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List of often used symbols and abbreviations

Apo. Lgo
Ag. Lg
beo. Ieo
be. I

Yc

GICCR

emitter window area and perimeter

effective (electrical) emitter area and perimeter

emitter window width and length

effective (electrical) emitter width and length (for definition see [Rei83, Sch96])

ratio of periphery to area specific collector current; equal to emitter width increase
due to periphery injection, e.g. bg = bgg + 2y¢

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

critical current (indicating onset of high-current effects)

electron (hole) mobility

(average) collector doping under emitter
collector doping under external base
neutral/metallurgical base width

(effective) collector width under emitter
(effective) collector width under external base

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

Generalized Integral Charge-Control Relation
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HICUM Introduction

1 Introduction

1.1 Preliminary remarks

The purpose of the following remarksisto provide (i) amotivation behind the compact modeling
approach pursued with HICUM, (ii) an overview on its targeted application area, and (iii) alist of
requirements for a compact model from different point of views

Bipolar technology has recently seen a tremendous growth, fuelled mostly by applications that
require high speed and driving power on one hand and low noise and distortion on the other hand.
Presently, major applications of bipolar technology are:

* Wireless communicationsin the 0.9 to 2.4 GHz range for, e.g. GSM, GPS, DECT, in the 4-12
GHzrangefor, e.g. satellite TV, WLAN, and in the 20 to 60GHz range for short range commu-
nications, with the first application dominating.

» Fiber-optic communications in the 5 to 40 Gb/s range for, e.g. fast internet access and data
transfer (LAN, WAN) aswell as TV/HDTV (FTTC, FTTH); production and related design has
started for systems up to 10Gb/s, seeing a significant push also for higher integration, such as
cross-point switches in BICMOS processes with emphasis on low-power high-speed bipolar
circuits. Systems operating at 40Gb/s are already coming close to deployment.

» “Linear analog” circuits for, e.g. disc drives, consumer electronics in general, power and auto-
motive electronics. Many of these components require reliable and well-established processes
with higher breakdown voltages rather than advanced high-speed bipolar processes.

» Fast data acquisition and conversion (ADCs) for, e.g., instrumentation and measurement equip-
ment.

» Advanced automotive components at very high frequenciesin the 24 to 77 GHz range for, e.g.
collision warning and avoidance. The respective circuits so far have been reaized in 1l1-V
processes, such asHBTSs.

The above sequence is assumed to be roughly in the order of present importance from abusiness
point of view; exact breakdowns are difficult to find, and the ranking can change quickly in areas
of rapid growth. Thefirst two applications are perceived to comprise the largest number of designs.
As a consequence, compact bipolar transistor modeling should focus on these areas which, fortu-
nately, include most of the critical issues of the second two applications.

Compact modeling is also strongly connected to development and deployment of process tech-
nologies. A physics-based compact model together with the related parameter extraction and gen-
eration methodology can contribute significantly to improving the alignment of process

development with product design needs by enabling quick evaluations of the impact of process
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changes on device and circuit performance. (Compact) modeling basically providesalink between
processing and design.

In general, bipolar processes span quite a variation in device structure but also devicetypes. Itis
recommended to split compact bipolar modelsinto at least two categories.

 vertical devicesincluding high-speed npn transistors
* lateral devices, mostly pnp transistors.

HICUM istargeted towards the first category. It might be necessary though to divide the first cat-
egory again into “low-power” (BV cgo < 10V) and “ high-power” (BV cgo > 10V) transistors if the
difference in device design and the electrical application range turns out to be too large for asingle

model. So far, HICUM has been verified to be accurate for transistors with BV g values up to

about 15V.
From the above, the following requirements for a compact model can be derived from an indus-
trial point of view:

» high accuracy over awide electrical (and temperature) range;

 lateraly scalable parameter calculation, including variable contact configurations, in order to
allow circuit optimization;

» numerical stability and fast execution time, although this is somewhat dependent on the appli-
cation.

» physics-based, allowing predictive and statistical modeling;

* reliable and well-defined extraction procedure should be available together with test structures,
also, the use of standard equipment and set ups only isimportant for, e.g., fast throughput.

* modular formulation of the model equations, minimizing interrelations between different elec-
trical regions and facilitating simple implementation into circuit simulators.

Sincethelimitations of the standard SPI CE Gummel-Poon model (SGPM), especialy for design-
ing high-speed circuits, have been well-known for many years (cf. examplesin [40]), the advanced
model HICUM has been devel oped.

© M. Schroter 3/1/01 7



HICUM Introduction

1.2 Model features overview

HICUM is asemi-physical compact bipolar transistor model. Semi-physical means that for arbi-
trary transistor configurations, defined by emitter size aswell as number and location of base, emit-
ter and collector fingers (or contacts, respectively), a complete set of model parameters can be
calculated from a single set of technology specific electrical and technological data (cf. [42]). For
this, the value of each element in the equivalent circuit is related to a function describing the de-
pendence on so-called specific electrical data (such as sheet resistances and capacitances per area
or length), technological data (such as width and doping of the collector region underneath the
emitter), physical data (like mohilities), transistor dimensions (such as design rules), operating
point, and temperature. The availability of such asemi-physical compact model isan important pre-
condition for circuit optimization with respect to, e.g., maximum speed and low power consump-
tion aswell asfor including process variationsin the design.

The name HICUM was derived from high-current model, indicating that HICUM initially was
developed with special emphasis on modelling the operating region at high current densitieswhich
is very important for certain high-speed applications. The first version was described in detail in
[30,45,25,31,32] and was verified for digital applications based on a conventional technology. L at-
er, formulas for the calculation of the base resistance were developed [26,33,34] which include
three-dimensional effects occurring in short transistors with an emitter length approaching the
emitter width. The latter sizes areimportant for low-power designs. The introduction of self-align-
ing poly-silicon technologies as well as the extension of the model to high-frequency analog oper-
ation led to improvements [28,13] w.r.t. the first version, which were also verified for very fast
large-signal digital-type applications [37].

HICUM is based on an extended and generalized Integral Charge-Control Relation (GICCR)
[29,24,31,35]. However, in contrast to the (original) Gummel-Poon model (GPM) [1] aswell asthe
SPICE-GPM (SGPM) [2] and its variants, in HICUM the (G)ICCR concept is applied consistently
without inadequate simplifications and additional fitting parameters (such as the Early voltages).
Sincereliable design and optimization of high-speed circuits requires accurate modeling mainly of
the dynamic transistor behavior, quantities like depletion capacitances and the transit time of mo-
bile carriers aswell asthe associated charges, which determine the dynamic behaviour, are consid-
ered as basic quantities of the model. An accurate approximation of these basic quantities as a

function of biasyields, thus, not only an accurate description of the small-signal and dynamic large-
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signal behaviour but also - viathe (G)I CCR [35] - of thed.c. behaviour. This coupling between stat-
ic and dynamic description leads, moreover, to a reduction of "artificial™ model parameters like
Early voltages and knee currents. Furthermore, the above mentioned basic quantities can be easily
and accurately determined by standard small-signal measurement methods.

The modularity and physics-based approach of HICUM allows the construction of amodel hier-
archy without additional effort in parameter extraction. Based on HICUM Level2 (HICUM/L?2)
and its corresponding set of specific electrical parameters, a smplified version HICUM LevelO
(HICUM/L0) with the same equivalent circuit as the SGPM is being developed. In contrast to the
latter though, HICUM/L O eliminates many problems while maintaining similar overall simplicity.
A detailed discussion of the ssmplified model version and the motivation behind will be given in
Chapter 2.2, once the devel opment has been completed. The HICUM/L evel O model isnot yet avail-

able in commercial simulators.

The important physical and electrical effects taken into account by HICUM/L 2, which is de-
scribed in Chapter 2.1, are briefly summarized below:

high-current effects (incl. quasi-saturation)

distributed high-frequency model for the external base-collector region

emitter periphery injection and associated charge storage

emitter current crowding (through a bias dependent internal base resistance
two- and three-dimensional collector current spreading

parasitic (bias independent) capacitances between base-emitter and base-collector terminal
vertical non-quasi-static (NQS) effects for transfer current and minority charge
temperature dependence and self-heating

weak avalanche breakdown at the base-collector junction

tunneling in the base-emitter junction

parasitic substrate transistor

bandgap differences (occurring in HBTS)

lateral scalability

Modelling of these effectsisreflected not only in the model equations but also in the topology of
the equivalent circuit. Although the above listed effects are taken into account, the standard HI-
CUM/L2 equivalent circuit still corresponds to a one-transistor model (see Fig. 2.1.1/1), which
hasturned out as sufficiently accurate for the vast majority of circuit applications. HICUM/L 2 con-
tains elements for describing the internal transistor (index i), the emitter periphery (index p) and

the external transistor regions (index x). The internal transistor is defined by the region under the

© M. Schroter 3/1/01 9



HICUM Introduction

emitter which isassigned an effective emitter width [23,38] and area, respectively, in order toretain
aone-transistor model with an as smple as possible equivalent circuit topology as well as a sound
physical background. In contrast to MOS transistor models, the geometry dependent calculations
have been implemented in a separate program (TRADICA, cf. [42]) for various reasons.

Due to its semi-physical nature HICUM/L 2 possesses geometry scaling capabilities up to high
current densities[38]. In order to make use of these scaling capabilities specific parameters have to
be determined from measurements, for which instructions have been developed (e.g., [22,25,27,14,
15]. Parameter extraction as well as generation of model parametersfor different transistor config-
urations will be addressed in Chapter 4.

Since HICUM has been devel oped for high-speed applications, in the public domain version de-
scribed in this document only minimal effort has been made to very accurately describe theinverse
(or reverse) operating region defined by VCE < 0. The model formulations are extended in a
simpleway into that biasregionin order to ensure numerical stability. Information on model avail-
ability in (commercial) circuit smulatorsis provided in Chapter 5.

Asthe experimental resultsin chapter 6 show, the accuracy and applicability of HICUM has been
demonstrated for avariety of different technologies, ranging from alow-speed and relatively high-
voltage process to present SiGe production processes, as well as for many different operating

modes.
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2 Model equations

In the following text al equations that are actually used in the implemented model code are
marked by frame. The physical background of the equationsis briefly discussed and referencesfor
more detailed explanations are provided. The model equations are discussed on the basis of a ver-
tical npn transistor. The 2-transistor model can be easily applied to avertical pnp transistor, but re-
guires for most processes the addition of a second parasitic transistor (e.g. in asubcircuit).

The presently available version of HICUM (named HICUM/L evel 2) includes many physical ef-
fects that are relevant for today”s silicon-based processes (incl. SiGe technologies). As a conse-
guence, its equivalent circuit is fairly complicated and not well-suited for rough anaytical
calculations often performed by circuit designers in the preliminary design phase. Therefore, a
strongly simplified version of the model, called HICUM/L evel0, is intended to be offered in near
future. The combination of these different levels of complexity during circuit design is expected to

also save computational effort and time.
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2.1 HICUM/Level2
2.1.1 Equivalent circuit

Compared to the SGPM the equivalent circuit (EC) of HICUM/Level2 contains two additional
circuit nodes, namely B* and S in Fig. 2.1.1/1. The node B*, which separates the operating point
dependent internal base resistance from the operating point independent external component, isre-
quired to take into account emitter periphery effects, which can play a significant role in modern
transistors. This node is also employed for an improved modelling of the distributed nature of the
external base-collector (BC) region by splitting the external BC capacitance Cgcy OVer rgy in form
of atr-type equivalent circuit for the corresponding RC transmission line(s). Asafurther advantage
of introducing the node B*, high-frequency small-signal emitter current crowding can be correctly
taken into account by the capacitance C,g;j. An emitter-base isolation capacitance Cgy, that be-
comes significant for advanced technol ogies with thin spacer or link regions, aswell asaBC oxide

capacitance Cq,y, Which isincluded in the Czy €lement, are taken into account.

In contrast to other models, the influence of the internal collector series resistance is (partially)
taken into account by the model equations for the transfer current i+ and the minority charge which
isrepresented by the elements Cye and Cyc inFig. 2.1.1/1. Asaconseguence, the collector terminal
C' of the interna transistor is (physically) located at the end of the epitaxial (or n-well) collector
region. This approach not only avoids additional complicated and computationally expensive mod-
el equationsfor an "internal collector resistance” but also saves one node. The chosen approach has
been demonstrated to be accurate for awide range of existing bipolar technologies (cf. chapter 6)

The reliable design of high-speed circuits often requires the consideration of the coupling be-
tween the buried layer and the substrate terminal S. Since the substrate material consists of both a
resistive and capacitive component, asafirst (rough) approach asubstrate network with aresistance
rg, and a capacitance Cg, isintroduced, leading to the “internal” substrate node S*.

A possibly existing substrate transistor has been taken into account by using a simple transport
model. Like in the SGPM, this can also be realized by a subcircuit (cf. Section 2.1.12) and setting

rg, and Cig to zero in the HICUM equivalent circuit. In advanced bipolar processes, the emitter ter-

minal of the substrate transistor (B*) moves towards the (npn) base contact (B) which makes the

external realization of such a parasitic transistor by a subcircuit even easier. The substrate transistor
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- if itisnot avoided by proper layout measures - only might turn on for operation at very low
CE voltages (“very” hard saturation).

The physical meaning and modelling of all EC elements in Fig. 2.1.1/1 is discussed below in
more detail.

The description in the following text is given for a npn transistor, which is mostly used type of
bipolar transistors. For vertical pnp transistors, the model can be applied by interchanging the signs
of terminal voltages and currents. Lateral pnp transistors could be described by a composition of
HICUM/L 2 models but usually a subcircuit consisting of three ssimple transport models (e.g. HI-
CUM/0) is considered to be more appropriate.

|
) | O
QB%_ QBex JBC Cr' JBC' iCi dc AVL

B B’ i
'Bx QjEp rbl QJE|

=

ATJ-
c vé‘P Rthé —Cn
(@ b

Fig. 2.1.1/1: (a) Large-signal HICUM/Level2 equivalent circuit. The external BC capacitance
consists of a depletion and a bias independent (e.g., oxide) capacitance with the ratio

Ciex’/ Ciex being adjusted with respect to proper modelling of the h.f. behavior.
(b) Thermal network used for self-heating calculation.
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2.1.2 Quas-static transfer current
Thetransfer current of avertical homo- and hetero-junction transistor can be described by agen-

eralized form of the ICCR that can a so be extended to 2D and 3D transistor structures with narrow
emitter stripes or very small contact windows. The various steps to arrive at the final equation for

the transfer current i are outlined below, demonstrating the modular structure of the model equa-

tions.

A. Basic formulation
The result of the one-dimensiona (1D) GICCR is

. C10 [ VeED B'C
i+ = ———|exp —exp } (2.1.2-1)
T Qp,T DVTD DVTD
with the constant
2 2

Asdiscussed in the Appendix, vg.g and vg: are the (time dependent) terminal voltages of the 1D
transistor if the integration leading to the modified hole charge, Q,, 1, is performed throughout the

total 1D transistor, i.e. between its emitter and collector contact. uaniZB isan average value for the

base region.

Qp,1 consists of aweighted sum of charges,

Q0.7 = Qoo MNeiQei * NiciQoi ¥ Q7+ Qr 1 (21.2-3)

The charge formulations designated with the index “T” result when the transfer current is derived
from the transport equation and hetero-junctionsaswell as current spreading areincluded. The hole
charge at thermal equilibrium, Qo is a model parameter. Q;g; and Qjc; are the depletion charges
stored within the BE and BC junction. Q¢ + and Q, 1 are (weighted) minority charges stored in the
total (1D) transistor [35]. The various components in the minority charges and the weighting fac-

torswill be discussed in more detail later.
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The correspondence to the conventional model formulation can be maintained by realizing that

the usual collector saturation current is ssmply given by

C10
le = — , 2.1.2-4

so that (2.1.2-1) can also be written in normalized form

= =8 Yeen o VEC
TTQ, T/on[expDV 0~ POy, D} (2.1.2-5)

Mathematically, it in (2.1.2-1) equation can be split into a"forward" component,

i = 3, Texpgl\E;EB (2.1.2-6)

and a"reverse" (better: inverse) component,

- Ve .

it = Qp TexpDVT ik (2.1.2-7)
which will be referred to in the discussion below. Physically, i+ represents the electron current
flowing from emitter to collector at forward operation at exp(V cg/V 1) >> 1. Analogously, i1, rep-
resents the electron current flowing from collector to emitter at inverse operation with exp(-V cg/
V1) >> 1. Thisseparation of i+ simplifies both the implementation of the solution of the non-linear

transfer current formulation as well as the modelling of the minority charge components.

B. Extension to the 2D (3D) case and influence of internal base resistance
The 1D transistor structure can be transformed into a 2D or 3D structure by multiplying all area

specific 1D model parameters with the emitter area of the transistor. This defines the internal tran-
sistor, i.e. the structure under the emitter window. As a result, the lateral voltage drop caused by

the base current has to be taken into account for calculating Vg g and Vg in (2.1.2-1). Thisrequires

an appropriate definition and model for the internal base resistance by which then vgg and vg
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are becoming "averaged" terminal voltages to ensure a correct description of the electrical (termi-

nal) characteristics of the internal transistor.

C. Emitter periphery injection
The carrier injection at the emitter periphery junction and the corresponding transfer current

component through the external base can be taken into account by defining an effective electrical
emitter width bg and length I [23, 25, 38], which are usually larger than the emitter window di-
mensions. Thisresultsin an effective size for theinternal transistor in the 2D and 3D case with the
effective emitter area Ag. By multiplication of all area specific 1D model parameterswith Ag (rath-
er than Agg) it was shown in [38], that (2.1.2-1) can then be directly applied without any |oss of
accuracy at low current densities. At high current densities, however, this approach can becomeless
accurate, and another extension is usually required which will be discussed later. vg g and vg. are
now the terminal voltages of the effective internal transistor (cf. Fig. 2.1.1/1), and the components
Qjei and Qjc; in the charge Q, 1 are now defined for the effective internal transistor.

Besides|lateral scalability of the model, the major advantages of this approach arethat (i) asingle
equation can be used throughout the total operating region and (ii) a single transfer current source
element can be used in the EC (Fig. 2.1.1/1) to describe even transistors with strong 2D and 3D
effects.

D. Heterojunction bipolar transistors (HBTS)
The generalized ICCR [35] results in the following expression for the weighted minority charge

Qf 1 = NieQpe + Qs + MO 7 (21.2-8)

with Qsg, Qsg asthe actual minority chargesin the emitter and base, respectively. Q¢ tisaweigth-

ed collector minority chargethat can include abias dependent weighting function dueto lateral cur-

rent spreading (see later). The weighing factors hye and hyc as well as hjg; and hjc; in (2.1.2-3) are

given by the differences and grading of the bandgap between the various transistor regions in a

HBT. Note, that Q; 1 is generally not equal to the stored minority charge Qy used during dynamic

operation.

