgap to be linear dependent on T, the following formu-
lation is usually employed in simulators for junction related
saturation currents,

T i Vie 0 T
Is(T) = js<To>(T—0) exp[ gV“T( )(T—O—l)} (15)

with T as reference temperature and {t as a coefficient;
Ve (0) is the towards T = 0 extrapolated effective bandgap,
which includes a bandgap-change AV, due to high-doping
and material composition. While Eq. (15) has been suffi-
cient in the consumer products temperature range, most re-
cent interest in deploying SiGe technology in, e.g., cars, air-
planes and power devices, requires modeling a larger tem-
perature range, especially at higher temperatures up to even
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300°C.

To extend the accuracy of the temperature description,
while maintaining the simple form of Eq. (15), in HICUM a
special nonlinear expression for V,(T) is used [70],

Vo(T) = Vy(0) + K, T In(T) + Ko T (16)

with V,(0) = 1.774V, K| = -8.459 x 107°/K, and K, =
3.042 x 1074/K [71]. As a consequence of the above equa-
tion, the parameters in Eq. (15) now have a different mean-
ing; i.e. Veer(0) = V4(0) — AV, and

K
§T=4—qk—B‘—§,, (17)

with ¢, (> 0) from p ~ T~%, the T dependence of the mo-
bility. (kg is the Boltzmann constant.) The values of these
parameters are different for each junction.

Using Eq. (16), the GICCR constant in Eq. (12) reads

T der Vope(0) (T
Clo(T)=Clo(T0)(T—O) GXP[%()(T—O—I)]. (18)

The saturation current Is = ¢/ Opo of the transfer current it
also contains the temperature dependence of Q.

The temperature dependence of the built-in voltages in
HICUM is described by a smooth physics-based formula-
tion that guarantees positive values also for very high tem-
peratures [46], [72].

The transit time 7y is a strong function of temperature,
mostly via the parameters of the critical current Ickx and the
diffusivity [26], [42]. For instance, the shift of 7¢ (and fr)
at higher current densities is strongly determined by the T
dependence of the internal low-field collector resistance

Lai
rcio(T) = rcio(To) (70) (19)

with ¢ directly from the electron mobility in the collector.

In the EC of Fig. 5, the series resistances, avalanche
and tunneling current, and storage time for the BC diffusion
charge Qg4s are all modeled also as function of temperature.

4.4 Geometry Dependence

As already pointed out in the Introduction, transistor sizing
is mandatory for circuit design and optimization. Thus all
elements in the EC of Fig. 5 have been made a function of
the transistor configuration. This leads to quite a sophis-
ticated set of scaling equations due to the large variety of
vertical device designs and lateral configurations that are de-
manded by designers (cf. discussion in Sect.3). The com-
plexity of geometry modeling varies from process to pro-
cess. While for a given process the scaling equations for
some EC elements are fairly simple, they can become very
complicated for other elements. Below, a brief overview
is provided on the presently existing scaling approach for
HICUM.

Currents are scaled following the same form as Eq. (3),
allowing the partitioning into a component per area and per
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perimeter length. As shown in [42], defining an effective
width and length (analogous to Eq.(4)) of a junction, the
corner component can be included with sufficient accuracy
as well. The same principle can also be applied to all charges
(and their associated capacitances). Since the elements of
the internal transistor are scaled with the effective emitter
area, the possibly remaining contributions are modified ac-
cordingly and included in the respective EC portion of the
external transistor. For instance, the BE depletion compo-
nents in Fig. 5 are given by

Oigi = ajEiAE,
Oiep = O, Pe0 — Ojri(Ae — Aro) (20)

with the constraint Qjgp (Va.g > 0) > 0 and Qjgi < O meas-

Scaling of the base and collector resistance is less sim-
ple. The latter depends on the number of emitter fingers and
the location of the collector contact (finger), e.g. in parallel
on one or both sides or perpendicular to the emitter. For the
base resistance, the case is much more complicated as illus-
trated in Fig. 9 for a structure with a single base and emit-
ter contact. The lower part corresponds to a plane through
the base region in parallel to the surface (indicated by the
arrows in the upper part). This allows to use a quasi- 3D de-
vice simulation to obtain the current flow and equipotential
lines related to the base current in such a structure. As can
be seen from Fig. 9, the missing second base contact on the
r.h.s. leads to a non-symmetric current flow in the internal
base (which is even larger under h.f. dynamic conditions).
This non-symmetry increases with increasing aspect ratio
Ig0/bgo until at large ratios all current is flowing from one
side only, leading to an increase of Rpx (Rp;) by a factor
of 2 (4) compared to a double base contact. Circuit opti-
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Fig.9 Base resistance calculation for a single-base transistor: (a)
schematic cross-section with conducting plane through the base, (b) cur-
rent flow and equipotential lines in the base plane for an emitter aspect
ratio of 5.

1107

mization requires to find the suitable configuration quickly,
using compact models. Fortunately, in [28],[30],[31] a set
of compact equations was developed for single and multiple
base and emitter contact configurations, with aspect ratios
ranging from 1 to infinity. Of course, the discrete nature of
contact (stripe) variation requires a number of case distinc-
tions in the implementation.