Assuming alinearly graded bandgap in the base, the model parameter h;; can be expressed ana-
lytically as afunction of the grading coefficient ag [47]
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AW

he = expd (2.1.2-9)

withwgg asthe neutral base width in equilibrium. The corresponding factor for the BE charge, hjg;,

can be set to 1 for present Si-based processes and is therefore omitted in the following text for the

time being.
The weighting factors [35]
T T
he = —ﬂEi—'Z—B and  h = —ﬂB—'ZB (2.1.2-10)
MheNie Mnchic

are model parameters that take into account the different values for effective intrinsic carrier con-

centration n; and mobility [y, of the neutral transistor regions. hic;, hyg, and hec are considered to

be model parameters in order to make the model applicable also in cases where the doping and
physical values are unknown.

For SiGe heterojunction transistors, hyc can be significantly larger than 1 while hyc; isless than

1 explaining the larger Early voltages measured in those transistors. In contrast, for most homo-
junction transistors these parameters assume values close to 1 although they are becoming more
relevant, too, in advanced homojunction transistors due to high-doping effects.

For HBTS, such asthose fabricated in [11-V semiconductors, that contain asignificant energy dif-
ference in the conduction band, transport effects such as thermionic emission and tunneling may
have to be accounted for. There are various ways of doing this which differ in complexity and,
therefore, convergence rate and simulation time. For the present model, the most simple approach
has been adopted by introducing a non-ideality coefficient mqs in the forward component of the

transfer current:

. Clo D VBI El D
| = X m .
Tt Qp, Te P CfVTD

(2.1.2-11)

This approach is believed to offer sufficient flexibility for practical purposes, while keeping down
additional computational burden.
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E. High current densities
Earlier investigations of a variety of doping profiles have shown that (2.1.2-1) becomes |ess ac-

curate at high collector current densities dueto current spreading in the (epitaxial) collector [31,25].
This 2D/3D effect can also be taken into account as a physics-based expression by using the GIC-
CR and by applying the same methodology as described in [38].

The previously described version of HICUM [31] contains asimplified modelling of this effect by
replacing the constant ¢, with the empirical function ¢; = c1o(1 + i1/l ) in which I, isamodel
parameter that is (roughly) proportional to the emitter area. In the presently implemented version,

the ssimplified description is still maintained, but a numerically more stable expression is being
used:

|
Cy = Cyprd + ﬁg . (2.1.2-12)

with the 1D forward transfer current

: Cy,
| =
Tf1
Qo

0 [—| VBI El |—|
exp . (2.1.2-13)
T E'LanVTD

For Q, 1 the actual charge Q; is being used.

F. Final transfer current model formulation
The "forward" component defined in (2.1.2-6) is repeated here with the modificationsin (2.1.2-

11) and (2.1.2-12):

. Cq .VBE [
i = ex .
Tf Qp, T p DﬂCfVTD

(2.1.2-14)

The"reverse”" (better: inverse) component remainsidentical to (2.1.2-7); in thelatter, the influence

of collector current spreading at forward operation is not included, i.e. ¢;=c;. (2.1.2-14) can bere-

arranged to give an explicit expression for the forward transfer current,
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: . Ir¢
i = i HL+ ﬁ% . (2.1.2-15)

The total transfer current is then

T = i (2.1.2-16)

At high reverse bias across either junction, the respective space-charge region can extend
throughout the whole base region (base punch-through effect). Asaresult, Q, + would become zero
or even lessthan zero which would cause numerical problems. Thissituation ismost likely to occur
at low current densities, wherethe (always positive) minority chargeisnegligible. Therefore, in HI -

CUM the hole charge at low current densities,

| Qp, 1~ on"' iei t hjCinCi (2.1.2-17)

islimited to a positive value Qg = 0.05Qp, using a smoothing function, and is replaced by

Qp.tow = e,k * 'n[1+ eXpEQB rlt %E : (2.1.2-18)

For the usual operating range with Q,, 1/Quo > 1, the difference Qp ow-Qp,1 is much smaller than

10'6Qp0, so that the smoothing and the associated computational effort can then be skipped in the
code.
In general, the GICCR is anon-linear implicit equation for either i or Q, 1, respectively. Since

Qp, Is the common variable in both current components i+ and iy, the GICCR is solved in HI-

CUM for Q1 by employing Newton-Raphson iterati on . However, aslong as Qrand Q, arelin-
early varying functions of the respective current, i.e. the trangit times are current independent, the

GI CCR reducesto aquadratic equation, with an explicit solution for Q,  (assuming ¢; = ¢yg at low

current densities)

*.In the SGPM, the solution is obtained by significant simplifications of the minority charge terms, leading to an
(explicit) quadratic equation. Such an approach is physically consistent only at low current densities.
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- Qp,low Fpp,lovxﬂz VeEn Ve
Qur=—% *,02 O +TfocloeXpDVTD"'TrcloeXpDVTD (2.1.2-19)

with Qp 0w from (2.1.2-18). Inserting the above solution into i¢ and i, and adding the minority
charge terms provides quite a useful initial guess for the Newton iteration at higher current densi-

ties;

Qp,Tinitial = Qplow * Foitet Figr - (2.1.2-20)
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2.1.3 Minority charge, transit times, and diffusion capacitances
The minority chargeisdivided into a"forward" and a"reverse" (or inverse) component. Thefor-

ward component, Q, is considered to be dependent on the forward transfer current, i+, while the
reverse component, Q,, is considered to be dependent on the reverse transfer current, i,. Thelarge-

signal charge components can be determined by integrating the respective small-signal transit

times, defined as

- dQ
T = di (2.1.3-1)

rather thant = Q/I.

2.1.3.1 Minority charge component controlled by the forward transfer current
The operating point dependent minority charge stored in aforward biased (vertical) transistor can

be determined from the transit time t; by simple integration,

it
Qf = J’ T di . (2132
0
T; can be extracted from the measured transit frequency vs. d.c. collector current I (=11) at for-

ward operation for different voltagesvg or vgc asaparameter (cf. [22] and chapter 4). The current

and voltage dependent transit timeis modelled in HICUM by two components,

(2.1.3-3)

(Ve Itr) = T(Vee) + Atvep, i)

where 14q is the low-current transit time, and At; represents the increase of the transit time at high
collector current densities. Fig. 2.1.3/1 shows the typically observed behavior of 1; and its various

components, for which physics-based equations will be given later in this chapter. It isimportant

to note, that the sum of all physically (from carrier densities) calculated storage times, t,,,5, equals
the transit time 1y, that is extracted from small-signal results using the measurement method.

The minority charge model in HICUM uses an “ effective’ collector voltage
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-V
Veerf = VT[In%l + expEVCV—T-TEB + 1} (2.1.3-4)

with

|VC = VC'EI _VCIEIS = VDCl _VBlcl . (2.1.3'5)

Theinternal CE saturation voltageV s (= Vpgi-Vpcj) isamodel parameter. The smoothing func-
tion for v has been implemented in order to provide a smooth behavior of the critical current (see

later) and the forward minority charge for very small and negative values of v..

Fig. 2.1.3/1: Charge storage and transit time components vs. collector current density. The compo-
nents Tgy, Tpe, Tpes TBE: Tecy and Ty Were calculated from 1D device simulation, while

Tg Was extracted from small-signal simulations and f+ using the measurement method.

AsFig. 2.1.3/2 shows, v iSequal to v for values larger than about 2V -5 and approaches the

the thermal voltage V1 asthe limit for negative values.
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The transit time and minority charge model used in HICUM and its derivation are discussed in

detall in[41]. Inthistext, the most important equations and their physical meaning are summarized.

lim

Y ﬁ/V

!_‘ce

0.5F

Fig. 2.1.3/2: Normalized effective collector voltage vs. normalized (internal) collector voltage
showing the behaviour of the smoothing function.

A. Low-current densities
Thelow-current component ;o depends on the collector-base (or collector-emitter voltage) only,

Tio(Vee) = To+tATg(C—1) + Ty Eﬂé - 1% (2.1.3-6)

with the (reciprocal) normalized internal BC depletion capacitance ¢ = Cjcijo/Cici(Ve ). Thefirst
time constant, 1, represents the sum of voltage independent components of various transistor re-
gionsat Vg = 0; this condition already defines how to extract its value. The second term repre-

sents the net voltage dependent change caused by the Early-effect and the transit time through the
BC space charge region: for At,<0 the Early effect dominates while for Atg,>0 the transit time
increase caused by the widening of the BC space charge region at large voltages dominates. The

third term takes into account the finite carrier velocity in the BC space charge region resulting in a

carrier jam at low voltages Vg
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Fig. 2.1.3/3 shows two examples for the voltage dependence of the low-current transit time and
its two voltage dependent components. The axis values have been normalized to the model param-
eters 1g and Vg, respectively. The upper figure (a) contains a behavior that is (more) typical for
arelatively ow high-voltage transistor, which is characterized by arelatively wide and low-doped
collector region under the emitter. In this case, t¢g increases with increasing Ve g (FVee-Ve'c)
due to the widening of the BC space charge region. Toward very low V - g the drift velocity within

the BC space charge region decreases, and the respective (third) term in (2.1.3-6) dominates the

voltage dependence, which leads again to an increase of T and to aminimum around Vg: =0.

The lower figure (b) shows the typical behaviour for a high-speed transistor with, e.g., a selec-
tively implanted collector and athin base. With increasing reverse bias, the BC space chargeregion

does extend noticeably also into the base, resulting in a (slightly) negative value of Atg, and a de-
crease of the respective component. Therefore, 14; decreaseswith increasing Ve g

The respective low-current forward minority chargeis simply given by
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1.4
1.2¢ V .

1 1
@ 0.8} feee BT, .

L (1/c-1)
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_0_2 i i i i i i
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(b) 0.6 ]
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Fig. 2.1.3/3: Normalized low-current transit time and its components as a function of normalized
(internal) BC voltage: (a) for a “high-voltage” transistor (1=10ps, Atg,=2.5ps,
Tgfy1=3pP9), (b) for a“high-speed” transistor (1g=2.50s, Atg,=-0.4ps, Tgs,=0.1ps).
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B. Medium and high current densities
At medium current densities, the electric field at the BC junction starts to decrease, and the BC

junction region becomes quasi-neutral at high current densities. This is often called Kirk-effect
[12]. In HICUM, the onset of high-current effectsis characterized by the critical current [32]

_ Veetf 1 [1 L X A X2 + 10_3} (21.3-8)
2

g 2
Ci0 1+%

lim

with X = (Veers-Viim)/V pr in the smoothing function that connects the cases of low and high electric

fieldsinthe collector. The other (model) parameters are theinternal collector resistance at low elec-
tric fields,

We 1

roip = —————— : (2.1.3-9)
cio qunCONCiAE fcs
the voltage defining the boundary between low and high electric fields in the collector,
v, o= sy (2.1.3-10)
lim = c -t
Hnco
and the (collector) punch-through voltage
ONgi 2
Vpr = 2—8' wg (2.1.3-11)

Asthe above relations show, | - depends on the electron saturation drift velocity, v, and the elec-
tron low-field mobility, p,co, @ well as on width we and (average) doping N¢; of the internal col-
lector. The current spreading factor f., which is discussed in chapter 2.1.17, facilitates lateral
scaling [38] and is calculated by TRADICA (or any parameter generation or extraction program).

Despite their physical relationship rgjg, V|im @nd Vpr are considered to be model parametersin or-
der to offer a more flexible parameter extraction and broader application of the model. However,

their physics-based relationship is very useful for temperature and statistical modelling.
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Fig. 2.1.3/4: Normalized critical current ok vs. normalized internal CE voltage and related single

components: | ckj = (Veer/Tcio) 1+ (Veer/ Vi)~ from low-voltage theory;
lekh = Nim [+ (Veert=Viim)/V pr] from high-voltage theory with 1jj =V im/f'cio-

The consequence of the changing electric field in the BC junction at medium current densitiesis,
first of all, anincrease in the neutral base width and, therefore, in the base component of the transit
time; second, aso the transit time through the BC space charge region may increase, depending on
how large the electric field is. Third, the corresponding decrease of the small-signal current gain
leadsto an increase of the emitter component. Since the current independent part of this component

has already been taken into account in T¢g only the change (increase) has to be modelled,

DITf DgTE

AT = TEfODC 0 (21.3-12)

with the model parameters g,g and the storage time
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2
Toeo 1 Dwg wg U
T = ~ —_— B—— + _—D 2.1.3_13
Ef0 Bo PBolVke 2H5e VAT ( )

which depends on the low-frequency common-emitter small-signal current gain (35 and the hole
transit time Tpeg in which W, ppg, and vi e are the width, hole mobility and the effective hole con-

tact recombination velocity of the neutral emitter, respectively. The corresponding charge stored in

the neutral emitter is:

_ 1
AQer = Bler Tyg] - (2.1.3-14)

In the neutral collector, minority (hole) charge storage starts only at high current densities [ 31,
32]. Theferore, the charge difference to its negligible low-current contribution is equal to the total

hole charge Q¢ in the collector:

2
AQcs = Qcr = Qpc = TpesiTt W (2.1.3-15)
with the saturation storage time of the neutral collector,
W2
C
Tooe = : 2.1.3-16
pCs 4“nCOVT ( )
The normalized injection width,
. .2
w,o i+ A/l + &y,
W= —L = A he (2.1.3-17)
WC 1 + /1 + ahc
is bias dependent via the variable
I
j = 1=K (2.1.3-18)
I
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while & is considered to be a model parameter. By using a smoothing function for w rather than

theoriginal expressioniin (2.1.3-17), the collector charge is made continuously differentiable over

the whole bias region. The corresponding collector storage timeis given by

d
Qe W 1e—2 (2.1.3-19)

=1
c
dl P It f2
Ji°+ an.

ICK

ATep = T = Type =

Device simulations for many different processes have shown that the shape of the current de-
pendence of the neutral base component tgy, is very similar to that of the collector portion tyc due
to the coupling of these regions by the carrier density at the BC junction. As a consequence, the

bias dependent increase of the base charge at high-current densitiesis similarly expressed as

. 2
with the saturation storage time reached at high current densities,
WemWe
T = e 21.3-21
Bfvs ZGZI p‘nCOVT ( )

W is the metallurgical base width, and G; (1) is a factor that depends on the drift field in the
neutral base [41]. The corresponding additonal base transit time reads

dA
Atg = —QBf = Tgfys w1+ ; (2.1.3-22)
dl It 2,
I I ahC
CK
In HICUM, the total storage time constant,
W<2: WemWe
Thes = Tpest T (2.1.3-23)

= + ,
PeS T UBIVS — ApoVr 2GgiHncoVT
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isused as amodel parameter to make the model application more flexible and easy to use. Asdis-
cussed in chapter 2.1.17, the accurate and physics-based description of collector current spreading
and associated lateral scaling at high current densities require a partitioning between base and col-

lector component. For this, the partitioning constant

f _ TpCs —

the — -
Thcs WC + 2WBm

Wc

(2.1.3-24)

is introduced as model parameter. A value of f;,. between 0 and 1 allows a gradual partitioning,
with the 1D expressions given above (i.e. no collector current spreading) being employed for f¢
= 0, while a dominating influence of the colector term (including current spreading) can be taken
into account by fc - 1.

Fig. 2.1.3/5 shows a sketch of the current dependence of the additional transit time At; and its
various components, calculated with the equations given above and using model parameters that
aretypical for a high-speed process.

In the 1D case, the collector and base component can be lumped together (f;,. = 0), leading to
the expression for the additionally stored minority charge in the base and collector region at high

current densities,

2

AQsn = AQg¢ + Qct = ThesiTe W (2.1.3-25)

The corresponding increase of the transit time at high-current densities is then given by

ATq, = Alge+Tgp = Tpeg W[ 1+ B (2.1.3-26)

|
T [.2
— I+ ahc

ICK

The 1D caseisdetected by the model if the model parameters LATB and LATL (cf. chapter 2.1.17)

are zero.
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Fig. 2.1.3/5: Sketch of normalized transit time At; vs. normalized forward collector current 144, in-
cluding the various components: collector component Tc, additional base component
Atgy, and additional emitter contribution Atg;.

The total minority charge in the various operating regions, that is used for transient or high-fre-
guency analysis, is then calculated according to (2.1.3-1) and consists of the following contribu-

tions;

Qf = Qs + AQgs + AQth (2.1.3-27)

while the total forward transit time (or storage time) is given by

Tf = Tsg + ATgs + ATy, - (2.1.3-28)

If the lateral scaling capability isused, AQy, and Aty are composed of their separately calculated
base and collector contribution (cf. chapter 2.1.17). The above equations contain physical and proc-
ess parameters that facilitate predictions of the electrical characteristics as a function of process

variations.
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2.1.3.2 Minority charge component controlled by theinversetransfer current
For forward transistor operation in high-speed applications the portion of the minority charge

whichisexclusively controlled by the base-collector voltageisoften negligible or only asmall frac-
tion of the total minority charge. Therefore, including this chargein Q; causesonly negligible error
in transient operation of transistors in high-speed circuits. For small-signal high-frequency opera-
tion in the high-current region, which is avery unusual case, the base-collector voltage controlled
charge may be taken into account by including its diffusion capacitance in the total internal base
collector capacitance [13].

Alternatively, the BC diffusion charge can be modelled by the ssmple relation

Q =Trimy (2.1.3-29)

with the inverse transit time 1, as a model parameter.
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2.1.4 Depletion charges and capacitances
Modelling of depletion charges (Q;) and capacitances (Cj) as a function of the voltage v across

the respective junction is partially based on classical theory that gives within a certain operating

range
(1-2)
Q = ICdv‘ = [ -B- —D } (2.14-1)
and
C'O
C = —L— . (2.1.4-2)
_V[F
VAN

The zero bias capacitance Cjg, the diffusion (or built-in) voltage Vp as well as the exponent coef-
ficient z are model parameters. Dueto the pole at forward bias, i.e. v=V, however, the above for-

mulais not yet suited for acompact model from both a numerical and physics-based point of view.
The respective modification will be described for the BE depletion capacitance.

At high reverse voltages the epitaxial collector can become fully depleted up to the buried layer.
This punch- (or reach-)through effect is also not included in the classical equation above (and in

the SGPM). The corresponding extension will be discussed for the BC depletion capacitance

2.1.4.1 Base-emitter junction
Fig. 2.1.4/1 shows the voltage dependence of a BE depletion capacitance at forward bias. The

symbols were obtained from 1D device simulation, with depletion and minority charge defined as
in [36]. The depletion capacitance follows quite well the classical equation up to a certain voltage,
which is close to the turn-on voltage of atransistor used for switching applications. In contrast to
the classical equation, the capacitances then reaches a maximum within the “practical” operation
range of atransistor. Towardsvery high forward bias, the capacitance even decreasesto zero, since
the total depletion charge has to be limited from a physical point of view.