Even more complicated cases than the above are en-
countered for the elements of the substrate and thermal net-
work. So far, no compact analytical scaling equations are
known that accurately describe the elements of those net-
works for the layout variations found in circuits. Thus, dif-
ferent types of numerical solutions of the underlying differ-
ential equations are employed, ranging from more or less
time consuming finite difference/element methods to rela-
tively fast, but less flexible, semi-numerical methods. As
a suitable compromise, the Green’s function approach has
been shown to yield sufficiently accurate results for typically
encountered device configurations (e.g. [61], [73]).

Design kits typically provide libraries containing
model parameter sets for a certain number of discrete bipo-
lar transistor configurations. During circuit design often
additional device configurations are requested to be added
to the library, or models with continuously differentiable
scaling properties are even required for circuit optimizers.
Therefore, from a design point of view, it would without any
doubt be advantageous to have a geometry scalable model
available within the design system. In this case, just the de-
sired transistor configuration needs to be specified, and the
design process can be continued instantaneously.

Implementing scaling equations in a simulator either
along with the bias dependent model formulation or as pre-
processor script is a feasible solution to the above problem
only for a sufficiently simple set of equations and a given
process. However, it has significant disadvantages and lim-
itations from both the “production” modeling and design
point of view as discussed below. In contrast, pooling ge-
ometry scaling equations and (more sophisticated) calcula-
tions within a single tool, TRADICA [27] (cf. Fig. 10), sep-

Process specific parameters Design rules
Process control sheet resistances, — =
monitor (PCM) capacitances per area,
data sat. currents per area,
Transistor configurations Y

E width and length, number

of E, B, C stripes, Ioc.gfion.“ | » TRADICA < critical bias points

= transistor sizing

model characteristics
(fT, fmax, NFmin ...

as function of
geometry and bias) %

model parameters
o device libraries
o for specified bias points

Fig.10  Overview on the geometry scaling and predictive modeling ap-
proach using the TRADICA tool [27].
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arately from the simulator has turned out to be a much more
efficient solution, enhancing productivity on the modeling
side and flexibility on the design side. Over time, a very
sophisticated set of scaling calculations for HICUM (and
also SGPM) has been developed for fundamentally differ-
ent device designs, such as Si BJTs, SiGe HBTs and III-V
HBTs, allowing to address almost any type of configuration.
Originally, the program was written for supporting transis-
tor sizing for optimizing high-speed circuits using continu-
ously scalable models. In the nineties, sophisticated but fast
predictive modeling capabilities were added to capture the
impact of intentional and statistical process variations. Fur-
thermore, a fast thermal analysis [61], [62] enables to view
the tempera-ture distribution in realistic layouts and to gen-
erate distributed models (cf. Sect.7). Most recent enhance-
ments include: a modular set of parameter extraction pro-
cedures allowing automation; the coupling with device sim-
ulators for supporting concurrent engineering during early
process development.

The overall goal is to provide an integrated environ-
ment enabling a quick and accurate comparison of differ-
ent process technologies regarding their suitability for given
circuit design targets. This is supported by an integration
of TRADICA into design systems [74] which will signifi-
cantly improve design productivity and at the same time re-
duce maintenance effort on the modeling side. Such a goal
is not achievable by just implementing simple scaling equa-
tions into model codes. The latter, in particular, does not
allow efficient transistor sizing both within and outside a de-
sign system and a quick preview of model characteristics vs.
transistor configuration.

5. Parameter Determination

The still most widely found methodology for model parame-
ter determination relies on fitting a set of measured electrical
characteristics of a transistor with fixed geometry; i.e. only
bias and temperature dependence are being considered. This
generally does not lead to physics-based model parameters
and, thus, prohibits any geometry scaling as well as predic-
tive or statistical modeling. The biggest drawback though
is, that every transistor configuration needed for circuit de-
sign has to be not only modeled but also available on a test
chip. Since measurement time and test chip space are quite
limited, such a methodology severely limits circuit design.
In contrast, HICUM parameter extraction is based on a
well-defined and small set of test structures, which then en-
ables generation of consistent parameters also for any other
configuration that is not available on a test chip. This pa-
rameter determination methodology, which has also been
applied to the SGPM (within its validity limits), is described
in more detail in, e.g. [45], [75]-[80]. As example, the resis-
tance from a measurement on tetrode structure with differ-
ent emitter widths (and constant length) is shown in Fig. 11.
Any corner and crowding effects have been corrected sim-
ply by using two structures with different length. Thus, the
internal base sheet resistance as function of bias is obtained

IEICE TRANS. ELECTRON., VOL.E88-C, NO.6 JUNE 2005

0.01 002 003 004 005 006 007 008 0.08
beo/Algg

Fig.11  Tetrode measurements for determining the internal base sheet
resistance. For the determination principle see [29].

from the slope and the remaining (external) resistance is ob-
tained from the intercept.

6. Experimental Results

Using the process-based scalable approach described
above, “production” HICUM parameters have been deliv-
ered for a variety of process technologies from foundries
such as Atmel, IBM, Jazz, ST, TSMC; publicly available re-
sults can be viewed in, e.g. [15], [34], [35], [37]-[41], [45],
[76]-[83]. Due to the lack of space, only a few selected ex-
amples can be presented here, which are key results related
to the high-frequency transistor behavior and are typical for
the accuracy achievable with HICUM in an industrial envi-
ronment.