The modified equation employed in HICUM is described below for the example of the internal
BE depletion capacitance with the (classical) model parameters Cigio, Vpi» Zgj, and the additional
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model parameter gg;. The latter is defined in Fig. 2.1.4/1 asthe ratio of the maximum value to the
zero-bias value and can directly be extracted from f1 measurements at low current densities (e.g.
[2, 14]). As a consequence, Cig; is kept at its maximum value in HICUM to maintain consistency
between measurement and model. Keeping Cjg; constant is al'so justified, because at high forward

bias, i.e. beyond the maximum, the diffusion capacitance becomes orders of magnitude larger than

Cigi- The reverse bias region of the BE depletion capacitance and charge is described by the clas-

sical equations.
For modeling the peripheral BE depletion capacitance, the corresponding model parameters

Ciepo: VDEp: ZEp: §Ep @ Well asthe voltage and v« have to be inserted.

35 T T T T
o o device simul/
HICUM

3t class. theory i

Ae%ieo

0.5/ .
O 1 1 1 1 VT]VDE
0 0.2 0.4 0.6 0.8 1
VB'E’ / VDE

Fig. 2.1.4/1: Typical dependence of BE depletion capacitance on junction voltage at forward bias:
comparison between 1D device ssimulation, HICUM, classical theory. In addition, char-
acteristic variables used in the model equations have been inserted.

The forward bias depl etion capacitance model consists of a classical portion and acomponent for

medium and large forward bias (cf. Fig. 2.1.4/1):
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C_
iEi0 e 1
O aJEICJEI01+e

Ciei = Z 1+e

JEI

(2.1.4-3)

with

- eI VBED (2.1.4-4)

and the smoothing function for the auxiliary voltage

M, = Vi—VIn[1+ e <Vy . (2.1.4-5)

V¢ isthevoltage at which at large forward bias the capacitance of the classical expression intercepts

the maximum constant value (cf. Fig. 2.1.4/1):

—(1/2g)
Vi = Vpeill-gg 1| - (2.1.4-6)
The corresponding charge equation reads
CieioVoEi (1=2e)
o = _Jl'_TEI[ G- —DJ;D J+ajEiCjEio(vB.E.—vj) , (2.14-7)

and Qjgp is calculated similarly.

2.1.4.2 Inter nal base-collector junction
The BC junction isusually operated at reverse bias. If the internal voltage -vg. exceeds the ef-

fective punch-through voltage (seelater), the epitaxial collector region becomesfully depleted. For
an ideal step-like transition from the epitaxial collector to the buried-layer the corresponding ca-
pacitance would remain constant (like a plate capacitance). However, in reality the doping concen-
tration increases with only a finite slope towards the maximum buried layer concentration. As a

consequence, Cic; still decreases even beyond punch-through, but with a weaker voltage depend-

ence.
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T T T T T T

1 |o o device simul.
HICUM

class. theory

VB’C‘ / VDC

Fig. 2.1.4/2: Typical dependence of a BC depletion capacitance on junction voltage at reverse bias:
comparison between 1D device simulation (symbols), HICUM (solid line), classical the-
ory (dashed line). In addition, characteristic variables used in the model equations have
been inserted.

Before the capacitance equation isexplained in detail, it ishel pful to define anumber of variables

that are needed in the equations. The effective punch-through voltage is given by
ONg; 2
Vieci = Verei ~Voci = 5 We —Vpei (2.1.4-8)
which isshown in Fig. 2.1.4/2. For flexibility and accuracy reasons as well asin order to simplify
and decouple parameter extraction, V prc; isconsidered as separate model parameter rather than us-
ing Vpr from the | o formulation. For predictive modeling Vprcj=Vpr IS certainly agood initial
guess.
The voltage defining the boundary between the classical expression and the maximum (constant)

value at large forward bias was already defined for the BE junction capacitance (cf. Fig. 2.1.4/1);

in terms of the respective BC model parametersit reads here
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"W (2.1.4-9)

Vici = Vpcill -2

The voltage at which the transition from medium to large reverse bias (slowly) starts, isdefined as

V; = 01V,pq +4Vy] . (2.1.4-10)

In the following, “large reverse” bias is defined as Vg < -Vjpgj, “medium” bias is defined as

Vipci < Veci <Vicis and “large forward” biasisdefined asVggj = Vigj.

The depletion capacitance consists of three components,

Cici = Cici,a * Cjci, et * Cjci, | - (2.1.4-11)
which are discussed below in more detail.
Cici ol represents the contribution at medium bias,
Cicio e e
Cicia = = 1.0 (2.1.4-12)

which contains the classical equation as the first term. The last two product terms result from
smoothing functions for the respective BC junction voltage, that enable a continuously differenti-
able transition to the two adjacent bias regions. Like for the BE depletion capacitance, the numer-

ical overflow at large forward bias is avoided by replacing Vg: with the auxiliary (smoothed)

voltage

—y
|\/j7r = Vici—VyiIn[l+eg ]| with g, = expEL'V—T—EE (2.1.4-13)

which contains the actual junction voltage. Analogously to Cig, the forward bias vaue (for

e(vjlr) = 0) islimited to amaximum,

1
Cicimp = &ciC

j jCi0 1 +_ej 1 (2.1.4-14)
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with g as model parameter. The last term is again a continuously differentiable function that en-

ables a smooth transition between large forward and medium bias.

Finally, Cjc; pr represents the large reverse bias region around and beyond punch-through,

Cicior - 1
ZCi,r 1 +e

Cicipr = (2.1.4-15)

Here, the first term contains the classical voltage dependence, but now with different parameters

Cicio,r and zc; r, which mode! the weak bias dependence under punch-through conditions and will

be discussed later. In this case, the auxiliary voltage is given by the smoothing function

Voo ¥V
Vim = Vip v, IN[L+e(v, ]| with e, = expat——L1 (2.1.4-16)

J,\m

which now depends on the auxiliary voltagev; , in order to enable a smooth capacitance and charge
behavior over all biasregions. Note, that v; . equals vg: ¢ a large reverse bias.

The corresponding depletion charge is then obtained by integration of Ci;,

ci = Qeimt Qe — Qeic T aciCicio(Vee—V: 2.1.4-17
Qe = Ygm * Gg ~ Fsie * ApGentec Y (21447
medi- reverse Ccorrec- large forward
with the component at medium bias,
CicioVpei Vi 1%
_ Ci0YDCi _ __im _
Qicim = 1-7. [1 %1 Voo J : (2.1.4-18)
the component at large reverse bias,
CiciorVpei V. L Zir
= Zcior “beiy 4 0 _ L[] ‘ N
Qurr = 252 [1 | v } , (2.1.4-19)

and a “correction” component,
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C.~0,/Vhei V. L= Zir
= ZcCior 'bCijy 4 [h  _“Im[] ' N
QJCI,C 1 —7gi, [1 %1 VDCD } ) (2.1.4-20)

that results from the integration process. The parameters Cicjg - and z; , in the last two components

are required to model the weaker voltage dependence under punch-through conditions, compared

to the voltage dependence at medium bias. Cicjo - can be cal culated from the punch-through voltage

as

V Ci (ZCI _ZCi,I')

D
Cicior = Cicio EH‘/_DPTCD , (2.1.4-21)
|

while z;  isinternally set to z;/4. The latter turned out to be a good compromise for the investi-

gated cases. As consequence, both Cjcjgr and z; ; are only internal parameters and do not have to
be extracted and externally specified. If required, however, it would be sufficient to make z¢; , a

user model parameter.

At high current densities Cjc; becomes also current dependent as discussed, e.g., in [31]. There-

spective (smooth) expressions for both capacitance and charge require complicated expressions
which canincrease simulation time significantly. Asdiscussed in [13] for small-signal applications,

a pure voltage dependent model for Cj; proved to be sufficient, since transistorsin (small-signal)

analog circuits are not operated at high current densities. For large-signal transient applications,

however, the influence of a current dependent Cc; isnegligible, especially at higher current densi-

ties. Therefore, the current dependence of Cjc; is neglected in the present HICUM version.

2.1.4.3 Exter nal base-collector junction
The external base-collector depletion capacitance consists of a bottom and a periphera part.

TRADICA merges these portions, that may have different model parameters, first into asingle el-
ement (with asingle set of model parameters), which is then partitioned into two capacitance ele-
ments across the external base resistance rgy (cf. Fig. 2.1.1/1), according to a first-order high-
frequency approximation of the RC transmission line behaviour of the external base. The merging
procedure, which is also required for simpler equivalent circuit structures, reduces the number of

model parameters to be specified for the circuit smulator.
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A possible alternative is to determine the partitioning from measurements of, e.g., high-frequen-
cy S-parameters. However, it was found that such a partitioning factor (strongly) depends on the
measurement method and conditions used and, therefore, can assume non-physical values.

The partitioning of the total capacitance Cgcy = Cjcx(V) + Ceox (See also Section 2.1.7) across
I'ex requires the additional model parameter fg, which is dependent on geometry and technology
specific parameters and which is calculated by TRADICA. According to fg the capacitances are
split asfollows in the present HICUM implementation (cf. Fig. 2.1.1/1):

Ceex = Cex t C'sex = (1-fec) Caex + fae Caex - (21.4-22)

Depending on the values for fgc, Ccoy and Cicy as well as according to the nature of the capaci-
tance components different cases have to be distinguished. For instance, if fg¢ islarger than Ce,/
Cicx then part of Ceoy hasto be connected to node B* (i.e. behind rgy). Since Cc,y isclosest to the

base contact usually the major portion or even the total value has to be connected to the base ter-
minal B. Thevarious cases are taken into account based on the zero-bias depl etion capacitance rath-
er than the voltage dependent value in order to reduce arithmetic operation count. The

implementation is as follows:

Csexo = (I-fge) Caexo
if(C'scxo 2 Ceox) then

Ccox = Ceox

C'cox =0

Clicxo = C'eexo “Ceox

C"icxo = Cjcxo - Cliexo
ese

Ccox =CBhexo

C'cox = Ccox “Clcox

Clicxo =0
C"icxo = Cjexo
endif

Since the depletion charge of the external BC junction does not depend on the transfer current,
the purely voltage dependent expressions given for Cic; and Q¢ can be employed for Cjc, and
Qjcx by simply inserting the model parameters Cicyo, Vpexs Zex, @d Vprcey. The punch-through

voltage (and capacitance) of the external collector region is usually different from that of the inter-
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nal region due to their different epi widthsand - in case of a selectively implanted collector -

the different doping concentrations in the internal and external region.

2.1.4.4 Collector-substrate junction
The CS depletion charge and capacitance are modelled by the same type of formula as employed

for the bottom part of the external BC charge and capacitance. The corresponding model parame-
tersare Cjgp, Vs, Zs, and Vprs. Taking into account the punch-through effect may be necessary for
technologies containing a semi-insulating substrate (layer). For most technologies, however, there
is no punch-through effect at the CS junction, and V ptg can be set to "infinity".

Since the CS junction is modelled by asingle element, Cjg contains-  from aphysical point of
view - both the bottom and peripheral portion of that junction; i.e., the model parameters result
from merging the corresponding voltage dependent portions [42] (see also Fig. 2.1.17/4).

For certain applications and processes, an additional substrate coupling network in seriesto Cjs

aswell as a substrate transistor may be necessary. These extensions are discussed | ater.
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2.1.5 Static base current components
The base current flowing into the emitter can be separated into a bottom and peripheral compo-

nent. The bottom portion models the current injected across the (effective) emitter area, and the pe-
ripheral component models the current injected across the peripheral BE junction. Each of these
components contains the current contributions caused by volume (SRH and Auger) recombination,
by surface recombination, by tunneling, and by an (effective) interface recombination velocity at
the emitter "contact”. The physical modelling of all these effects including the modulation of the
neutral emitter width in advanced and heterojunction bipolar transistors would require acomplicat-
ed and computationally time expensive description aswell asasignificantly increased effort in pa-
rameter determination. From a practical application point of view, however, a simpler approach
does exist that is sufficiently accurate.

The following equations describe the d.c. and quasi-static component of the base current, which
are applicable also at high frequencies. Note, that at high switching speeds or frequencies, the dy-
namic (capacitive) component of the base current becomes much larger than the d.c./quasi-static
component, so that its correct modeling is of higher importance for those applications.

The quasi-static internal base current, which represents injection across the bottom emitter area,
ismodelled in HICUM as

i Vo Ve
liBei = IBEiS[exp%ﬁE—l}+IREiS[expE|.ﬁE—l} (2.1.5-1)
| |

The saturation currents I ggjs and Iggig as well as the non-ideality coefficients mgg and mgg; are
model parameters. Thefirst component in the above formularepresentsthe current injected into the
neutral emitter; a corresponding mggi>1 represents effects such as Auger recombination and the
(very small) modulation of the width of the neutral emitter region. The second component repre-
sents the loss in the space charge region due to volume and surface recombination; the value of
MRg; is usualy in the range of 1.5 to 2 so that this component only playsarole at low injection. It
is used to model the decrease of the current gain at low current densities.

Analogously, the quasi-static base current injected across the emitter periphery is given by
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i | - e 5y (2.1.5-2)
ey = exp - exp -1 . 1.5
JBEp — "BEPS Maep V1l REPS Mrep V1l

The saturation currents | ggps and | geps aswell asthe non-ideality factors mggp, and mggp, are mod-

el parameters.

Since the recombination at low forward bias is more pronounced at the emitter periphery com-
pared to the bottom, its contribution (I ggis ---) to theinternal base current component may often be
omitted in order to simplify the model and the parameter determination.

In hard-saturation or for inverse operation the current contributions across the base-collector

junction become significant. The component of the internal BC junction is

. 1.Vec
liBci = IBCiS[expm,nBii/ 15—1} : (2.15-3
|

The component for the external BC junction reads correspondingly

O Vge O
ERe } . (2.1.5-4)

liBex = IBCxS{eXpEmD o VTDD_l
X

Inmany practical cases, both components can be combined into one, i;gc, between B* and C', with-

out loss of accuracy (in, e.g., the output characteristics). This ssimplifies parameter extraction and

reduces the number of model parameters.
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2.1.6 Internal baseresistance
In HICUM theinternal and external base resistance are separately treated. The value of the inter-

nal base resistance rg; depends strongly on operating point, temperature, and mode of transistor op-

eration (d.c., transient, h.f. small-signal). Especially the last mentioned dependence is a very
complicated issue for high-speed large-signal switching processes.

Thed.c. internal base resistance is modelled by

rgi =i Y(n) (2.1.6-1)

and isin HICUM/L evel2 defined by the effective emitter dimensions bg and | . Both the resistance
r; and the emitter current crowding function are bias and geometry dependent, and will be given

below.

Conductivity modulation is described by the expression [25, 27]

_ Qo
which is based on the bias dependent portion AQ,, of the stored hole charge,
AQp = AQjg +AQ g + Qr + Q|- (2.1.6-3)

Qo isamodel parameter that is often close and physically related to the zero-bias hole charge Qo
[25, 27]. Therefore, Qq is calculated from Qg as

|Q0 = (1 +fp0r0)Qpo (2.1.6-4)

with the factor fyq0 as model parameter. The zero-bias internal base resistance rg;q is model pa-

rameterswhich is calculated by TRADICA asafunction of emitter geometry and zero-biasinternal

base sheet resistance rgg;jo; Fig. 2.1.6/1 shows the typical bias dependence of the (normalized) in-

ternal base sheet resistance; the ratio rggj/r'sgjg is proportional to ri/rgjo.
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Fig. 2.1.6/1: Typical bias dependence of the normalized internal base sheet resistance and compar-
ison to eq. (2.1.6-2) with fyo0=0 (labeled eq. (*)) and fyo0>0 (labeled eq. (**)) [27].
DEVICE corresponds to (1D) numerical device simulation; (Vgg=Vg'g)-

For atransistor with ng emitter contacts (or stripes) and arbitrary aspect ratio |g/bg = 1:

be
MBio = Tssio | Yi (2.1.6-5)
ENe

with the geometry function [33, 34] for ng+1 base contacts

Ll 1P _
9~ 2702728601, (2.16-6)

The effect of emitter current crowding is described for all aspect ratios Ig/bg = 1 by the function

[33, 34, 26]

w(n) = '—”—Qﬁtﬂ) (2.1.6-7)
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with the current crowding factor

-LIBEI (2.1.6-8)

The factor fge, isamodel parameter which takes into account the geometry dependence of emitter

current crowding (cf. Chapter 2.1.17).

For transistors with narrow emitter contacts (or stripes) the influence of the charge storage at the
emitter periphery on the dynamic transistor behaviour can significantly increase. In order to obtain
acceptable computation times and keep the extraction effort reasonable, the HICUM/LEVEL 2
equivalent circuit does not contain acomplete peripheral transistor element. Therefore, the periph-
eral charge hasto be taken into account by modifying existing elements. The internal base imped-

ance seen between the terminals B*-E' is decreased by the (effective) peripheral charge Qg to

x AQ; AQ,

AQ; isthe change of the hole chargein theinternal transistor during aswitching process. For model
implementation, however, AQ; is approximated by the change of only the major hole charge con-

tributions w.r.t. equilibrium,

AQ, = Qg * Qr (2.1.6-10)

with Q; astheinternal minority charge. The latter aswell asthe peripheral minority charge Qg can
be calculated from the total minority charge Qy, that is analytically described in the model, using
the model parameter fq;,

Qi = Q] ad Q= (1-fg)Q (2.1.6-11)

foi can be determined from the transit time of transistors with, e.g., different emitter widths. Note,

the denominator of (2.1.6-9) contains Q directly so that Qy,, is not required to be explicitly known
or calculated.

For the (high-frequency) small-signal case a similar expression can be derived [13],
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* C|
(PN S — — (2.1.6-12)
Bi B|OCi + CdEp
with Cygp = Cye(1-fi) asthe peripheral diffusion capacitance and
|Ci = Cigi + Cygi + Cyi (2.1.6-13)

asthetotal capacitance connected to the internal base node B'. The use of r;i from (2.1.6-9) gives

for slow transients or low frequencies a (small) difference compared to the actual d.c. value of rg;.