Figures 12 to 15 show most recent results for com-
parisons of HICUM with measurements for transistor fab-
ricated in advanced SiGe-BiCMOS production processes.
For device and process characterization, typically forward
Gummel and transit frequency curves are measured. The
good agreement obtained with HICUM in Figs. 12 and 13
confirms the accuracy of charge storage modeling, that can
be observed directly through fr and indirectly in Ic via the
GICCR. Note the strong temperature increase at higher J¢
and V(g also indicated Fig. 13.

Geometry scaling results are shown in Fig. 14 [77].
Good agreement its obtained for a wide and practically use-
ful width range of the whole relevant bias region. Similar
agreement is obtained for an emitter length variation, except
for the smallest device (0.17 x 0.51 um?), for which the ver-
tical profile has most likely changed due to its small emitter
window.

As an interesting non-standard characteristic, highfre-
quency harmonic distortion results up to fifth order are
shown in Fig. 15. At low current densities, the transistor op-
erates very close to fr for the highest harmonics. At higher
current densities, the charge storage effects cause troughs
and peaks in the higher harmonics which are closely related
to the curvature of fr. HICUM follows quite well the vari-
ous distortion curves, indicating its suitability for h.f. non-
linear circuit design tasks.
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Fig.12  Forward Gummel plot: comparison between HICUM (lines) and
measurements (symbols) of an ST BiCMOS process.
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Fig.13  Transit frequency vs. collector current density: comparison be-
tween HICUM (lines) and measurements (symbols) from SiGe BiCMOS
processes of (a) ST and (b) JazzSemi.

Similar results have been obtained for processes with
transit frequencies of more than 200 GHz [84], [87].

7. Model Hierarchy
The increasing complexity of device designs and associated

number of physical effects have led to fairly complicated
compact model forms that are being less and less understood
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Fig.14  Transit frequency vs. collector current density for different emit-
ter widths: comparison between HICUM (lines) and measurements (sym-
bols) from an ST SiGe BiCMOS process.
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Fig.15  Harmonic distortion output power up to fifth order at 5 GHz fun-
damental frequency: comparison between HICUM (lines) and measure-
ments (symbols) for a Jazz BiCMOS process. Input power: —11.34 dBm.

by circuit designers. Model complexity is defined here by
number of nodes and elements in the EC along with the ele-
ment equations. For design tasks though often a fairly sim-
ple model is sufficient, at least during the initial phase(s). Fi-
nal verification and some critical cases (may) require more
complicated models, even beyond that in Fig.5. For in-
stance, a power amplifier transistor may require a distributed
representation to accurately describe high-frequency and
electro-thermal effects, that lumped models cannot capture.
Meeting these very different design needs with a single
model form is likely to be computationally inefficient and,
hence, makes a model hierarchy very attractive [16]. Such
a hierarchy, which has been developed around HICUM, is
visualized in Fig. 16.

The simple model, HICUM/LevelO [85]-[87], has been
developed recently with the goal to eliminate the prob-
lems of the SGPM for modern processes without increasing
the computational and parameter extraction effort. Thus,
HICUM/LO has the same number of electrical nodes as the
standard SGPM (Level0), but significantly improved model
equations. The latter have been borrowed from HICUM/L2
and have then partially been reformulated in a simplified
explicit form. They include first-order effects such as a
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Fig.16  Model forms with different complexity for building a compact
model hierarchy.

much improved minority charge model, CB breakdown,
self-heating and collector punch-through.

The distributed model (HICUM/Level4) can be gen-
erated from process-specific parameters and layout dimen-
sions that are already available for HICUM/L2. Depending
on the application, different partitionings of the actual tran-
sistor structure into discrete single cells are possible. Such
a cell can be

e a transistor within a PA array, addressing distributed feed
lines and time dependent thermal coupling [62], [88] be-
tween the array transistors;

e an emitter finger (with its associated surroundings) in a
multi-finger structure to address mostly the inhomoge-
neous T distribution and thermal coupling between fin-
gers;

o adiscrete portion of an emitter finger in order to properly
model the 3D pinch-in effect caused by BC breakdown.

Both the more simple and more sophisticated mod-
els can be generated without any additional parameter
extraction effort, using the medium complexity model
(HICUM/L2) as reference. Since the relevant processspe-
cific parameters and layout dimensions are already available
in TRADICA, the latter allows to realize a selfconsistent
model hierarchy very quickly and with low maintenance ef-
fort for a foundry. Furthermore, within each of the hierarchy
levels, the user can still create intermediate levels by turning
off certain effects independently (without the necessity of
reformulating equations). Integration of TRADICA in a de-
sign system enables the user to quickly adapt the employed
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model(s) to the design task. Obviously, the need to flexibly
change the EC topology makes such a hierarchy generation
difficult to realize with just simulator preprocessor scripts
(within a model).

8. Conclusions

Based on a discussion of circuit design requirements and
the most important physical effects occurring in advanced
bipolar transistor process technologies, the underlying ideas
and operation principle of HICUM have been presented. Its
charge-based formulation enables an accurate description of
the dynamic transistor behavior up to both high frequencies
and high current densities. The bias and temperature depen-
dent model formulation is presently available in all major
commercial circuit simulators. Over many years, also a so-
phisticated set of equations for geometry scaling has been
developed that satisfies today’s demand for the large variety
of transistor structures employed for product design. The
implementation in the TRADICA scaling and sizing tool to-
gether with an efficient model parameter extraction method-
ology and its integration into a widely available framework
has enabled the successful application of HICUM to pro-
duction circuit design in various (foundry) technologies over
the past few years. Most recently, also a simplified HICUM
version has been developed addressing various needs of the
design community.

The present model development effort is targeted to-
wards, e.g., improving the description of effects associated
with heterojunctions (incl. III-V HBTs), lateral and vertical
geometry scaling, h.f. noise, and electrothermal interaction.
In parallel, work is being continued on improving parame-
ter extraction methods and test structures as well as design
efficiency. The latter is being accomplished by integrating
TRADICA into process design kits to enable fast (partially
automated) circuit optimization, statistical design and con-
current engineering for highfrequency applications in an in-
dustrial environment.

The biggest bottleneck for deploying new models and
model versions is still the simulator implementation. The
hope is that for future releases the use of Verilog-A in com-
bination with model compilers (e.g.[90], [91]) will signifi-
cantly reduce implementation effort and time.

Acknowledgments

Many individuals have contributed to the development of
HICUM and related tools. The author would like to thank
Dr. B. Ardouin (Xmod), D. Celi, T. Burdeau, and F. Pour-
chon (ST), Dr. M. Racanelli and Dr. H. Jiang (JazzSemi),
Dr. W. Kraus (Atmel), Dr. R. Murty (IBM), Dr. P. Zampardi
(Skyworks Inc.), and Dr. P. Sakalas, S. Lehmann, H. Tran,
Y. Zimmermann, H. Wittkopf, K. Moebus (all with the Chair
for Electron Devices and Integrated Circuits, Dresden Uni-
versity of Technology), for their feedback and help with the
most recent model and tool development. Financial and in-
kind support are gratefully acknowledged from Atmel Ger-



SCHROTER: HIGH-FREQUENCY CIRCUIT DESIGN WITH HICUM

many, JazzSemi, ST, IBM, Agilent, AWR, Cadence, Men-
tor, Skyworks, Xmod and IHP. The author would also like
to acknowledge financial support from the German Ministry
for Research and Technology (BMFT) within SFB358 and
DETAILS.

References

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

S.J. Jeng, B. Jaganathan, J. Rieh, J. Johnson, K. Schonenberg, D.
Greenberg, A. Stricker, H. Chen, M. Kather, G. Freeman, K. Stein,
and S. Subbanna, “A 210 GHz fr SiGe HBT with a non-self-aligned
structure,” IEEE Electron Dev. Lett., vol.22, no.11, pp.542-544,
2001.

M. Racanelli, K. Schuegraf, A. Kalburge, A. Kar-Roy, B. Shen, C.
Hu, D. Chapek, D. Howard, D. Quon, F. Wang, G. U’ren, L. Lao,
H. Tu, J. Zheng, J. Zhang, K. Bell, K. Yin, P. Joshi, S. Akhtar, S.
Vo, T. Lee, W. Shi, and P. Kempf, “Ultra high speed SiGe NPN
for advanced BiCMOS technology,” IEDM Tech. Digest, pp.15.3.1-
15.3.4, Washington, D.C., Dec. 2001.

J.-S. Rieh, D. Greenberg, M. Kather, K. Schonenberg, S.J. Jeng,
F. Pagette, T. Adam, A. Chinthakindi, J. Florkey, B. Jaganathan,
J. Johnson, R. Krishnasamy, D. Sanderson, C. Schnabel, P. Smith,
A. Stricker, S. Sweeney, K. Vaed, T. Yanagisawa, D. Ahlgren, K.
Stein, and G. Freeman “SiGe HBTs for millimeter-wave applica-
tions with simultaneously optimized fr and fi,ax of 300 GHz,” Proc.
RFIC Symposium, pp.395-398, Fort Worth, TX, 2004.

P. Chevalier, C. Fellous, L. Rubaldo, D. Dutartre, M. Laurens,
T. Jagueneau, F. Leverd, S. Bord, C. Richard, D. Lenoble, J.
Bonnouvrir, M. Marty, A. Perrotin, D. Gloria, F. Saguin, B. Barbalat,
N. Zerounian, F. Aniel, and A. Chantre, “230 GHz self-aligned
SiGeC HBT for 90 nm BiCMOS technology,” Proc. BCTM, pp.225—
228, 2004.

K. Washio, “SiGe HBT and BiCMOS technologies for optical trans-
mission and wireless communication systems,” IEEE Trans. Elec-
tron Devices, vol.50, no.3, pp.656-668, 2003.

J. Bock, H. Schifer, K. Aufinger, R. Stengl, S. Boguth, R. Schreiter,
M. Rest, H. Knapp, M. Wurzer, W. Perndl, T. Bottner, and T.
Meister, “SiGe bipolar technology for automotive radar applica-
tions,” Proc. BCTM, pp.84-87, 2004.