However, that deviation is usualy insignificant because the influence of the peripheral charge or
capacitance is large only for narrow emitter stripes where the d.c. internal base resistance is com-
paratively small. Note again, that for calculating the denominator of (2.1.6-12) Cyg, does not need

to be known explicitely, but only Cye.
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2.1.7 External (parasitic) biasindependent capacitances
In addition to junction and diffusion capacitances, that are both operating point dependent, there

may exist constant oxide capacitances between base and emitter as well as base and collector. The

base-emitter oxide capacitance Cg,, is caused by the overlap of emitter poly over base poly. The
base collector oxide capacitance C,, is caused by the overlap of base poly and contact region over

the buried layer (or the epi collector). The significance of theses capacitances depends on the tech-
nology considered. In order to make HICUM applicable for an as large as possible variety of tech-

nologies two "oxide" capacitances are included in the equivalent circuit of Fig. 2.1.1/1.

Crox takesinto account the overlap of emitter and base connection, e.g., n™ poly-silicon separated

from p* poly-silicon by the thin spacer oxide in double self-aligned transistors (cf. Fig. 2.1.7/1).

silicide

P
Con

/
/ + 1 7 \
///////,,, n* poly-silicon /////
p* (base) nt

Fig. 2.1.7/1: Physical origin of the BE isolation capacitance Cgy.

In many modern bipolar technologies the base contact is located on a field oxide and causes an

additional isolation capacitance Cc, between base and collector termina (cf. Fig. 2.1.7/2). This
capacitance is included in the equivalent circuit within Cgc, Since its partitioning across rg, de-
pends on the technology. The parameter g determines the actual partitioning of Cey, too.

Both oxide capacitances are strongly geometry dependent and either have to be measured using
proper test structures or can be calculated by TRADICA.
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2.1.8 External seriesresistances
The resistive regions of the external transistor and the emitter contact are represented in the

equivalent circuit of Fig. 2.1.1/1 by bias independent series resistances. The reason for including a

substrate resistance in the equivalent circuit will be discussed in Section 2.1.11.

A. External base resistance
Fig. 2.1.8/1 contains a cross section through the external base region of a double-poly self-

aligned bipolar transistor. The external base resistance rg,, consists of the following components:

* base contact resistance, rgg;

* resistance of the poly-silicon on the field oxide, rpy;

* resistance of the poly-silicon on the mono-silicon, rgny;
(link) resistance under the spacer, rg,.

contact

silicide

fica] — p* poly-silicon . oF specer
= - ///////////////

< =

mono-silicon

Fom

+

p £

Fig. 2.1.8/1: The various components of the external base resistance.

The value of each of these components depends on the dimensions of the region and the corre-

sponding sheet resistance or specific resistivity [33, 34]. The external base resistanceisthen given

by:
Bx =TkB *fpo t fpm + Tsp - (2.1.8-1)

Many advanced processes use a silicide with a sheet resistance of typically 2...8 Q/sq. Asacon-
sequence, r,, and aportion of rp,y, are significantly reduced and become small compared to the con-
tact and, especially, the link resistance.

For short emitters and transistors with a one-sided base contact only, 3D effects become impor-

tant that are taken into account by TRADICA'’ s resistance cal culations according to [33, 34].
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B. External collector resistance
Fig. 2.1.8/2 contains a cross section through the buried layer and collector region of a bipolar

transistor. The external collector resistance r, consists of the following components:

* collector contact resistance, ry c;

* resistance of the sinker region, rg, connecting contact and buried layer;

* resistance of the buried layer, ry.

The value of each of these components depends on the dimensions of the region and the corre-

sponding sheet resistance or specific resistivity [42]. The external collector resistance isthen given

by:
fex =Tke + lsink ¥ ol - (2.1.8-2)

The externa collector resistance does not contain any resistance component from the epitaxial
layer under the emitter. If rg ¢ isdetermined by the poly-mono-silicon interface resistance it would
be about the same as the emitter contact resistance.

The distributed collector current flow in multi-emitter transistors as well as a different number
and location of collector stripes (or contacts) is taken into account in TRADICA by using special
formulas. Also, for short emitter (and collector) stripes, current spreading in the buried layer isin-

cluded in the resistance cal culations.

silicicide

symmetry
line

i
1
|
| n* (buried layer)

Fig. 2.1.8/2: The various components of the external collector resistance.
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C. Emitter resistance
The emitter resistance rg consists of the following (major) components:

metallization resistance, rgm;

* poly-silicon resistance, rgp;

* resistance of the interface between poly-silicon and mono-silicon, rg;;
resistance of the mono-silicon bulk region, rgp,.

n* poly-silicon

P

/

p" (base)

Fig. 2.1.8/3: The various components of the emitter resistance.

For many processes, measurements have been showing a direct proportionality of rg with the re-

ciprocal emitter window area. As a consequence, it is assumed that the emitter resistance for tech-

nologieswith poly-silicon emitter ismainly determined by the resistance r; at theinterface between

poly- and mono-silicon, and that contributions from the other regions are of minor importance.

However, this hasto be verified for each particular process.
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10t

+ + measurement
9r fit

. [0
o1 (]
\
\

0 0.65 011 O.i5 012
VA, [1/pm?]
Fig. 2.1.8/4: Measured emitter resistance vs. reciprocal emitter window area and comparison to the
scalingequation r = T/ Ag + 1y with T asareaspecific emitter resistancein [Qumz]
and ry asresidual (parasitic) probe resistance.
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2.1.9 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 lateral spatial direction.

a) Vertical direction
It is well-known from “classical” transistor theory that at high frequencies the minority charge

Qs and the transfer current it are reacting delayed w.r.t. the voltages across both pn-junction (e.g.

[50]). This effect is taken into account in HICUM by introducing additional delay times for both
Qs and I++. These additional delay times are modelled as afunction of bias by relating them to the

transit time [13]:

(2 = Qofff and Ty = 07T - (21.9-1)

The factors o and a1 are model parameters. The assumption of a stiff coupling between the ad-

ditional delay timesand the transit time hasto be regarded asafirst order approximation, especially
at high current densities where a certain current dependence of oo and o has been observed [37].
However, it is questionable whether a more complicated modelling of T, and 1, is justified from
an application point of view [13]. Note, that the SGPM only allows 1, to be specified for one
(fixed) operating point. Fig. 2.1.9/1 showsthe NQSfactors asafunction of collector current density
for a15GHz process.

The additional time delay, which results in an excess phase in the frequency domain, isimple-
mented in HICUM using a second order Bessel polynomial [49] for both time and frequency do-
main analysis in order to maintain consistency of the respective results. The ideal delay proposed
in [50] would cause implementation problems in a circuit simulator for time domain analysis. The
use of a Bessel polynomial avoids those problems and leads to the same results in the frequency

range of practical interest.
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Fig. 2.1.9/1: NQS factors as afunction of collector current density calculated from 1D device sim-
ulation; Vg = 1.5V.

b) Lateral direction
Dynamic emitter current crowding causes at high frequencies (or fast transients) a reduction of

the impedance seen into the internal base node compared to d.c. or low-frequency conditions.
For the small-signal case the distributed character of the internal base region can be modelled by
shunting an adequate capacitance C,g; in parallel to the d.c. resistance rgj. An analytical treatment

of the small-signal input impedance of a stripe emitter transistor with |g/bg>>1 results for not too

high frequenciesin

Crgi = fergiCi (21.9-2)

with C; asthetotal capacitance connected to the internal base node B',

C = Ci5 " Croi * Cae * Cac (2.1.9-3)
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From theory fc,gj = 0.2 for along rectangular emitter stripe [21]. In genera though, f-,gi depends

on the emitter geometry; for instance, it increases (slightly) for smaller emitter aspect ratios. There-

fore and to provide maximum flexibility, fogj iS considered as a model parameter.
Note, that for fast large-signal transient applications, the use of C; islessjustified since the tran-

sient current crowding violates the assumptions upon which the derivation of (2.1.9-2) is based.
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2.1.10 Breakdown

2.1.10.1 Collector-Base Breakdown
HICUM contains a breakdown model for the base-collector junction that is valid for aweak av-

alanche effect and a planar breakdown occurring in the internal transistor, i.e. below the emitter.
The latter is a reasonable assumption because published measurements for (self-aligned) poly-sil-
icon emitter transistors show such a planar breakdown rather than a breakdown at the periphery of
the external BC-junction. The model, which is described also in [39], is intended to indicate the
onset of breakdown. In how far, however, it is suited for asimulation and design of circuits some-
what within the breakdown regime depends on the numerical robustness of the particular circuit
simulator. Also, the present model does not include breakdown at high current densities, where the
maximum electric field occurs at the buried layer rather than at the BC junction. The related insta-
bilities (such as snap-back) would cause convergence problems for most circuit simulators.

The model equation for the element | 5\, in Fig. 2.1.1/1 is based on the well-known relationship

Wec
iav = It I a,, exp(-b,/[E|) dx (2.1.10-1)
0
The ionization rate &, and the field by, are coefficients describing the Avalanche process, E is the
electric field within the junction region, X isthe ordinate in vertical direction, and wgc isthe width

of the BC depletion region. From this, the avalanche generation current can be approximated by

. . JavL 0
i = it Fag (Ve — Vi) EXpE- (2.1.10-2)
avL ~ It Tavi\Vpci =VeC DCjCi(VDCi_VB'C')D
with the model parameters
fAVL= Zaﬂ/bn , (2110-3)

JavL = bnSAE/Z , (2110-4)

which depend on emitter area, physical data and temperature (viaa, and b,).
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The possible numerical instability in (2.1.10-2) at vg:=Vpcj can be avoided by replacing the
term (Vpci-Ve'c) by the normalized depletion capacitance, C.=Cici(vg'c)/Cicio, leading to the ex-

pression

Tavi Vo avL C(1/ Zei - 1)

I expD— )
! clz U'CicioVoci a

AL = (2.1.10-5)

Cc

which is continuously differentiable via C.. From a computational point of view, however, iy
can also simply besetto zerofor vg.c20. Atlargereversebiasvg.c<-gav /Cicio, iavL islinearized

to avoid convergence problems.

Fig. 2.1.10/1 shows theratio i o\, /I, which is proportional to the multiplication factor, as func-

tion of the normalized BC voltage for different values of the exponent coefficient gy /

(CicioVbci)-

11.4
0.9

T

T

0.8

0.7

T

0.6

T

13.7

T

~.0.5

T

T 04

0.3

T

0.2

T

19.0

T

0.1

Ve ! Voe

Fig. 2.1.10/1: Avalanche current i\, normalized to the transfer current |1 as afunction of the nor-
malized BC voltage for various values of the exponent coefficient day(/(CicioVpci)

(see labels). Model parameter used: C;;o=0.56fF/um?, V p=0.79V, z~=0.307.
jCi0 DCi Ci
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2.1.10.2 Emitter-base breakdown
In advanced bipolar transistorsthe EB breakdown voltageisusually around 1...3V dueto the high

doping concentrations. As aresult, the breakdown effect in advanced (high-speed) transistors cor-
responds to a tunnelling mechanism.

The model equation employed in HICUM (cf. [39]) is based on the expression for the tunnelling
current density [46]

3
2m*/E -V 81t /2m*E-E
= ‘;q ( )EBEj exp{— < G} . (2.1.10-6)

Joc. =
BEt h 3thBEJ_

Eg isthe bandgap energy, m* is the effective electron mass, h is the Planck constant, and V isthe
voltage across the respective BE junction; i.e. V=Vg:g for the bottom junction or V=V for the
perimeter junction. Egg; isthe electric field at the junction which - according to the theory of abrupt

junctions - can be expressed as

Egg = (2.1.10-7)

Wge

with V pg asbuilt-in voltage of the respective junction. wgg isthe space charge region width of that

junction and given by

Wee = Weeo(1-V/ Vpe) (2.1.10-8)

with the zero-bias value

€5Ae0” CiEio , bottom junction

T . —_—
Es PEO%)'SEXM%/ Cigpo - Perimeter junction

I o

Peo and Agg are the emitter window perimeter and area, respectively, and Xje isthe vertical junction
depth. Cjgip and Cjgpo are the zero-bias depl etion capacitance of the bottom and perimeter junction,

respectively. Thefactor 0.8(1v2)x; approximates the perimeter junction curvature caused by |ateral
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outdiffusion of the emitter doping. Inserting (2.1.10-7 to 2.1.10-9) back into (2.1.10-6), defining a
normalized voltage V =V/V pg, and multiplying with the respective area yields for the tunnelling

current

. 1- = —
iger = lgets(—Ve) (1-Ve) ? exp[—aBEt(l—Ve)Z ]] : (2.1.10-10)

Fig. 2.1.10/2 showsthe normalized tunneling current as afunction of normalized junction voltage.

For numerical reasons, the 1-V, terms are converted to terms that contain the respective normal-
ized bias dependent depletion capacitance C=Cjg(v)/Cjgo, which has been made numerically sta-

bleat V=1. Using the classical Cjg(V) relationship which isvalid at the reverse bias of interest,

1-1/z

(1-Vy)C, = C4 , (2.1.10-11)
leads to the final formulation
i 1-1/7 /2 -1
iget = lpets(—Ve)Ce Eexp[—aBEtCe = . (2.1.10-12)
The "saturation™ current
3, 2
2m*/Eg q Vpg
lgets = > Cio (2.1.10-13)
h'eg
and the coefficient
81 2m*E~E~ w
aggr = c-e B8 (2.1.10-14)
3gh 2Vpe

are model parameters, that depend on physical and process data as well as on geometry. igg; IS a
continuously differentiable expression since the depletion capacitance is continuously differentia-
ble.

In most processes, the breakdown effect occurs first at the peripheral emitter junction, because

the doping concentrations are highest there, and due to the curvature of that junction which leads
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to a narrower space-charge region and, thus, to a higher electric field. In this case, Cigo, Vpg, Zg,

and V¢ in the above equations have to be replaced by Cjepo, Vpgp, and zgp and vg«g/V pgp,.

25
" 30

35

Fig. 2.1.10/2: Normalized tunneling current as a function of normalized junction voltage Vg=V/
Vpg for various values of agg;. Model parameters used: Vpg=0.95V, z=0.5.
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2.1.11 Substrate networ k
The substrate contact of atransistor may be at the bottom of the wafer only or, more preferably,

at the surface. But even the surface contact is usually located relatively far away from the CSjunc-
tion, so that a significant resistance rg, may exist in series to the CS depletion capacitance, due to
the usually quite high substrate resistivity pg,. In addition, the high permittivity of silicon, g, leads
to a capacitance Cg, in parallel to rg, that becomes important at high operating speed. Physically,
the connection between the substrate contact and the CS depletion capacitance can be partitioned
into abulk (or bottom) and a periphery RC network [20] (cf. also Fig. 2.1.17/4), each of which hav-
ing the time constant Tg=pg £g;. For practical applicationsin acompact model, however, asmpli-
fied network isemployed that combines bottom and periphery components into one RC equivalent
circuit (cf. Fig. 2.1.1/1). The values of rg, and Cg, are strongly geometry dependent.

Fig. 2.1.11/1 showsthe impact of the substrate coupling on the frequency dependent output con-

ductance of a 25GHz process (see also [15]).

Re(y22) [AV] Re(y22) [AV]

-5 -5
10 ‘ L 10 L ‘
10} 10° 10" 10° 10’ 10
Freq [Hz] Freq [Hz]

@ (b)

Fig. 2.1.11/1: Impact of intra-device substrate-coupling on transistor output conductance (real part
of y,,) as function of frequency. Comparison of measurements (Symbols) and HICUM

(lines): (a) model without substrate network rg,, Cq,; (b) model with substrate network.
Emitter size: 0.4* 14um?; bias point: | /Ag=0.22 mA/um?, V cg=0.8V.

10

© M. Schroter 3/1/01 62



HICUM Model equations

2.1.12 Parasitic substrate transistor
Under certain electrical circumstances, the parasitic substrate transistor can be turned on, depend-

ing a so on the processes and layout of thetransistor. First of all, one can distinguish between abulk
substrate transistor given by the buried layer areaand -  dependent on the process - a peripheral
substrate transistor. The most likely electrical condition for turning on the substrate transistor is a
forward-biased BC junction which occurs either at high current densities under the emitter (internal
BC junction) or if the transistor is operated in hard saturation (external and internal BC junction).
An examplefor thisare power amplifiers, in which the transistor is operated in hard saturation with

Ve - Vcgs and strongly forward biased V. Another condition for turning on the substrate tran-

sistor isaforward biased CS junction caused by voltage drops in the substrate (latch-up).

Since the bulk substrate transistor usually has a current gain of lessthan 1 dueto the highly doped
and wide buried layer, its influence is negligible and needs not to be considered at high collector
current densities. Device simulations confirmed this for an advanced bipolar process. A peripheral
substrate transistor action can be avoided by a surrounding collector sinker with high enough dop-
ing concentration at the buried layer depth. Also, this peripheral transistor does not exist at al in
trench-isolated processes.

In (npn) transistors without surrounding collector sinker, however, the epitaxial collector acts as
alightly doped base between the external base (now the emitter) and the substrate (now the collec-
tor), resulting in apnp transistor with considerable current gain that may be required to be modelled
in addition to the vertical npn transistor. HICUM contains a ssmplified substrate transistor model
in order to take the corresponding effects into account.

The parasitic substrate transistor consists of the elementsits, isc, Cjs, igcx and Cgcy intheequiv-
alent circuit of Fig. 2.1.1/1. While Cjg, igcx and Cpcy aready belong to the standard HICUM
equivalent circuit, a substrate transistor action requires the addition of a substrate transfer current

source. Since substrate transistor action is considered as second order effect, asimplified model has

been chosen for it

_ Vg« Vv
irs = ltg—l1g = 'Tss[eXpEmB \(/:E eXth]S(\:/E} (2.1.12-1)
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with the saturation current | +sg and the emission coefficients mgs and mg, asmodel parameters. The
second termisonly relevant if the SC junction becomes forward biased which of little practical im-
portance; therefore, to reduce the number of model parameters, mg = Mg IS assumed.

In case of aforward biased SC junction, also a"base" current component exists, that is modelled
by the diode equation:

Vaer
i = |Scs[expE%i§§§j%-1} (2.1.12-2)

with the saturation current |g-g and the emission coefficient mg- as model parameters. Although

thiscurrent (and its derivative) are usually of little practical relevanceit isgenerally useful for sm-
ulator convergence.
The minority charge storage in the epitaxial region under the external base is taken into account

by adiffusion charge

Qus = s Isr (2.1.12-3)

with the forward transit time 15 asamodel parameter of the substrate transistor. T depends on the
average current path (neutral base width) under the external base and at the buried layer periphery.
Sofar, the classical base transit time expression turned out to be a good approximation for estimat-
ing the value of 1. Also, device simulations have shown that for high-speed processes the stored
charge represented by Qg has only negligible effect on transistor switching out of hard saturation.

Note, that in advanced bipolar processes the emitter terminal of the substrate transistor (B*)
moves towards the (npn) base contact (B), which makes the external realization of such a parasitic

transistor by a subcircuit even easier.
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2.1.13 Small-signal Equivalent circuit
Fig. 2.1.13/1 shows the small-signal EC, that can be derived from the large-signal EC in

Fig. 2.1.1/1. Nonlinear elements that depend on their branch voltage only, such as diodes, have

been replaced by their conductances. Nonlinear elements that are controlled by other than their

branch voltage, such as transfer current sources and the avalanche current source, are replaced by

the respective controlled source and a possible conductance. The latter contains the direct depend-

ence of the nonlinear current source on the branch voltage while the controlled source is designated

by acomplex current symbol. The respective most important derivativesfor the nonlinear elements

are given below and can be calculated once the currents and charges are available.
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Fig. 2.1.13/1: Small-signal HICUM/L evel 2 equivalent circuit. The external BC capacitance con-
sists of a depletion and a bias independent (e.g., oxide) capacitance with the ratio

Ciex/ Ciex being adjusted with respect to proper modelling of the h.f. behavior.
The elements associated with the derivatives caused by self-heating are not shown.

The capacitances Cgy,

Ciep

Cii» Cjci and G, the parasitic isolation capacitances, and the (bias

independent) series resistances have already been defined in the previous sections. The diode ele-

ment current equations are linearized as usual to give the respective conductances giggp, 9igEi»

gisci» 9iBCx: Gjsc which read in genera
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s V|—|_I +1s
9n = mv; P V.0

(2.1.13-1)

with n={ BEp, BEi, BCi, BCx, SC} and V asthe respective branch voltage.

The conductance of the tunneling current element follows directly from eqg. (2.1.10-10),

_ dlggr _ e ABEt Ve(1-7) z
98Et = Gy Vpe exp _(1—V )1—zE [1_ 1-V, [(1- ) +aBEt]:|
e

in which 1-V can be converted into the continuously differentiable capacitance ratio:

IsEts bzt Vz., 1/7.-1
OBEt — VDt exp(—aggCe ~ [1-Ve(1-2)Cy (Co =~ +agg)] (21.13-2)

Theforward transfer I current dependson Vg g and Vg (or V) and, therefore, leadsto a
voltage controlled current source g,,Vg g and the output conductance element g,. The various

conductances of the transfer current that are required for the small-signal equivalent circuit are cal-
culated in HICUM/L 2 asfollows:

di _hm Qo vt Tl — MGV

b e =
dVege|, Ve Qpr* Tely + T 7l
B'C

d dCh (2.1.13-3)
Tf1-ch

with I¢1 from (2.1.2-13), Q, 1 from (2.1.2-3), V¢ = meV,

0o = 1+ 2l /T, (2.1.13-4)
and
d
T = Qur (2.1.13-5)
’ dl
Vge

The latter is calculated for the simple (1D) case analytically from the already known transit time
contributions and weighting factors (model parameters). If collector current spreading is included

(LATB and/or LATL greater than zero), Ts 1 is calculated numericaly due to the smaller number

of arithmetic operations compared to the corresponding full analytical expression.
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The forward component of the output conductance reads

di | 711 d
= = 1= (2.1.13-6)
Sre dVee|,, Var 1+d T 1lyy/Qp 1
with a bias dependent “Early” voltage
YVE 1 (2.1.13-7)
o
IC1iCi gV e
dVee Ve
and the (bias dependent) factors
_ - expldc 0 )
d = dchl+e and e expD‘/T 1D . (2.1.13-8)
The latter factor results from the smoothing function for | .
The corresponding inverse conductances are
dl | Q —(h; +h_.C _+1 W
S, = Tr _ . Ir p. T jei ]EI ici™jcCi f,TSfb T (2.1.13-9)
dVge » VT Q1+ Tl
and
dli | Q + (T 1SN )Vt
S, = —1- SN RASTNL SR LT (2.1.13-10)

From these derivatives follows the transconductance in common-emitter configuration
(Vg p=dVp )

iy
I = WVoe

= v, (w=0) = S, + S, (21.13-11)

cE

and the output conductance in common-emitter configuration
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dl
9, = T = yzz(w:O) = _(SfC+SrC) ] (2.1.13-12)
dVCvEu

VB' E"

The resulting small-signal transfer current is then given by

[ = SoVoeS0Vad] (211313

If non-quasi-static effects are included, the transconductance Sy, becomes complex.

Outside of the high-current region, the forward conductances reduce to

ITflf Qp B hj el Cj EiVTf

Om=Omt = 3, (2.1.13-14)
m mf VT Qp, T + TfITf
and
hCo |
9y = Iy =18 = 11 (2.1.13-15)

Qp+ Ty Var

Since hj;<1 for a(positive) bandgap grading in the base, an HBT has a higher Early voltage and
lower output conductance than a homojunction transistor. For experimental examples of the bias
and frequency dependence of the above conductances see chapter 6.

The conductances of the avalanche current element read

dlave
9ave, b = CT\Z;-E_' = KaviSb—9a (2.1.13-16)

VB' c

and

_ dlav
9avi,c = Vg

= Kay, Sc+ O (21.13-17)

Vee

with the “multiplication” factor (cf. eg. (2.1.10-5))
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Tavi Vpei 0 YavL (/g —1)]
k = ——eXpr=—"_—C ' (2.1.13-18)
vt c/% UCicioVoei  © a
and the conductance
' Vzg JavL (/2g-1)
9a = VAVL_ Ce [l’fc—_ v Cc (1—zci)} : (2.1.13-19)
DCi jCi0 Y DCi

The transconductances of the parasitic substrate transistor, which is described by asimple trans-

port model, are given by

lrss MVB*c
Sraub = exp
su, meVT Gnsfv-ll]

I Vger
and  |Srg, s = —mSTrS\jTexanerE , (2.1.13-20)

resulting in the corresponding small-signal transfer current

lTS = STSU, b\—/B'C' - STSU, S\—/SC' . (2113'21)

The BE diffusion capacitance is given by

Cae = 7S - (2.1.13-22)

while the BC diffusion capacitance is approximated by

Cac = TSe™ 115 (2.1.13-23)

The diffusion capacitance of the parasitic substrate transistors reads

[Cas = TsSranp) (2.1.13-24)

and is connected in parallel to C"gcy.

Although the base resistance is bias dependent, the d.c. value is used also for the small-signal

case,
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*

*
Moi = Ipi

(2.1.13-25)

which so far turned out to be a reasonable approximation, while at the same time simplifying the

implementation significantly.

If self-heating is turned on, the derivatives of the relevant equivalent circuit element variables

with respect to the temperature caused by the dissipated power P are also taken into account. The

most important derivatives are given bel ow; justified simplifications have been made regarding the

derivatives of certain componentsin order to obtain the fairly compact expression.

The derivatives below are defined for constant voltages at the nodes of the electrical equivalent

circuit:

[3+VGb_VB'E}
d|—|—f ITfl meVT
| = S0 '
dT |, T 1+Tf,T|Tf1
Qp,T

dl oy

o7 y = Sttav UKavi S|
dP
arl = Sot = VeeSt—VeceStat -

v

(2.1.13-26)

(2.1.13-27)

(2.1.13-28)

In addition, the dissipated power requires derivatives with respect to node voltages, assuming a

constant temperature (= voltage at the thermal node):

aP

= Vee(Sp—S) —[VaceSay * lavd] | (2.1.13-29)
Vg

V, AT

dap —
v = [Vee(Se=Sc) + 11 = [VecSbay = avd |- (21.13-30)

Ve
V,AT
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2.1.14 Noise model
The noise behaviour is modelled by employing the small-signal equivalent circuit in

Fig. 2.1.13/1 and adding to all series resistances, diodes, and to the transfer current source their
corresponding equivalent noise current sources. Compared to the SGPM, the more sophisticated
equivalent circuit and more accurate model equations of HICUM/L 2 allow amore accurate overall
description of the noise behaviour, especially at high frequencies (e.g. [40]).

In ohmic resistances thermal noise istaken into account by an equivalent noise current source

= AR TAT
Ir=—

(2.1.14-1)

withr =rg, rey, ey, OF I'gj  (Cf. below). kg isthe Boltzmann constant, T the temperature, and Af is
the frequency interval. Investigations have shown that for certain processes a distributed model of
the internal base yields an improved description of the high-frequency noise behaviour. However,
in order to avoid either swapping transistor models as a function of simulation mode or larger sim-
ulation timein general by using atwo- or multi-transistor model, afactor k,g; is available as an ad-
ditional model parameter. Therefore, for noise calculations, amodified internal base resistance can
be used:

*

rBi,n = kl’BI rBI . (2.1.14'2)

Shot noiseis assumed for transfer currents, such as

12 = 2q1; Af|, (2.1.14-3)

aswell asfor the avalanche current | 5\, and for currents across junctions (diode currents),

2
I} diode = 20ljgioge Af| (2.1.14-4)

with theindex diode = {BEi, BCi, BEp, BCx, CS}.
The base current components injected across the BE junction also contain flicker noise, which
depends inversely on the frequency f. Investigations of flicker noise in polysilicon-emitter bipolar

transistors seem to indicate that the flicker noise is generated at the poly-silicon to mono-silicon
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interface [6,7,8]. This corresponds to a strong correlation between the bottom and perimeter com-
ponent. As a consequence, and for simplification of the noise model and its implementation, the

present version contains only one flicker noise source in parallel to gjgg; that combines the bottom

and perimeter current,

2 ar Af
lgg = ke (IjBEi +|jBEp) ik (2.1.14-5)

with kg and ag as model parameters. Deviations from the 1/f behaviour, which can be caused by,

e.g., random telegraph noise, cannot be taken into account by the employed model.
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2.1.15 Temper atur e dependence
Temperature dependence is described in HICUM via those model parameters that are related to

physical quantitieslikeintrinsic carrier density or mobility. Inthefollowing formulas, T istheref-

erence temperature for which the model parameters have been determined. The formulas are valid
for a temperature range between about 250K and 400K, assuming that the model parameters are
determined around Ty = 300K. The validity range depends somewhat on the technology consid-

ered. A more detailed description of the physical background of certain formulas employed in HI -
CUM isgivenin[31, 32].

For al quantities that contain the bandgap energy or its equivalent bandgap voltage V g, respec-
tively, the assumption of alinear dependence of bandgap with temperature is sufficient in the tem-
perature range specified above. In most circuit simulators, though, this is assumed only for the
saturation currents, which are most sensitive to temperature changes, while for the built-in voltages

often amore complicated function Vg(T) is used (e.g. [46]) which isvalid down to quite low tem-

peratures. However, since effects such as freeze-out are usually not taken into account by compact
models, it is not recommended to use a model below about 250K unless its parameters have been
extracted or at least verified especialy for that temperature range.

For numerical reasons (over- or underflow), some of the original equations have to be modified,
mostly towards very temperatures. The respective smoothing functions to be used for circuit sim-
ulator implementation are also given below. It isassumed that every circuit simulator prevents neg-
ative or zero temperature.

Temperature coefficients (TCs) are designated by the symbol a.

2.1.15.1 Transfer current
The transfer current is strongly temperature dependent via the intrinsic carrier density n;. Since

the square of n; is contained in the ICCR constant ¢4, thisleads to

V
C10(T) = C1p(Ty) %%Esexp [\‘Zf% ETI'IO - 1%} . (2.1.15-1)

The (over the base region) averaged bandgap voltage V gy, isamodel parameter and
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V(M) =ks T/q (2.1.15-2)

is the temperature dependent value of the thermal voltage. Note, that according to the assumption
of alinear temperature dependence of the bandgap, V g, correspondsto the versus T=0 extrapol ated
value.

The zero-bias hole charge Qg is only weakly temperature dependent via the influence of base
width change with temperature, that is mainly caused by the change in depletion width of the BE

junction:

(2.1.15-3)

i0, Voe(O
Quo(T) = Quo(To) 1+Z§m——M } .
O

[
Voei(Tolg

No additional model parameters are required here. Also, for typical values of Vg in the order of
V gp the value of Qg will remain positive up to extremely high temperatures. Therefore, asmooth-

ing function is omitted here to keep the computational effort minimal, particularly during self-heat-

ing calculations.

2.1.15.2 Base currentsand current gain
The forward current gain Bs can be modelled as a simple linear function of T,

Bi(T) = Bi(Ty)[1+ agAT] (2.1.15-4)

with the relative temperature coefficient

1 dB

Og; = B—f(—T?.—)-a-F (2.1.15-5)

To lc(low)
as amodel parameter, which can be easily measured (at low current densities). Since in HICUM
not the current gain but the physically independent base current is described, the respective satura-

tion currents are modelled as a function of temperature and current gain TC

\Y
lgs(T) = IBS(TO)E%ESexp[%%—%—anM} : (2.1.15-6)
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with Igs (= Iggis: Ireis |BEpS' IREPS: €SP.) @d Mg (= MgEj, MRgj, Mgy, MRep, resp.). Like the
transfer current the main contribution to the temperature dependence is caused by theintrinsic car-

rier density. However, the relevant bandgap is given by the emitter region and, thus, the V g, term
is corrected here by the term agAT with AT=T-T, which takes into account the difference be-
tween the bandgap in the emitter and base region. In addition, the ideality factor mg, which is as-
sumed to be temperature independent, occurs as a factor for V.

A similar relation, but without the term agsAT, isused for the saturation currents of the base cur-
rent components across the BC and CS junction after inserting the respective model parameters.
For completeness, an additional parameter ag, could be introduced for instance, but at the expense
of anincreased number of model parametersfor an operation region that is of very littleimportance

for practical applications of bipolar transistors.

2.1.15.3 Transit time and minority charge
Thecritical current density | /A g depends on temperature viaphysical parameterslike mobility

of the epitaxial collector and saturation velocity. The internal collector resistance containsthe low-
field electron mobility and reads

ZCi
roi(T) = rCi(TO)%%E . (2.1.157)

The model parameter {¢; is a function of the collector doping concentration (e.g., [31, 41]). The

voltage V., contains both mobility and saturation velocity, resulting in

ZCi

V. (T) = V,im(To)(l—uvsAT)E%E (2.1.15-8)

with the relative temperature coefficient a, g of the (electron) saturation velocity as model parame-

ter. Designating the above origina voltage as Vﬂm , numerical problems due to negative values of

Viim in Ik at very high temperatures are avoided by using the smoothing function
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D/:)im — VTD
Viim = Ve + Vo Inl 1+ expG——|| . (2.1.15-9)
o Vv O
The CE saturation voltage can be modelled as a linear function of temperature,
|VC.E.S(T) = Veps(To[1+ ace ATl (2.1.15-10)

with o cgs asamodel parameter. Itsvalue can be estimated from the difference between the respec-
tive relative temperature coefficients of the built-in voltages V pg and Vp;.

Thetemperature dependence of thetransit time model isgivenin[41]. Except for the low-current
transit time, no additional model parameters are required. The low-current portion of the transit

time, T4, as afunction of temperature is mainly determined by the quadratic temperature depend-

ence of the parameter 1

To(T) = To(To)[1+a AT +k AT . (2.1.15-11)

The model parameters aq and kg can be expressed by physical quantities.
The time constants g5 and Tpcs depend on temperature via the same diffusivity (of the collec-

tor) and, therefore, the temperature dependence of the composite parameter Ty, Can be expressed as

T (Cci—1)
Theo(T) = ThCS(To)%TTE . (2.1.15-12)

The emitter time constant Tg¢q depend on temperature viamainly the hole diffusivity in the neu-

tral emitter and the current gain. Assuming alarge emitter concentration with a negligible temper-

ature dependence of the mobility, the following expression can be obtained:

VAR
Tero(T) = Teo(To) T+ o AT (2.1.15-13)

which does not require an additional model parameter. Possible numerical problems at extreme

temperatures (very high or very low, dependent on the sign of ag) have to be avoided though; for

this, instead of the original denominator a, = (1+agAT) the following denominator is used:
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2
a,+,a,+0.01
a = — J 2° . (2.1.15-14)

The temperature dependence of the minority charge and of the additional delay times, that model
vertical NQS effects, follows automatically from that of the transit time using (2.1.3-2) and (2.1.9-
1), respectively.

2.1.15.4 Depletion charges and capacitances
The key parameter for the temperature dependence of the depletion charges and capacitancesis

the diffusion (or built-in) voltage. From its proportionality to the bandgap follows

Vp(T) = VD(To)T_TO—VGj ETIO—JE—slenDID . (2.1.15-15)

g

The bandgap voltage V g; corresponds to the vs. T=0 extrapol ated bandgap voltage including (pos-

sible) high doping effects occurring at the respective pn-junction. For simplification, V g; can be set
equal to V gy, but this depends on whether the junction related bandgap voltage is available as pa-

rameter in the particular circuit smulator. Designating the above original voltage as Vg , humerical

problems due to negative values at (very) high temperatures are avoided by using the smoothing

function
VD — VO _
Vp = Vpg +V,In[1+ expDD——DV ] with |\/Da = O.lVD(T0)|. (2.1.15-16)
T

In ELDO and SPICE-like simulators, the built-in temperature dependence of the depletion charge
parametersisused, which isthe same asfor the SGPM and so far proved to be sufficiently accurate
for silicon-based applications.

The zero-biasjunction capacitance can be expressed generally as G~V p % sothat itstemperature

dependence can be directly calculated from that of V:
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Vo (Tl
Cio(T) = CjO(TO)EVDD—(TO)E . (2.1.15-17)

The temperature dependence of the depletion charge follows automatically from (2.1.4-1a) by
applying the above formulas and assuming that the exponent-factor z does not depend on temper-
ature.

The parameter a; determining the maximum value of a depletion capacitance at forward biasis

(empirically) modified as follows:

Vp(T)
Vp(Ty) '

o;(T) = ;(To) (2.1.15-18)

Ascan be seen in Fig. 2.1.15/1, the zero-bias capacitance increases, while the voltage at the maxi-

mum and the maximum itself decrease with increasing temperature.

3.5r

o o device simul.
3r HICUM

O 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1

VB’E’ / VDE

Fig. 2.1.15/1: Temperature dependence of the base-emitter depl etion capacitance, normalized to its
zero-biasvalue at 300K, vs. normalized applied voltage: comparison between 1D device
simulation (symbols) and model equation (lines). The curves are for the temperatures
T/K =300 (0), 350 (*), 400 (+).

The parameter fg- does not depend on temperature.
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2.1.15.5 Seriesresistances
The internal base resistance depends on temperature mainly via the mobility in the neutral base

region, which iscontained in the internal base sheet resistance. Thus, the zero-biasresistanceis de-

scribed as

T Crai
rgio(T) = rBio(To)%EE : (2.1.15-19)

The model parameter (,g; is a function of the (average) base doping concentration (cf. rgig(T)).
Conductivity modulation and emitter current crowding in rg; are automatically described as afunc-
tion of T by the corresponding charges and currents. The shunt capacitance C,g; is temperature de-

pendent via the capacitances of the internal transistor.