L. Lanzarotti, N. Feilchenfeld, D. Coolbough, and J. Sinkmann, “A
low complexity 0.13 um SiGe BiCMOS technology for wireless and
mixed-signal applications,” Proc. BCTM, pp.237-240, 2004.

J. Berntgen, et al., “SiGe technology bears fruits,” Mater. Sci. Eng.,
vol.89, pp.13-20, 2002.

M.T. Yang, D. Kuo, P. Ho, C. Kuo, T. Yeh, A. Chang, C. Lee, Y.
Chia, J. Chern, K. Young, D. Tang, and J. Sum, “An investigation of
the RF/analog characteristics of multiple variants of SiGe HBTs for
optical and wireless applications,” Proc. BCTM, pp.88-91, 2004.
L. Larson, “Silicon technology tradeoffs for radio-frequency/mixed-
signal systems-on-a-chip,” IEEE Trans. Electron Devices, vol.50,
no.3, pp.683-699, 2003.

Note on “Agilents scope with 13 GHz real-time bandwidth and
40 Gsamples/s,” in EETimes, Oct. 4, 2004.

W. Perndl, H. Knapp, K. Aufinger, T. Meister, W. Simbiirger, and
A. Scholtz, “A 98 GHz voltage-controlled oscillator in SiGe bipolar
technology,” Proc. BCTM, pp.67-70, 2003.

P. Abele, A. Trasser, K. Schad, E. Sonmez, and H. Schumacher,
“Compact Doppler sensor operation at 31-32 GHz using a SiGe
HBT MMIC and patch antenna,” Proc. 5th Top. Meeting on Silicon
Monol. Integr. Circ. in RF Systems, Atlanta, GA, pp.65-68, 2004.
H. Li and H.-M. Rein, “A 77/100 GHz VCO in SiGe technology,”
IEEE J. Solid-State Circuits, vol.39, pp.1650-1658, 2004.

M. Schroter, “Compact device modeling for RF circuit design,” in-
vited Short Course at the IEEE International Electron Devices Meet-
ing (IEDM), San Francisco, CA, Dec. 2002.

M. Schréter, “Compact bipolar transistor modeling—Issues and pos-

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

1111

sible solutions,” Workshop on Compact Modeling (inv. paper), Proc.
International NanoTech Meeting, San Francisco, CA, pp.282-285,
2003.

H.-M. Rein and M. Moller, “Design considerations for very-
highspeed Si-bipolar ICs operating up to 50 Gb/s,” IEEE J. Solid-
State Circuits, vol.31, no.8, pp.1076-1090, 1996.

S. Voinigescu, M. Maliepaard, M. Schréter, P. Schvan, and D.
Harame, “A scalable high-frequency noise model for bipolar transis-
tors and its application to optimal transistor sizing for low-noise am-
plifier design,” IEEE J. Solid-State Circuits, vol.32, no.9, pp.1430-
1439, 1997.

M. Schroter and H.-M. Rein, “Investigation of very fast and high-
current transients in digital bipolar circuits by using a new compact
model and a device simulator,” IEEE J. Solid-State Circuits, vol.30,
no.5, pp.551-562, 1995.

M. Schréter and H.-M. Rein, “Two-dimensional modelling of high-
speed bipolar transistors at high current densities using the integral
charge-control relation,” Proc. ESSDERC’84; see also, Physica B,
vol.129, pp.332-336, 1985.

H.-M. Rein, H. Stiibing, and M. Schroter, “Verification of the in-
tegral charge-control relation for high-speed bipolar transistors at
high current densities,” IEEE Trans. Electron Devices, vol.32, no.6,
pp.1070-1076, 1985.

M. Schroter and H.-M. Rein, “A compact physical large-signal
model for high-speed bipolar transistors including the high-current
region,” NTG Meeting, Wiirzburg, Germany Mai 1986.

H. Stiibing and H.-M. Rein, “A compact physical large-signal model
for high-speed bipolar transistors at high current densities—Part
I: Onedimensional model,” IEEE Trans. Electron Devices, vol.34,
no.8, pp.1741-1751, 1987.

H.-M. Rein and M. Schroter, “A compact physical large-signal
model for high-speed bipolar transistors at high current densities—
Part II: Two-dimensional model and experimental results,” IEEE
Trans. Electron Devices, vol.34, no.8, pp.1752-1761, 1987.

M. Schroter, “A compact physical large-signal model for high-speed
bipolar transistors with special regard to high current densities and
two-dimensional effects,” Ph.D. Thesis, Ruhr-University Bochum,
Bochum, Germany, 1988.

M. Schroter and H.-M. Rein, “Transit time of high-speed bipolar
transistors in dependence on operating point, technological parame-
ters, and temperature,” Proc. IEEE Bipolar Circuits and Technology
Meeting, pp.250-253, Minneapolis, MN, 1989.

M. Schroter, H.-M. Rein, W. Rabe, R. Reimann, H.-J. Wassener,
and A. Koldehoff, “Physics- and process-based bipolar transistor
modeling for integrated circuit design,” IEEE J. Solid-State Cir-
cuits, vol.34, no.8, pp.1136-1149, 1999. See also, TRADICA User’s
Guide and www.xmodtech.com

H.-M. Rein and M. Schroter, “Base spreading resistance of square
emitter transistors and its dependence on current crowding,” IEEE
Trans. Electron Devices, vol.36, no.4, pp.770-773, 1989.

H.-M. Rein and M. Schroter, “Experimental determination of the in-
ternal base sheet resistance of bipolar transistors under forwardbias
conditions,” Solid-State Electron., vol.34, pp.301-308, 1991.

M. Schroter, “Simulation and modeling of the low-frequency base
resistance of bipolar transistors in dependence on current and ge-
ometry,” IEEE Trans. Electron Devices, vol.38, no.3, pp.538-544,
1991.

M. Schroter, “Modeling of the low-frequency base resistance of sin-
gle base contact bipolar transistors,” IEEE Trans. Electron Devices,
vol.39, no.8, pp.1966-1968, 1992.

A. Koldehoff, M. Schroter, and H.-M. Rein, “A compact bipolar
transistor model for very high-frequency applications with special
regard to narrow stripes and high current densities,” Solid-State
Electron., vol.36, pp.1035-1048, 1993.

M. Schroter, M. Friedrich, and H.-M. Rein, “A generalized integral
charge-control relation and its application to compact models for
silicon based HBT’s,” IEEE Trans. Electron Devices, vol.40, no.11,



1112

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(471

[48]

[49]

[50]

[51]

[52]

[53]

[54]

pp-2036-2046, 1993.

M. Schroter, Z. Yan, T.-Y. Lee, and W. Shi, “A compact tunnel-
ing current and collector breakdown model,” Proc. IEEE Bipolar
Circuits and Technology Meeting, pp.203—206, Minneapolis, MN,
1998.

M. Schroter and T.-Y. Lee, “A physics-based minority charge and
transit time model for bipolar transistors,” IEEE Trans. Electron De-
vices, vol.46, no.2, pp.288-300, 1999.

M. Schroter and H. Tran, “2D/3D-GICCR for Si/SiGe bipolar tran-
sistors,” accepted for publication at the Proc. Compact Modeling
Workshop at the International NanoTech Meeting, Anaheim, CA,
May 2005.

M. Schroter, “Staying current with HICUM,” IEEE Circuits Devices
Mag., vol.18, no.3, pp.16-25, 2002.

P. Sakalas, M. Schroter, R. Scholz, H. Jiang, and M. Racanelli,
“Analysis of microwave noise sources in 150 GHz SiGe HBTSs,”
RFIC Symp., Tech. Dig., pp.291-294, 2004.

P. Sakalas, M. Schroter, P. Zampardi, and M. Racanelli, “Microwave
noise in III-V and SiGe-based HBTs: Comparison, trends, num-
bers,” inv. paper, 18th Int. Conf. on Noise and Fluctuations, pp.151—
163, Canary Islands, Spain, 2004.

M. Schroter, D.R. Pehlke, and T.-Y. Lee, “Compact modeling of
highfrequency distortion in Si integrated bipolar transistors,” IEEE
Trans. Electron Devices, vol.47, no.7, pp.1529-1539, 2000.

P. Sakalas, M. Schroter, P. Zampardi, and M. Racanelli, “Model-
ing of SiGe power HBT intermodulation distortion using HICUM,”
Proc. ESSDERC, pp.311-314, Lisbon, Portugal, 2003.

M. Schroter and D.J. Walkey, “Physical modeling of lateral scaling
in bipolar transistors,” IEEE J. Solid-State Circuits, vol.31, no.10,
pp.1484-1491, 1996 and vol.33, p.171, 1998.

C. McAndrew, J.A. Seitchik, D.F. Bowers, M. Dunn, M. Foisy,
I. Getreu, M. McSwain, S. Moinian, J. Parker, D.J. Roulston, M.
Schréter, P. van Wijnen, and L. Wagner, “VBIC95, the vertical
bipolar intercompany model,” IEEE J. Solid-State Circuits, vol.31,
no.10, pp.1476-1483, 1996.

For the most recent documentation on MEXTRAM see http://
www.semiconductor.philips.com/Philips_Models

M. Schroter, “HICUM—A scalable physics-based compact bipolar
transistor model,” Documentation at www.iee.tu-dresden.de/iee/eb/
or www.eigroup.org/cme

M. Schroter, “HICUM version 2.2: Summary of extensions and
changes,” at http://www.iee.et.tu-dresden.de/iee/eb, 2005.

M. Schroter, H. Tran, and W. Kraus, “Germanium profile design op-
tions for LEC-SiGe HBTs,” Solid-State Electron., vol.48, pp.1133—
1146, 2004.

M. Schroter, “Integral charge-control relations,” in SiGe Handbook,
ed. J.D. Cressler, chapter A.3, CRC Press, Boca Raton, FL, to appear
2005.