External base resistancerg,, external collector resistancerc,, and emitter seriesresistance follow
asimilar relationship as rgjgp. This requires the model parameters {,gy, {;cyx and {,g which are a
function of the (average) doping concentrations within the corresponding regions.

Fig. 2.1.15/2 shows the various types of temperature dependence that can be modelled with the
above equation.
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Fig. 2.1.15/2: Normalized resistance as a function of temperature according to eg. (2.1.15-19) for
different values of ¢ (= {cj, {rpi» {rBx: Crox OF Gr) @S parameter.

2.1.15.6 Breakdown

A. Base-collector junction (avalanche effect)
The temperature dependence of the coefficients describing avalanche breakdown can be de-

scribed as[18]

a(T) = an(To) exp(ana AT) , (2.1.15-20)
b(T) = by(To) exp(an, AT) (2.1.15-21)

with AT=T-T, and the temperature coefficients a,,, and o, Insertion of these equations into

(2.1.10-3,4) givesfor the model parameters

fav(T) = fay (To)exp(a;, AT)| and  [gay (T) = dayi(To) exp(orqavAT) (2.1.15-22)

with the temperature coefficients s, = 05Oy aNd 0 g, = Oy, Which are considered as model pa-

rameters. According to a more recent study in [16], the temperature dependence of the parameter
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a, iIsnegligible while only b,, varies slightly with temperature. Therefore, the exp-function reduces

to (or can be approximated by) itsfirst seriesterms, i.e. exp(a,,AT) =1+ a,,AT.

B. Base-emitter junction (tunnelling effect)
The temperature dependence of the parameters describing BE tunnelling is mainly determined

by the bandgap’ s temperature dependence. The saturation current is then given by [39]

Va(To) 1Voep(D 7 Ciepo(T)
laea(T) = lnera(To) «/—G—_ . (2.1.15-23)
BEtS BEtS\ '0 Ve(T) [VDEp(TO)D CjEpO(TO)
The exponent-coefficient as a function of temperature reads.
Vell) 774 Vpgp(l)
age(T) = aBEt(TO)EV;;(TO)B V;’EED(TO) = agg,(To)| - (2.1.15-24)
p

No additional model parameters are required if either the smulator internal band-gap voltage is

used or Vg=V g isinserted which is areasonable approximation.
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2.1.16 Self-heating
Theincrease of the transistor's “junction” temperature T; caused by self-heating is calculated us-

ing athermal network as shown in Fig. 2.1.1/1b. The current source corresponds to the power dis-
sipated in the device, and the node voltage corresponds to the junction temperature. The calculation
requires the thermal resistance, Ry, and thermal capacitance, Cy;,, (of the particular transistor) as
model parameters. The thermal network is solved together with each transistor model (provided
Rin>0) for d.c. and transient operation. The node voltage is passed on to the model routinein order
to calculate the temperature dependent model parameters.

The power iscalculated from al relevant dissipative e ementsin the equivaent circuit, excluding

any energy storage elements,

2

P=lltVeel+ S |ljaVaiosd +laviVecl+ ¥ AVy/T, (2.1.16-1)
with d={ BEp, BCx, BEi, BCi, SC}, V jjoge 8S respective diode voltage, r,, as (non-zero) series re-
sistances (n={ Bx, E, Cx, Bi}), and AV,, asthe corresponding voltage drop across those resistances.

Note that only self-heating is presently taken into account but not the thermal coupling between
different devices on the chip, which isamuch more complicated topic and does not directly belong
to atransistor model. However, the already existing temperature node of the model can be used for

modelling thermal coupling in acircuit.
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2.1.17 Lateral scaling
This chapter contains a brief description of the geometry scaling used for HHICUM in order to ex-

plain the general idea. The scaling formulas - asfar asthey are biasindependent - are implemented
in the program TRADICA [42] which is used to generate model parameters for a given transistor
configuration (cf. chapter 5). The description of the full set of lateral scaling equations would go
beyond the scope of this text. Note, that due to the many different processes the geometry scaling
of bipolar transistorsis often more complicated than for MOS transistors. However, during TRAD-
ICA’s use over more than 15 years, a quite general way of geometry scaling has been developed,

that has proved to be applicable to alarge variety of processes.

2.1.17.1 Transfer current
The geometry dependence of the parameters of the transfer current is given by the proportional-

ities
2
c10~ A", Quo ~ AE lch~Ag

with Ag asthe effective emitter areawhich is defined in [23, 38].

2.1.17.2 Base current components
The base current components can be split into a bottom and a periphery contribution. For the BE

junction, the bottom component is scaled proportional to the effective emitter area. As a conse-
guence, the periphery component has to be corrected by the amount of current already taken into
account by widening the emitter to an effective areain order to keep the total BE base current the
same.

The base current across the internal base collector junction is scaled with the effective emitter
area, while the current across the external BC junction is scaled with the external BC area minus

the effective emitter area.

2.1.17.3 Minority charge and transit times
The formulas given in Chapter 2.1.3 for t;q, ATy, and the corresponding charge Qs were derived

from one-dimensional (1D) considerations and can be employed if transistors with a fixed emitter

width bg are used, which is assumed to be much smaller than the emitter length |z. However, for
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narrow or short emitter stripes, 2D and 3D effects occur that will result in less physical values for
some of the parameters (such asrg;jg) aswell asin different “shapes’ of the bias dependence of the
transit time. Furthermore, if variable emitter widths and lengths down to the minimum allowed di-
mensions have to be modelled, the 1D equations would require a different set of model parameters
for every size or at least for a certain set of sizes (“binning”). As a consequence, a scalable transit

time model is preferred which is given below [38].

A. Low current densities

The trangit time at low current densities can be expressed as a function of emitter dimensions

through its model parameter

o=t _1+ (Trop” Tr0i1) YePe/ Agg
0 1+YcPe/ Ao

(2.1.17-1)

with Pe=Pgg+4yc and Agg=bgglgg (cf. List of Symbols). The transit time t4; of the bottom tran-

sistor aswell astheratio of the transit time of the peripheral transistor to that of the bottom transis-

tor, Trop/Troi, are TRADICA input parameters.

1.8

1.71 b
3.0

1.6f b

|—-6 2.0

1 1.0

0.5

PE / AEO

Fig. 2.1.17/1: Normalized low-current transit time as a function of emitter geometry for various ra-
tios of Tsp/Troj- Model parameter used: yc=0.05pm.
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B. Critical current (density)
Collector current spreading leadsto alower effective current density and, asaresult, alarger crit-

ical current density than the one scaled by the emitter area only. This can be described by

ICK = ICK, 1D fCS (2.1.17'2)

with the collector current spreading factor

E Zb_z' lcn>Db

fo=OIN[(1+2)/(1+)] = 'E07 PEo (2.1.17-3)
]
0 1+¢, . g0 = bgo

which becomes larger than 1 if current spreading occurs. The new model parameters that also de-

termine the bias dependent lateral scaling (see below) are

W, W,
—<tand.  and = 2-5

& = 2p —tand . (2.1.17-4)
E E

They depend on the collector current spreading angle & whichisa TRADICA parameter. The cor-
responding HICUM model parameters names are LATB (= {},) and LATL (= ;). Since the factor
f.s Can be incorporated into the model parameter r¢jq (cf. eg. (2.1.3-9)), it does not appear as addi-

tional parameter for HICUM. Fig. 2.1.17/2 shows the factor f g asafunction of various parameters.
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Fig. 2.1.17/2: Collector current spreading factor vs current spreading angle and ratio of emitter
width to length, respectively, for avariety of parameters; upper left: emitter aspect ratio
variation; upper right: variation of epi to emitter width for along stripe transistor; lower
left: same abefore, but for ashort transistor; lower right: variation of angle (in degrees).

C. High current densities

If the transistor enters the high-current region, minority charge is stored in the collector within

the injection zone w; which is strongly bias dependent. This width also depends on the collector

current spreading angle and can be calculated in normalized from as

O
K—1
O len>
W _ 0O ¢ — Ky + leo>beo
— =0 (2.1.17-5)
We O i[l-i-—zb _ 1:| l-..=b
A Gl +igd, LR TR
with
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I N T G T G kR e
K = 1+Zbexp[lckln[}lJerD} = L+ g0 (2.1.17-6)

and the normalized current

. .2
_ i + J| + Qe ] ) lck
g = 1—————— with i=1-—= (2.2.27-7)
ek 1+ /1+a,, ¢

Fig. 2.1.17/3 shows the normalized injection width as a function of normalized (forward) collector
current with the current spreading angle 8¢ as a parameter. =0 corresponds to the 1D case; with
increasing spreading angle, the current density in the collector is reduced and, therefore, the exten-
sion of theinjection width decreasesrelative to the 1D case. Compared to long transistors (Fig. (a)),
which correspond to the 2D case with |g >> bg, the impact of current spreading is smaller than for
asguare-emitter transistor (Fig. (b)), sinceinthelatter current spreadingin all four lateral directions

becomes significant.

051 0.5

04r 1 20

| 40

021 0.2F 1 60

. 1
ITf/ lCK le/ lCK

@ (b)

01 0.1

Fig. 2.1.17/3: Normalized injection width as a function of normalized (forward) collector current
for various current spreading angles dq: (a) long emitter Ig>>bg; (b) square-emitter
|g=bg. Parameters: w/bg = 1, a,.=0.05, wc/lg = 0.01 for (a) and w/lg = 1 for (b).
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Also, the eguations for ;- and Q¢ have to be extended in order to be able to describe the bias

dependence of the occurring 2D and 3D current spreading effects [38]:

T
o fCilnD1+z WD_be+f0|
02 I » leo>bgg
Qct = Tpes ITf% (¢, (2.1.17-8)
0 1+{wW/3 , | b
i) My ’ -
E 1+w Eo = Peo
With Tpcs = frnclhes: @nd the auxiliary (bias dependent) functions
+
fo, = we T8 2 S0 a (2.1.17-9)
2 3
1 Crrx2inx—1] +17 . 1 Grx[3Inx—1] +1
fop = =0 -2 [ }+——[ J 2.1.17-10
T Gl 9 (211739
withx =1+ {yw and
fa =fepp < Q) (2.1.17-11)

i.e. fo) has the same form as f -, but with ¢, and ¢; interchanged.
In the implementation of these equations, potential divisions by zero, that could occur for {,,= 0
or {{=0o0r {,=¢; =0 (1D case), have been taken into account by appropriate series expansions,

which then also include the 1D theory described before. For the 2D/3D case discussed above, the

transit time is calculated numerically

_ 9Q¢

Tor = . (2.1.17-12)
dl

The base charge component at high current densities, AQgy, is still calculated without current
spreading, using the saturation storage time Tz, s = Thes(1-frhe) and the analytical expression of the

corresponding trangit time Atgs.
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2.1.17.4 Depletion charges and capacitances
Internal capacitances and charges are scaled with the effective emitter area.

Scaling of external capacitances and charges depends on their physical origin:

» The geometry dependent peripheral BE depletion capacitance is calculated from the difference
between the total and “ effective” internal BE capacitance.

» The various components of the external BC depletion capacitance are calculated from the cor-
responding capacitance per area or perimeter (“specific” values) times the respective area or
perimeter, with the latter one including corner contributions as well.

» The CS capacitance components are calculated from their respective specific values and the
buried layer bottom area as well as from the dimensions of the peripheral substrate junction.
Fig. 2.1.17/4 shows the various components that contribute to the peripheral CS depletion
capacitance of ajunction isolated bipolar transistor.

Also, BC and CS capacitance values can be predicted by TRADICA based on collector doping and

specific substrate resistance.

thick (field) oxide thin (field) oxide/ deep trench
shallow trench

Fig. 2.1.17/4: Process variants of the CS junction, including components for modelling the deple-
tion capacitance and intra-device substrate coupling.

2.1.17.5 Seriesresistances
The seriesresistances of a bipolar transistor depend strongly on geometry and contact configura-

tion of the respective transistor. The geometry scaling of the internal and external base resistance
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is described in [26, 33, 34]. The model parameter fge, occurring in the current crowding factor is

given by
foog = —— (2.1.17-13)
in which the geometry functions

b 2 b
o 218.3—[12.2-—'5—19.6[@]} ad g =—-0OL L1702 (2.1.17-14)

I 0.0 T 1270127 28601,
depend on the emitter dimensions only and describe a smooth transition from long to short emitter
windows.

The external series resistances rg and rey can be calculated by TRADICA from specific resist-

ances, sheet resistances and design rules, taking into account varioustransistor configurations. This
method, which allows an independent determination of series resistances, is believed to be more
accurate and flexible than (“direct”) extraction from measurements since reliable methods for
measuring these resistances do not exist. Most measurement methods are either applicable to a par-
ticular process, a certain bias range, or a certain transistor operation (d.c. or small-signal), and va-

lidity limits are often unknown or difficult to assess.

2.1.17.6 Breakdown
The avalanche effect formulation contains only gy, as directly area dependent parameter, be-

sides variables such astransfer current and internal BC capacitance, the scaling of which is already
being taken care of.
Under the assumption that in amodern bipolar transistor tunnelling occurs at the emitter periph-

ery junction, the geometry dependence is given by the perimeter Pg of the emitter.

2.1.17.7 Par aditic substrate transistor
Since it is assumed that for most bipolar processes the substrate transistor is determined by its

peripheral component, all current related parameters are presently scaled by the CS perimeter
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length. The CS depletion capacitance was already discussed before. The transit time scales verti-
cally with the distance between the epi-substrate and the BC junction.

2.1.17.8 Self-heating
Presently, Ry, and Cy, are scaled as follows with the effective emitter dimensions,

Rin = Ith fih and Cth=Cth/ftn (2.1.17-15)

with the geometry function [11]

_ In(4lg/bg)

" (2.1.17-16)

le

l'th and ¢y, are TRADICA parameters, that are defined for areference structure with bg ¢ and I g -

Thisscaling ruleis certainly arough approximation and has to be verified for a given processes.
Fig. 2.1.17/5 shows the dependence of the thermal resistance on emitter width for constant emit-

ter length. Thevariation isquite small and could a so be described by asimplelinear function. More

measurement results are needed to establish a reliable geometry scaling rule for the thermal ele-

ments.

900
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700} R
o
o
600 o
< 500+ R
& 400} E
300+ R

200 b

100 b

(0] 0.2 0.4 0.6 0.8 1
beo [hm]

Fig. 2.1.17/5: Thermal resistance as afunction of emitter width at constant emitter length: compar-
ison between measurements (symbols) and analytical equation (line).
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2.2HICUM/LevelO
Model not available yet.
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3 Parameters

This chapter contains areference list of model parameters with abrief description. The provided
default values should be used for model implementation in a circuit simulator; with these values,
al but the absolutely necessary functions, that define a bipolar transistor, are turned off. Thisway,
the user only needs to specify the parameters for those effects that are desired to be taken into ac-
count. In addition to the default values, a second set of parameter valuesis provided for exercising
the model with most of the physical effects being turned on. This set can be used for, e.g. model
testing.

Finally, in the most right column, amultiplication factor is given, which represents the scaling of
the respective parameter in case of M identical devices connected in parallel. Note though, that this
scaling becomes inaccurate at high frequencies due to the missing interconnect elements that need
to be accounted for separately for such device structures.

3.1 Parameter list for HICUM/Level2

Conventionally, the complete set of model parameters has to be specified by a so-called ".model
card". The corresponding list of parametersisgivenin Section | below and is supposed to be avail-
ablein all (commercia) implementations of the model. From a designer's point of view, however,
it is more convenient and flexible to specify just the transistor configuration, defined by emitter
width and length as well as number of stripes or contacts. A suggestion for such a (much shorter)
list of parametersisgivenin Section II.

|. Conventiona parameter list

Thefollowing list isdivided into groups of parameters according to the elementsin the HICUM
equivalent circuit showninFig. 2.1.1/1 aswell asthosefor additional physical effects such asnoise
and temperature dependence. Although the total number of model parameters appears to be large,
less time and effort needs to be spent for model parameter extraction - assuming the same physical
effects are considered as in the SGPM - due to (a) the physical nature and modularity of the model
formulation and (b) the reliable and clearly defined extraction procedure. Note, that not every pa-
rameter always needs to be specified for a particular process or application in order to achieve the
required accuracy. For example, certain parameters arerelated to HBTs only and, therefore, can be
left at their default values for homojunction transistors.

Many HICUM parameters have been chosen as simple factors, that are related to physically
meaningful basic parameterslike a capacitance, charge or transit time. This choice significantly re-
duces changes (and the probability of errors) in the parameter list if the basic parameters are
changed for, e.g., statistical simulation, because the factors often assume very similar values even
for different process technologies.

Input for the factor M in the last column isinterpreted as follows. multiplication of the parameter
value is indicated by M while division is indicated by 1/M and no reaction by leaving the entry
blank. Caution is required if the factor is applied to rg,, Cq,, Ry, @nd Cyy,, in which no interaction
between parallel devicesisassumed.