M. Friedrich and H.-M. Rein, “Analytical current-voltage relations
for compact SiGe HBT models. I. The “idealized” HBT and “II. Ap-
plication to practical HBTs and parameter extraction”,” IEEE Trans.
Electron Dev., vol.46, no.7, pp.1394-1401 and pp.1384—1393, 1999.
H.-M. Rein, “A simple method for separation of the internal and ex-
ternal (peripheral) currents of bipolar transistors,” Solid-State Elec-
tron., vol.27, pp.625-632, 1984.

S. Wilms and H.-M. Rein, “Analytical high-current model for the
transit time of SiGe HBTSs,” Proc. Bipolar/BiCMOS Circuits and
Technology Meeting, pp.199-202, Minneapolis, MN, 1998.

M. Schroter and H. Tran, “Modeling of base-collector junction re-
lated effects in heterojunction bipolar transistors,” Proc. Compact
Modeling Workshop at the International NanoTech Meeting, vol.II,
pp-102-107, Boston, MA, March 2004.

C.T. Kirk, “A theory of transistor cutoff frequency (ft) falloff at high
current densities,” IEEE Trans. Electron Devices, vol.ED-9, pp.164—
174, 1962.

S. Tiwari, “A new effect at high currents in heterostructure bipolar
transistors,” IEEE Electron Devices Lett., vol.9, pp.142-144, 1988.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]
[73]

[74]

[75]

[76]

[77]

IEICE TRANS. ELECTRON., VOL.E88-C, NO.6 JUNE 2005

V.D. Kunz, C. DeGroot, S. Hall, and P. Ashburn, “Polycrystalline
silicon-germanium emitters for gain control, with application to
SiGe HBTs,” IEEE Trans. Electron Devices, vol.50, no.6, pp.1480—
1486, 2003.

M. Schroter and M. Malorny, “Base current modeling at high current
densities,” Internal Report 2002; see also, M. Schroter, “HICUM sta-
tus and development,” 3rd HICUM Workshop, Dresden, Germany,
2003.

S. Fregonese, T. Zimmer, C. Maneux, and P. Sulima, “Barrier effects
in SiGe HBTs: Modeling of high injection base current increase,”
Proc. IEEE Bipolar Circuits and Technology Meeting, pp.104—-107,
Minneapolis, MN, 2004.

H.-M. Rein, “Improving the large-signal models of bipolar transis-
tors by dividing the intrinsic base into two lateral sections,” Electron.
Lett., vol.13, pp.40-41, 1977.

R.L. Pritchard, “Two-dimensional current flow in junction transis-
tors at high frequencies,” Proc. IRE, vol.46, pp.1152-1160, 1958.
D.J. Walkey, T.J. Smy, C. Reimer, M. Schroter, H. Tran, D.
Marchesan, M. Jackson, and T. Kleckner, “Modeling thermal resis-
tance in trench-isolated bipolar technologies including trench heat
flow,” Solid-State Electron., vol.46, no.1, pp.7-17, 2002.

D.J. Walkey, T.J. Smy, D. Marchesan, H. Tran, C. Reimer, T.C.
Kleckner, M.K. Jackson, M. Schroter, and J.R. Long, “Extraction
and modeling of thermal behavior in trench isolated bipolar struc-
tures,” IEEE Bipolar and BiCMOS Circuits and Technology Meet-
ing, pp.97-100, Minneapolis, MN, 1999.

Y. Zimmermann, “Modeling of spatially distributed thermal effects
in high-performance bipolar transistors,” M.Sc. Thesis, CEDIC,
University of Technology Dresden, 2004.

M. Rickelt and H.-M. Rein, “A novel transistor model for simulating
avalanche-breakdown effects in Si bipolar circuits,” IEEE J. Solid-
State Circuits, vol.37, pp.1184-1197, 2002.

H.-M. Rein, private communication.

J. TeWinkel, “Extended charge-control model for bipolar transis-
tors,” IEEE Trans. Electron Devices, vol.20, no.4, pp.389-394,
1973.

J. Seitchik, A. Chatterjee, and P. Yang, “An accurate bipolar model
for large signal transient and AC applications,” IEDM Tech. Dig.,
pp.244-247, 1987.

H. Klose and A. Wieder, “The transient integral charge-control
relation—A novel formulation of the currents in a bipolar transistor,”
IEEE Trans. Electron Devices, vol.ED-34, pp.1090-1099, 1987.

M. Pfost and H.-M. Rein, “Modeling and measurement of substrate
coupling in Si-bipolar ICs up to 40 GHz,” IEEE J. Solid-State Cir-
cuits, vol.33, pp.582-591, 1998.

H.K. Gummel, “A charge-control relation for bipolar transistors,”
BSTIJ, vol.49, pp.115-120, 1970.

S.Lin and C. Salama, “A Vgg(7') model with application to bandgap
reference design,” IEEE J. Solid-State Circuits, vol.20, pp.1283—
1285, 1985.

D. Celi, private communication.

C. McAndrew, private communication.

R. Gharpurey and R. Meyer, “Modeling and analysis of substrate
coupling in integrated circuits,” IEEE J. Solid-State Circuits, vol.31,
no.3, pp.344-353, 1996.