Asreference temperature, 27C has been chosen to remain compatible with other simulators and
models. The value for “c” may be dependent on the ssmulator system. Therefore, the user is re-
ferred to the manual of the respective simulator.
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3.1.1 Transfer current

no| name description default test unit | factor
1 IS Saturation current 1E-16 1.35E-18 A M
(C10) (GICCR constant) (2E-30) | (3.76e-32) | (AC) (M?)
(C10=1S*QPO)
2| QPO Zero-bias hole charge 2E-14 | 2.78e-14 C M
3| ICH High-current correction for 2D and 00 2.09e-02 A M
3D effects
4| HFE Emitter minority charge weighting 1 1.0 -
factor inHBTs
5| HFC Collector minority charge weighting 1 1.0 -
factor inHBTs
6| HJEI B-E depletion charge weighting fac- 1 1.0 -
tor in HBTs
7|1 HJCI B-C depletion charge weighting fac- 1 1.0 -
torin HBTs
3.1.2 Base-Emitter Currents
no | name description default test unit | factor
1| IBEIS Internal B-E saturation current 1E-18 | 1.16e-20 | A M
2| MBEI Internal B-E current ideality factor 1 1.0150 -
3| IREIS | Interna B-E recombination saturation 0 1.16e-16 | A M
current
4 | MREI | Internal B-E recombination current ide- 2 2.0 -
ality factor
5| IBEPS Peripheral B-E saturation current 0 3.72e-21 | A M
6 | MBEP | Periphera B-E current ideality factor 1 1.0150 -
7 | IREPS | Periphera B-E recombination satura- 0 1.0e-30 A M
tion current
8 | MREP | Peripheral B-E recombination current 2 2.0 -
ideality factor
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3.1.3 Base-Collector Currents

no | name description default test unit | factor
1| IBCIS Internal B-C saturation current 1E-16 | 1.16e-20 | A M
2| MBCI Internal B-C current ideality factor 1 1.0150 -
3| IBCXS Externa B-C saturation current 0 4.39%-20 | A M
4 | MBCX External B-C current ideality factor 1 1.03 -
3.1.4 Base-Emitter Tunnelling Current
no| name description default test unit | factor
1| IBETS B-E tunnelling saturation current 0 0.0 A M
2| ABET | Exponent factor for tunnelling current 40 40 -
3.1.5 Base-Collector Avalanche Current
no | name description default test unit | factor
1| FAVL Avalanche current factor 0 1.186 wv
2| QAVL | Exponent factor for avalanche current 0 11.1e5 C M
3.1.6 Series Resistances
no| name description default test unit | factor
1| RBIO Zero-biasinternal base resistance 0 71.76 Q M
2| RBX External base seriesresistance 0 8.83 Q UM
3| FGEO Factor for geometry dependence of 0.6557 0.73 -
emitter current crowding
4 | FDQRO | Caorrection factor for modulation by 0 0.2 -
B-E and B-C Space charge layer
5| FCRBI Ratio of HF shunt to total internal 0 0.0 -
capacitance
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no| name description default test unit | factor
6| FQI Ratio of internal to total minority 1.0 0.9055 -
charge
7 RE Emitter series resistance 0 12.534 Q UM
8| RCX External collector seriesresistance 0 9.165 Q UM
3.1.7 Substrate Transistor
no| name description default test unit | factor
1| ITSS | Saturation current of substrate transis- 0 1.0e-16 A M
tor transfer current
2| MSF Forward ideality factor of substrate 1 1.05 -
transfer current
3| MSR Reverse ideality factor of substrate 1 -
transfer current
4| 1SCS Saturation current of C-S diode 0 le-17 A M
5| MSC Ideality factor of C-Sdiode 1 10 -
6| TSF Transit time (forward operation) 0 1.05 S

3.1.8 Intra-Device substrate coupling

Note: using the M factor is dangerous in this case, unless the transistor cell is exactly replicated
and no coupling exists between cells.

no| name description default test unit | factor
1| RSU Substrate series resistance 0 0 Q UM
2| CsU Shunt capacitance (caused by substrate 0 0 F M
permittivity)
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3.1.9 Depletion Capacitances

no| name description default test unit | factor
1| CJEIO | Internal B-E zero-bias depletion capac- 0 8.11e-15 F M
itance
2| VDEI Internal B-E built-in potential 0.9 0.95 \%
3| ZEI Internal B-E grading coefficient 0.5 0.5 -
4 | ALJEI Ratio of maximum to zero-bias value 25 1.8 -
of internal B-E capacitance
5| CJEPO Peripheral B-E z<—_:-ro-bias depletion 0 207e-15 | F M
capacitance
6| VDEP Peripheral B-E built-in potential 0.9 1.05 \%
7| ZEP Peripheral B-E grading coefficient 0.5 04 -
8 | ALJEP | Ratio of maximum to zero-bias value 25 24 -
of peripheral B-E capacitance
9| CJCIO | Internal B-C zero-bias depletion capac- 0 1.16e-15 | F M
itance
10 | VvDCI Internal B-C built-in potential 0.7 0.8 Vv
11 ZCl Internal B-C grading coefficient 04 0.333 -
12 | VPTCI Internal B-C punch-through voltage 00 416 \%
13 | CJCXO0 External B-C zero-bias depletion 0 5.4e-15 F M
capacitance
14 | VDCX External B-C built-in potential 0.7 0.700 \%
15| ZCX External B-C grading coefficient 04 0.333 -
16 | VPTCX | Externa B-C punch-through voltage 00 100 \%
17| FBC Partitioning factor for external B-C 0 0.1526 -
capacitance
18| CJSO C-S zero-bias depletion capacitance 0 364e-14 | F M
19| VDS C-S built-in potential 0.6 0.6 Vv
20 ZS C-Sgrading coefficient 0.5 0.447 -
21| VPTS C-S punch-through voltage 00 1E20 Vv
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3.1.10 Diffusion Capacitances

no | name description default test unit | factor
1 TO0 Low-current forward transit time at 0 4.75e-12 S
VBC=0V
2| DTOH | Time constant for base and B-C space 0 2.1e-12 S
charge layer width modulation
3| TBVL Time constant for modelling carrier 0 4.0e-12 S
jam at low VCE
4| TEFO neutral emitter storage time 0 1.8e-12 S
5| GTFE | Exponentfactor for current dependence 1 14 -
of neutral emitter storage time
6 | THCS | Saturation time constant at high current 0 30e-12 S
densities
7 | ALHC | Smoothing factor for current dependent 0.1 0.75 -
of base and collector transit time
8 | FTHC | Partitioning factor for base and collec- 0 0.6 -
tor portion
9| RCIO Internal collector resistance at low 150 127.8 Q UM
electric field
10 | VLIM Voltage separating ohmic and satura- 0.5 0.70 \Y,
tion velocity regime
11| VCES Internal C-E saturation voltage 0.1 0.1 Vv
12| VPT Collector punch-through voltage 00 5 \%
13 TR Storage time for inverse operation 0 0 S
3.1.11 I solation Capacitances
no| name description default test unit | factor
1| CEOX B-E isolation capacitance 0 113e15 | F M
2| CCOX B-C overlap capacitance 0 297e-15 | F M
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3.1.12 Non-Quasi-Static Effects

no | name description default test unit | factor
1| ALQF Factor for additional delay time of 0 0.225 -
minority charge
2| ALIT Factor for additional delay time of 0 0.45 -
transfer current

3.1.13 Noise
no| name description default test unit | factor
1 KF Flicker noise coefficient (no unit only 0 1.43e-8 - M 1-AF
for AF=2)
2 AF Flicker noise exponent factor 2 2 -
3| KRBI Factor for internal base resistance 1 1 -

3.1.14 L ateral Geometry Scaling (at high current densities)

no| name description default test unit | factor

1| LATB Scaling factor for collector minority 0 3.765 -
charge in direction of emitter width bg

2| LATL Scaling factor for collector minority 0 0.342 -
charge in direction of emitter length |
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3.1.15 Temper ature Dependence
no| name description default test unit | factor
1| VGB Bandgap-voltage extrapolated to OK 117 1.17 \%
2| ALB Relative temperature coefficient of for-| 5E-3 6.3e-3 | K
ward current gain
3| ALTO |First-order relative temperature coeffi- 0 0 UK
cient of parameter TO
4/ KTO Second-order relative temperature 0 0 1/K?2
coefficient of parameter TO
5/ ZETACI Temperature exponent for RCIO 0 16 -
6| ALVS |Relativetemperature coefficient of sat- 0 le-3 /K
uration drift velocity
7| ALCES Relative temperature coefficient of 0 04e-3 | UK
VCES
8| ZETARBI | Temperature exponent of internal base 0 0.588 -
resistance
9|ZETARBX | Temperature exponent of external base 0 0.206 -
resistance
10|ZETARCX | Temperature exponent of external col- 0 0.223 -
lector resistance
11| ZETARE |Temperature exponent of emitter resist- 0 0 -
ance
12| ALFAV Relative temperature coefficient for 0 8.25e-5 | UK
FAVL
13| ALQAV Relative temperature coefficient for 0 196e-4 | UK
QAVL
3.1.16 Self-Heating
ng name description default test unit |factor
1 RTH Thermal resistance 0 0.0 K/IW | 1/M
2 CTH Thermal capacitance 0 0.0 WgK| M
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3.1.17 Circuit smulator specific parameters

The parameter LEVEL, that identifies the HICUM model in a circuit smulator has a different
name for each simulator. The parameters TNOM and DT are available in most simulators and are
named the same.

na name description default unit
1 LEVEL Model identifier 9 (ELDO) -
bht (SPECTRE)
2 TNOM temperature at which parameters are 27 °C
specified
3 DT Temperature change w.r.t. chip temper- 0 °C
ature for particular transistor
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11. Specification of transistor confiquration

Rather than having to specify the above list of model parameters, it would be preferable to use
only the transistor configuration as input. The table below shows the respective information that
needs to be passed on to a program module for geometry scaling to generate the above list of model
parameters. TNOM and DT still have to be specified independently.

No Symbol Name description Default  Unit
1 bgo bEO emitter window width 0.5 Hm
2 lgg IEO emitter window length 10 Hm
3 ng nE number of emitter contacts 1 -
4 ng nB number of base contacts 2 -
5 nc nC number of collector contacts 1 -
6 loc location of collector contact(s) side -
7 seq contact configuration (mostly relevant for distinguishing CBEB -
CEB or CBE configuration)
8 Npas npas number of transistor structures connected in parallel 1 -
(corresponds to the SPICE M factor)
Trhom TNOM  temperature at which process data are valid 27 C
AT DT temperature change for particular transistor 0 C
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3.2 Parameter list for HICUM/L evelO
Not available yet.
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4 Parameter determination

HICUM/L 2 has been developed to address modeling issues related to the design of integrated
circuits. In this case, geometry and process information are generally available, that can be used to
obtain as much as possible physics-based model parameters. Besides bias, frequency and temper-
ature, the transistor geometry can be considered as an additional independent dimension for param-
eter extraction the use of which helps avoiding ambiguous values compared to just fitting the
terminal characteristics of a single device. A discussion of the advantages of the multi-geometry-
based parameter extraction recommended for HICUM (and being used in the MOS areafor along
time) isgivenin, e.qg., [42]. Therefore, the description below deal swith the extracting sequence that
isused for generating geometry scalable HICUM parameters. For additional information of the ex-
traction procedure see also [14].

Asdescribed in [14], the extracted model parametersfor HICUM (and also for the SPICE Gum-
mel-Poon model) are converted into ageometry and layout independent form. These so-called spe-
cific data are then used in a specia program (TRADICA) to generate model parameters for
arbitrary transistor configurations.

For a given process, obtaining compact model parameters of alarge variety of transistor config-
urations, using the recommended process-based scal able approach (PBSA), involves several major
steps:

» wafer selection according to certain criteria;
* deriving the relevant transistor dimensions from design rules,

» measurement of the relevant characteristics of a certain set of test structures (incl. transis-
tors) over bias, geometry, temperature and frequency;

» extraction of (geometry) specific model parameters,

» generation of the model parameters for desired transistor configurations (either as library or
directly during the circuit design phase).

The various aspects related to the above steps are briefly discussed in this chapter. In addition,
an overview on the recommended sequence of parameter extraction is given in a formal way in
chapter 4.4 to provide the reader with basic information, such as measurement and data require-
ments as well as principle procedures employed. Another purpose of this overview is also to serve
asaguide line for implementing the parameter extraction methodol ogy.
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4.1 Wafer selection

There are many criteriaasto which wafer should be selected or which one rejected when it comes
to model parameter extraction. Below, those criteria that proved to be useful for the process-based
scalable approach pursued here are briefly discussed.

Asalready mentioned before, the PBSA relaxes the requirements for the wafer selection, sinceit
allowsto shift the (specific) parameters|later on to their desired nominal values. However, the elec-
trical performance of the transistors (and other parameters) should not be too far off from the target
specifications. Also, it is important to evaluate the process regarding geometry scalability, since
non-conventional scaling requires larger effort (and time) for parameter extraction. Therefore, be-
fore awafer isaccepted for parameter extraction purposes, the following tests are recommended to
be performed and evaluated:

» Measurement of atetrode structure (for each transistor type) at zero bias, yielding roughly
the internal base sheet resistance rgg;o;

» Measurement of a large area BC diode (i.e. without SIC) at zero bias and beyond punch
through, yielding epi doping N and thickness w;

» Measurement of the bias dependent S-parameters for atypical transistor (each type) at asin-
gle CE voltage and frequency, yielding the transit frequency f.

The first two measurements can be performed on PCM structures. The third one is more time con-
suming and can be done after the first two have been evaluated. In general, though, all of the above
data are usually available during process development and evaluation.

It is recommended then to obtain a wafer map that shows the uniformity of the electrical param-
etersragig, We, N¢, and f1. The correlation of the latter to the first three should be checked as well

as, of course, the absolute values regarding their deviation with respect to the target values.

Next, an appropriate die for parameter extraction is selected as the centre of the area with the
highest uniformity. Asaconsequence, the chance of deviationsin electrical characteristics between
different transistors of the selected dieislikely to be minimized.

In addition to the electrical tests, it ishighly recommended to obtain pictures of the cross-section
and top view (SEM and TEM pictures) of the most important transistor configurations for both ex-
tractions and applications. These pictures are usually available during process devel opment and not
only provide an impression on the actual transistor structure but also serve for verifying the tran-
sistor dimensions assumed or calculated from design rules. In the experience of the author, the in-
formation obtained from the above pictures can avoid results, that appear to be non-physical, and
geometry scaling problems, that cannot be explained otherwise just by electrical measurements.
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4.2 Relevant transistor dimensions

Definitions of the relevant transistor dimensions used for calculating the area and perimeter
length specific model parameters are given in Fig. 4.2.0/1 for a junction isolated silicon bipolar
transistor fabricated in a self-aligning base-emitter process.

Base Emitter Base Collector [
boy bg Pec | b
b g - - aq—p

| w
|

PO g g | PEO| | byg | bke

n* buried layer

n* bur. layer

Fig. 4.2.0/1: Schematic cross-section and layout of a silicon bipolar transistor with junction isola-
tion and self-aligned base-emitter formation.
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The described parameter extraction procedure can aso be applied to silicon epitaxial base tran-
sistors, including SiGe transistors. The corresponding schematic cross section and layout with the
respective dimensions are shown in Fig. 4.2.0/2.

Base Emitter Base Collector [

v{,b

n* buried layer

Fig. 4.2.0/2: Schematic cross-section and layout of a epitaxia base SiGe bipolar transistor with
shallow and deep trench isolation.
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4.3 M easurements

Parameter extraction for the PBSA relies on minimum requirements regarding measurement ef-
fort and equipment. While the set-up and detailed bias conditions (test plans) for a particular pa-
rameter determination procedure are given in the respective chapters, at this point abrief overview
shall be provided on the basic and most important measurement methods, which are being em-
ployed for obtaining the data required for avariety of procedures. This chapter also servesfor de-
fining the "measurement™ and "data" related terminology used throughout this documentation.

The measurements are taken on transistors and special test structures. Examples of the most im-
portant test structures suitable for PBSA are givenin [14].

4.3.1 1V measurements and data

DC measurements taken, e.g., with a parameter analyser, on test structures and transistors are
called IV measurements, resulting in the associated |1V data. Examples are

» aforced current in a 3-terminal test structure for determining a sheet resistance and the cor-
responding measured voltage between the contacts or

* the collector and base current of atransistor as function of the applied voltage.
However, IV dataalso include the DC bias taken during S-parameter measurements (see below),
while IV measurements always means a DC measurement and associated set up as defined above.

4.3.2 CV measurements and data

Capacitances with a sufficient large value can be measured with LCR or CV meters, thus the
name CV measurements and CV data. This equipment usually operates at frequencies between
0.1...10 MHz. It is, therefore, only suited for measuring large size capacitances that are laid out as
specia test structures like in process monitors.

The designation CV data includes capacitance vs. voltage data from both CV measurements, as
defined above, and from S-parameter measurements.

4.3.3 S-parameter measurements and data

Small-signal measurements at high frequencies are performed with a vector network analyser
(VNA) and are taken as S-parameters, resulting in S-parameter data. Operating frequenciesfor ob-
taining accurate data are usually above 300 MHz, with an upper limit usually in the multi-10GHz
range, dependent on the respective equipment. For parameter extraction purposes, two types of S-
measurement are often distinguished: (a) "cold" measurements during which the transistor is oper-
ated at reverse and very low forward bias with negligible carrier injection and current across the
junctions; (b) "hot" measurements during which the transistor is operated under usual forward-bias
conditions with significant carrier injection and non-negligible current across junction. The corre-
sponding data are designated as, e.g. cold S-parameters or hot Y -parameters.

Although the operating frequencies of high-performance transistors in some of the present Si-
based processes aready exceed 100GHz, the corresponding parameters for modeling the high-fre-
guency transistor can be determined at frequencies well below 100 GHz under so-called quasi-stat-
ic conditions. The lower frequency limit for parameter extraction related S-parameter
measurements is approximately given by the 3dB corner frequency of the common-emitter (CE)
small-signal current gain. At current gains between 50 and 200, this corresponds to the range
around 1GHz. One of the most important quasi-static small-signal transistor parametersfor extract-
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ing model parameters is the transit frequency ft. It has been shown in [9] that f+ can be obtained

from asingle frequency measurement of the small-signal CE current gain.

A typical set of datafrom asingle-frequency bias sweep measurement includes the terminal volt-
ages and current aswell asthe frequency and the four S-parametersin either magnitude and phase
or real and imaginary part representation. The S-parameters can then be converted into Y -parame-
ters at the same bias points. Next, the Y -parameters need to be de-embedded in order to eliminate
the influence of parasitic elements and obtain the Y -parameters of the device under test only. From
the de-embedded Y -parameters as afunction of bias, alarge number of HICUM model parameters
can be extracted.

Generaly, the bias dependence of the small-signal behavior and parameters is of great interest
for parameter extraction. In many circuit design applications, the dependence of small-signal pa-
rameters on the collector current |- at a given voltage V g is of major importance. Unfortunately,

it isfound very often, that S-parameters as a function of frequency are taken for bias points, that
are defined by the terminal voltagesV gg and V g, while the terminal currents are not or cannot be

monitored; the latter is often caused by, e.g., limitations of the data acquisition software or the
equipment. Only with a separate DC measurement the terminal currents are then obtained, and the
relationship between S-parameters and bias currents is attempted to be established. The great dan-
ger in this procedure is that the devices usualy heat up differently (caused by self-heating) during
the S-parameter and the pure DC measurement, leading to an incorrect relationship of the above
mentioned variables. The consistent way of taking dataisto monitor the current or, even better, to
define the bias point by the collector current and V -g. For some data acquisition software, the cur-

rent can be monitored by reducing the small-signal measurements to asingle frequency rather than
afrequency sweep. Although in this case the "averaging” hasto be increased, a somewhat shorter
measurement time is often achieved (together with a large reduction in data) as well. Appropriate
bias points for frequency sweep measurements can then be selected afterwards.

4.3.4 Sequence of measurements

In a production environment, measurement effort and time have to be minimized. This is done
on one hand by using standard and established equipment set-ups and on the other hand by maxi-
mizing the equipment utilization in agiven time frame.