R. Wittmann, J. Hartung, W. Trinkle, H.-J. Wassener, and M.
Schroter, “RF design technology for highly integrated communica-
tions systems,” Proc. DATE, pp.842—848, Munich, Germany 2003.
T.-Y. Lee and M. Schroter, “Methodology for bipolar compact model
parameter extraction,” at www.iee.tu-dresden.de/iee/eb/

T.-Y. Lee, M. Schroter, and M. Racanelli, “A scalable model gener-
ation methodology for bipolar transistors for RF IC design,” IEEE
Bipolar and BiCMOS Circuits and Technology Meeting, pp.171-
174, Minneapolis, MN, 2001.

D. Berger, “Evaluation and verification of a bipolar transistor model
for high frequency applications,” Ph.D. Thesis, IXL, Bordeaux,
France, 2004.



SCHROTER: HIGH-FREQUENCY CIRCUIT DESIGN WITH HICUM

(78]

(791

[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]
[91]

D. Berger, D. Celi, M. Schroter, M. Malorny, T. Zimmer, and B.
Ardouin, “HICUM parameter extraction flow for a single transistor
geometry,” IEEE BCTM, pp.116-119, Monterey, CA, 2002.

M. Malorny, M. Schroter, D. Celi, and D. Berger, “An improved
method for determining the transit time of Si/SiGe bipolar transis-
tors,” Proc. BCTM, pp.229-232, 2003.

XMOD Technologies, “The HICUM aperitif toolkit,” User Manual,
2004. (www.xmodtech.com)

see material from HICUM Workshops 2001-2004 at www.iee. tu-
dresden.de/iee/eb/

P. Zampardi, Y. Zimmermann, and M. Schroter, “III-V HBT
modeling, scaling and parameter extraction using TRADICA and
HICUM,” Power Amplifier Workshop, San Diego, CA, Sept. 2003.
S. Yoshitomi, “Benchmarking of newly-developed bipolar SPICE
models,” Proc. MIXDES, pp.85-88, 2004.

R. Murty, private communication.

M. Schroter, H. Jiang, S. Lehmann, and S. Komarow, “HICUM/
Level0—A simplified compact bipolar transistor model,” IEEE
BCTM, pp.112-115, Monterey, CA, 2002.

S. Fregonese, T. Zimmer, D. Berger, and D. Celi, “Scalable bipo-
lar transistor modeling with HICUM,” Proc. MIXDES, pp.416—419,
2004.

M. Schroter, S. Lehmann, S. Fregonese, T. Zimmer, D. Celi, P.
Brenner, and W. Kraus, “A computationally efficient physics-based
compact bipolar transistor model for circuit design—Part I: Model
formulation,” and “Part II—Parameter determination and results,” to
be published.

D.J. Walkey, T. Smy, R. Dickson, J. Brodsky, D. Zweidinger, and R.
Fox, “Equivalent circuit modeling of static substrate thermal cou-
pling using VCVS representation,” IEEE J. Solid-State Circuits,
vol.37, no.10, pp.1198-1206, 2002.

M. Schroter, “Compact bipolar transistor modeling—Issues and pos-
sible solutions,” invited paper at WCM, Proc. International Nan-
oTech Meeting, pp.282-285, San Francisco, CA, 2003.

See: www.tiburon-da.com

L. Lemaitre, C. McAndrew, and S. Hamm, “ADMS—Automatic
device model synthesizer,” Proc. Custom Integrated Circuits Conf.,
pp-27-30, 2002.

1113

Michael Schroter received the Dipl.-Ing.
and Dr.-Ing. degrees in electrical engineering
and the “venia legendi” on semiconductor de-
vices in 1982, 1988, and 1994, respectively,
from the Ruhr- University Bochum (RUB), Ger-
many. From 1993 to 1996 he was with Nortel
and Bell Northern Research, Ottawa, Canada,
first as senior member of Scientific Staff and
later as Team Leader and Advisor, continuing
the bipolar transistor modeling and parameter
extraction activities. During 1994 to 1996, he
was also Adjunct Professor at the Carleton University, Ottawa. In 1996,
he joined Rockwell Semiconductor Systems, Newport Beach, CA, as a
Group Leader, where he established the RF Device Modeling Group and
was responsible for modeling (Si, SiGe, AlGaAs) bipolar transistors, MOS
transistors and integrated passive devices with emphasis on highfrequency
process technologies and applications. In 1999, Dr. Schroter was appointed
Full Professor as the Chair for Electron Devices and Integrated Circuits at
Dresden University of Technology, Germany. In 2003, he was also ap-
pointed Research Professor (part-time) at the University of California at
San Diego, CA. Dr. Schroter has published several book chapters and is
the (co-)author of more than 80 technical publications. He also has given
numerous lectures and invited tutorials on compact device modeling at in-
ternational conferences and industrial sites, and is a regular reviewer for
internationally renowned scientific journals. He is the author of the com-
pact bipolar transistor model HICUM which has become an industry-wide
standard. Dr. Schroter was a member of the BCTM CAD/Modeling sub-
committee from 1994-2001, which he chaired from 1998-2000. He is a co-
founder of XMOD Technologies, a start-up company specializing on mod-
eling of high-frequency semiconductor devices. He is also on the Technical
Advisory Board of RFMagic, a communications circuit design company in
San Diego, CA.