Data acquisition for model parameter extraction starts at the reference temperature T with sim-

ple and fast IV measurements of all special test structures used for determining sheet and contact
resistances. Next, CV measurements are performed, followed by single-frequency cold and hot S-
parameter measurements. The same device is probed for al bias conditions before moving the
probes to the next device. These measurements provide already sufficient information for extract-
ing more than 80% of the (specific) model parameters, the process of which can then start.

In the meantime, i.e. during parameter extraction, data acquisition continues with temperature
dependent measurements, which are quite time consuming. By the time the latter measurementsare
completed, parameter extraction has provided an overview on the process and its actual perform-
ance, so that those bias range and points can be determined which are of interest for frequency
sweeps. Frequency sweep measurements are usually required and taken only at the reference tem-
perature. Based on the temperature and frequency dependent data, the remaining model parameters
(except those for low-frequency 1/f noise) can be extracted, and model verification can aready
start.

Finally, special measurements, such as those for noise and distortion, can be performed at T,
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4.4 A step by step procedure

The goal of this chapter isto give a"formal™ overview on the sequence for extracting geometry
scalable HICUM parameters. To keep thisoverview efficient, for each step only abrief description
of the applied extraction procedure is provided, while for a detailed description (incl. equations)
and the origin of the respective procedure, the reader is referred to one of the subsequent chapters
of this documentation. One important boundary condition for developing HICUM wasto enable a
parameter extraction procedure in which as many as possible steps can be performed linearly inde-
pendently or with only aweak interdependence, particularly for determining parameters describing
first-order effects.

In modern bipolar technologies, often at |east two types of transistors are offered: ahigh-perform-
ance (HP) transistor and a high-voltage (HV) transistor, that are defined by same process flow and
with just one additional mask. The HP transistor is usually realized with a selectively implanted
collector (SIC). It isrecommended to extract first the parameters of the HV transistors and then the
parameters of the HP transistors, since the HV transistor’s collector is typically realized with the
background doping that is also present under the external base of the HP device. If HV transistors
are not available, those ones required for extraction can usually be easily realized and should be
included on atest chip. If parameters for a HV transistor without SIC have to be extracted, no re-
spective HP device is needed.

A couple of assumptions are being made in order to apply the procedures in practice:

* A suitable wafer with the appropriate test structures and transistors has been selected that
has passed the recommended acceptance check mentioned in chapter 4.1.

» All measurements that are required for a particular extraction step are available and have
been properly de-embedded. It is generally preferable to convert S-parametersto Y -parame-
ters (to be done during de-embedding in any way) and use the latter data for parameter
extraction.

* The design rules and dimensions of all test structures and transistors are known and have
been verified, so that all necessary geometry calculations can be performed.

» The process is geometry scalable, i.e. the profile under the emitter does not depend on the
emitter width. This can be checked by measuring the internal base sheet resistance as afunc-
tion of emitter width (cf. [27,14]).

Theinformation about each extraction step is contained in a small table. The meaning of the key
words on the right-hand-side and the terminology used shall be briefly explained below.

» "Measurement data' characterizes the type of data required for the particular step. Acro-
nyms such as CV, 1V or cold measurements have already been defined in chapter 4.3.

» "Required model parameters’ specify those ones that had to be extracted in an earlier step
and are needed for the present step. They do not include dimensions, which are specified
under "required geometry data’".

* "Procedure" refers to the chapter where the extraction procedure and its background is
described in more detail. Just a brief outline of the recommended method(s) is given under
"quick info".

» Under "Extracted specific parameters’ those parameters are listed that are geometry inde-
pendent. These parameters are used in the program TRADICA to generate geometry scal-
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able libraries for model parameters. Of course, certain HICUM parameters, such as ratios,
are geometry independent in the first place and do not need to be scaled with geometry.
However, since it is useful to determined a full set of (geometry) specific parameters first
and keep the data in one place before subsequent parameter (library) generation, all
extracted parameters are listed here.

* "Related HICUM parameters' are those that eventually occur in alibrary (model card) and
are generated for a particular transistor configuration, employing aprogram like TRADICA.

Below, the extraction sequence is outlined. Linearly independent steps are indicated by the entry
"none" under "Required model parameters’.

4.4.1 BC depletion and isolation capacitance

M easurement data

cold Y -parameters of different transistor configurations
CV data of large area HV structure (optional)
CV data of large area HP structure

Required model parameters

none (optional: Cqqy calculated from TRADICA for each
transistor configuration)

Required geometry data

area Agc and perimeter Pgc of BC junction (HV transis-

tor)
area Agc of SIC region (HP transistor)

Procedure:

HV data: separation into bias dependent bottom and
perimeter specific components of the depletion capaci-
tance via different geometries; also, determination of spe-
cific isolation capacitance possible.

Extraction of parameters for modeling the bias dependence
of above depletion capacitances.

HP CV data: extraction of SIC related parameters.

Extracted (specific) parameters

HV data: Cjcho. Vbeh: Zeb: Verew Cicpor Voep Zep:
Verep [Ceox]

HP data: Cicio. Vpcis Zci:Vprci

Related HICUM parameters

G

cx0 Vexs Zex Verexs Ceox feei Cicior Vs ZcinVere
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4.4.2 BE depletion and isolation capacitance

Measurement data and test
structures

» cold and hot Y -parameters of different transistor configu-
rations
» CV dataof large area structure (optional)

Required model parameters

none (optional: Cgy, calculated from TRADICA for each
transistor configuration)

Required geometry data

area Agp and perimeter Pgq of emitter window

Procedure:

» Determination of Cgg from 1/(2rfy) at a forward bias
point.

» Separation into bias dependent bottom and perimeter spe-
cific components of the depletion capacitance viadifferent
geometries, aso, determination of specific isolation
capacitance possible.

» Extraction of parameters for modeling the bias depen-
dence of above depletion capacitances

Extracted (specific) parameters

Cieio. VoEi» Zei» 8k Cjgpo: VDEp Zep 8Ep [Crox]

Related HICUM parameters

Cieio Voeir Zei» §eis Ciepor VDEp: ZEp: 8iEp: Cox

4.4.3 CSdepletion capacitance

Measurement data and test
structures

e cold Y -parameters of different transistor configurations
e CV data of large area structure (optional, but recom-
mended)

Required model parameters

none

Required geometry data

area Acg and perimeter Pog of CS junction

Procedure:

» Separation into bias dependent bottom and perimeter spe-
cific components of the depletion capacitance via different
geometries.

o Extraction of parameters for modeling the bias depen-
dence of above depletion capacitances.

Extracted (specific) parameters

Cisbo+ Vst Zshr Versn: Cispor Vpsp: Zsp: VeTsp

Related HICUM parameters

Ciso: Vbs Zs Vprs
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4.4.4 Internal base (sheet) resistance

M easurement data IV data on transistor tetrodes with different emitter widths:
* sweep of Vg = Ve (Ve =0)
* sweepof Vgg @ Vpc=0

Required model parameters Cieio VoEir Z&is Cicio Vbai» Zei (or numerical integration of

associated depletion charges)
Required geometry data width bgg and length | g of emitter windows
Procedure: » Determine internal base sheet resistance regi(Vge.Vie)

from corrected data.

o Extraction of parameters for modeling the bias depen-
dence of rgpg;.

» Determination of the link and total external resistance
(used for next step)

Extracted (specific) parameters rsgio Qpo- fdar: 'ss

Related HICUM parameters rgio: Qpo» faor

Note, that the model parameter fye, can be (and has been) directly calculated from the transistor
configuration.

4.4.5 Components of external base resistance

M easurement data * |V dataof various resistance test structures
* |ink and total external resistance from transistor tetrodes

Required model parameters None

Required geometry data dimensions of the relevant regions of the test structures

Procedure: e Determine resistance(s) from 1V data and perform current
spreading correction (depending on resistance type).
e Extract sheet or specific contact resistance from each
structure

Extracted (specific) parameters o, ., lspor Tspms Tl

Related HICUM parameter Bx

For single device extraction, this module has to be replaced by a procedure for extracting rgy.
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4.4.6 Emitter resistance

Measurement data open collector 1V datafrom transistor structureswith different
emitter size

Required model parameters None

Required geometry data total emitter window width Agq of each transistor

Procedure: » for each transistor: fit modified open-collector model
eguation to measured data
* extract specific contact resistance from rg(1/Agq)

Extracted (specific) parameter PrE

Related HICUM parameter e

4.4.7 Components of external collector resistance

M easurement data IV data of special resistance test structure

Required model parameters None

Required geometry data dimensions of the relevant regions of the test structure

Procedure: » Determine resistance from IV data and perform current
spreading correction (if required).
» Extract buried layer sheet and specific contact plus sinker
resistance

Extracted (specific) parameters Prc sl

Related HICUM parameter rex
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4.4.8 Collector current at low bias

M easurement data IV datafrom transistors with different emitter size

Required model parameters most processes: Cigio, Vpgis Zgi, §gi (not for “rea” HBTS)
Optional: on; [CjCiO’ VDCi’ g if VCE = COﬂSt)

Required geometry data emitter window area of the transistors

Procedure: » Separation into bias dependent bottom and perimeter spe-
cific current components via different geometries.
» Extraction of parameters related to bias dependence from
least-squares fit of log(Ic/Ag) Vs. Vgg @ V=0 (proce-
dureis partially dependent on process):

Extracted (specific) parameters 7. [Q,0, Mgyl

Related HICUM parameters Is(or ¢10), [Qpor Mcxl

4.4.9 Current across BE junction at low bias

Measurement data IV datafrom transistors with different emitter size

Required model parameters none

Required geometry data emitter window area of the transistors

Procedure: » Separation into bias dependent bottom and perimeter spe-

cific current components via different geometries.

» Extraction of saturation current (density) and non-ideality
coefficient of each component from least-squares fit of
log(l) vs. Vgg @ V=0

Extracted (specific) parameters . : L :
Y8: lgeis: MBEi» lgeps: MBEp |Reis' MREIr |Reps: MREp

Related HICUM parameters  Iggis, Mg IgEps: MeEp: |REIS MREX IREpS: MRED
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4.4.10 Current across BC junction at low bias

M easurement data

1V datafrom transistors with different size

Required model parameters

none

Required geometry data

collector-base junction area Agc and emitter window area
Agg of the transistors

Procedure:

» Separation into bias dependent bottom and perimeter spe-
cific current components via different geometries.

» Extraction of saturation current (density) and non-ideality
coefficient for each component from least-squares fit of

log(l) vs. Vgc @ Vgg=0

Extracted (specific) parameters

lgcxs: Meexs Iecis) MBci

Related HICUM parameters

lBcxs: Meex: 1BCiS: MBC

4.4.11 Thermal resistance

M easurement data

IV data of transistors used for extraction

Required model parameters

'e, I'Bx IBi

Required geometry data

emitter window area Agg of the transistors

Procedure:

» Extraction of Ry, of each transistor from | g as afunction of
dissipated power according to [48], but with known rg.

Extracted (specific) parameter

lth

Related HICUM parameter

Rth

© M. Schroter

3/1/01 116



HICUM

Parameter determination

4.4.12 Forward transit time

M easurement data

hot Y -parameters of different transistor configurations

Required model parameters

C

cior Voai ZcinVprais Ciexor Voex: Zex Vprex: Ceoxs
e Texs Yo [Rinl

Required geometry data

emitter window dimensions bgg and Igq of the transistors

Procedure:

Determine transit frequency fy from Y-parameters and

determine transit time 1; from 1/(2rtf1) vs Vlc.

L ow-current range:

* From 149(Vgc) data, extract parameters describing the
bias dependence.

e Determine bottom and perimeter related component
and associated geometry factor from t4o(Vgc=0) of

transistors with different emitter size.

Medium current range

e From Ick(Vcg or Vpge) data, extract parameters
describing the bias dependence

» Extract current spreading angle from I (V cg=0.8V or
Vgc=0V)

High-current region: extract relevant parameters describ-

ing the bias dependence.

Extracted (specific) parameters

Troi fipi = Trop” Troi» Ao Tefvis Tcio + Viim VPT: VeES 8hes
Thes TEfOr OtEs Frhe

Related HICUM parameters

T, ATon, Tgfvis Tcior Viime VPT: VeEs 8he Thes TEfor G fne
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4.4.13 Collector current at high injection

M easurement data

IV datafrom transistors with different emitter size

Required model parameters

* thosefor |+ and | g extracted at low injection
* depletion capacitances and transit time (to calculate Q, 1)

* I'e,I'ex: I'Bir 'ex

* Rin
Required geometry data emitter window area of the transistors
Procedure: » Extraction in high current region via non-linear optimiza-

tion of log(l /Ag) vs. Vg at sufficiently low V g (to min-
imize impact of self-heating).

e Optimization can be performed ssimultaneously on transis-
tors with different emitter sizes.

Extracted (specific) parameter

ICh

Related HICUM parameter

lch

4.4.14 Base-collector Breakdown

M easurement data

Ig(V g Or Vp) datafrom transistors with different size

Required model parameters

Cicio Vbcis ZcisVercis Ye

Required geometry data

emitter window area Agg of the transistors

Procedure:

» Determination of avalanche current | 5y (V cg) from mea-
sured Ig(V cg) data at sufficiently low forward bias V gg.

» Extraction of parameters describing the bias dependence
via non-linear optimization of | 5y (Vcp)-

Extracted (specific) parameters .y, , gy,
Related HICUM parameters favis davie
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4.4.15 High-Frequency effects
4.4.15.1 Non-quasi-static effects

M easurement data hot Y -parameters of atypical transistor configuration

Required model parameters * thosefor |+ and | g extracted at low injection
« al capacitances and transit time
* e IBx IBir fex

Required geometry data None

Procedure:  Extraction of a;t by fitting Im{y,4}at high frequencies for
various bias points below peak f+.
* Extraction of oy by fitting Re{y11} at high frequencies for
various bias points beyond peak f+.

Extracted (specific) parameters o, Oy

Related HICUM parameters ajT, Ogf

4.4.15.2 Partitioning of the external BC capacitance

Measurement data None

Required model parameters specific BC capacitances and sheet/contact resistances of the
external base

Required geometry data dimensions of the various regions of the external base

Procedure: Calculation of the partitioning factor by TRADICA for each

geometry during parameter (library) generation

Extracted (specific) parameter
Related HICUM parameter fec

Presently existing methods, that are based on experimental data, only allow to extract the parti-
tioning factor for a single geometry, but do not offer a generic description for geometry scaling.
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4.4.16 Intra-device substrate coupling

M easurement data

cold Y -parameters of relevant transistor configurations

Required model parameters

re (isof minor importance though)

Required geometry data

None

Procedure:

» Determine the impedance Zg, of the substrate coupling
network and extract rg, and Cq, from real and imaginary
part of 1/Zg,.

* Alternative (also for parameter library generation): calcu-
lation from simulation after experimental calibration.

Extracted (specific) parameters

Related HICUM parameters

r&l’ CSU

Presently existing methods only allow to extract the substrate resistance for a single geometry,
but do not offer a generic description for geometry scaling.

4.4.17 High-frequency emitter current crowding

M easurement data

hot Y -parameters of different transistor configurations

Required model parameters

» thoseof it andigg
* all capacitances (incl. transit time) at the base node
* Te 'Bx: IBi

Required geometry data

None

Procedure:

* fepi Can be determined from optimizing the model’s y44
at high frequencies to the results of a transistor with the
largest emitter width offered in a process.

e Alternative (also for parameter library generation): use
fergi = 0.2

Extracted (specific) parameter

forgi

Related HICUM parameter

forgi

Presently existing methods only allow to extract f-,gj from experimental data of a single geom-

etry, but do not offer ageneric description for geometry scaling. In addition, the modeling approach
can only be applied to the small-signal case.
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4.4.18 Par asitic substrate transistor elements

Geometry scaling of the substrate junction related currents depends on the process. For practical
applications, the minimum effort is assumed to be spent on modeling and parameter extraction of

the substrate transistor.

4.4.18.1 Transfer current

M easurement data

transistor configurations with different substrate size

Required model parameters

 if separate substrate pad is available: none
 if in HF pads. base current components

Required geometry data

substrate perimeter length and/or area

Procedure:

» Separation into bias dependent bottom and/or perimeter
specific current components via different geometries.

» Extraction of parameters related to bias dependence from
least-squares fit of log(ltg) VS. V.

Extracted (specific) parameters

IlTsS or ITsS’ Mgy

Related HICUM parameters

ITss Myt

4.4.18.2 Charge storage time

M easurement data

hot Y-parameters for a critical transistor configuration at
(very) low Vg

(optional: different transistor configurations)

Required model parameters

transit time, Cgg, Cgc

Required geometry data

none

Procedure:

adjust Tg to fit fT at low VCE'

Extracted (specific) parameter

Ty

Related HICUM parameter

Ty

It is assumed that no separate substrate test transistor is available in HF padsto directly measure
the S-parameters of the substrate transistor.

© M. Schroter
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4.4.19 Temper ature dependence

Tqisthe (reference) temperature at which the parameter extraction for modeling the biasand fre-

guency dependent transistor behavior is performed. For extracting the relevant model parameters,
the same measurements as for T, are repeated for different temperatures T.

4.4.19.1 Seriesresistances

M easurement data

IV data at different temperatures T

Required model parameters

series resistances and/or their componentsat T

Required geometry data

None

Procedure:

» determine the respective resistancer for each T
 fitting of the ratio log[r(T)/r(Tg)] vs. (T/Tg) with the
respective exponent factor ¢ as parameter.

Extracted (specific) parameters

ZCi' ZrBi' ZrBw Zer ZrE

Related HICUM parameters

ZCi' ZrBi' ZrBw Zer ZrE

4.4.19.2 Bandgap voltage
Measurement data |c(Vgg) dataat V=0 for different temperatures T
Required model parameters none
Required geometry data none

Procedure:

» Determine the saturation current I and the non-ideality

coefficient at various temperatures.
* Extract Vg from aleast-squares fit based on 15(T)

Extracted (specific) parameter

Vg

Related HICUM parameter

Vg

© M. Schroter
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4.4.19.3 TC of theforward current gain

Measurement data lc(Vgp), Ig(VRE) dataat Vg-=0 for different temperatures T
Required model parameters none

Required geometry data none

Procedure: » Determine B(l¢) at various temperatures.

» Extract ags from B(Ic=const) vs. T-T vialeast-squares fit

Extracted (specific) parameter ot

Related HICUM parameter Opt

4.4.19.4 Transit time at low current densities

Measurement data hot Y -parameters vs bias (at Vgc=0) for different tempera-
tures T

Required model parameters none

Required geometry data none

Procedure: » Determine the low-current transit time t¢ for each T
» Extract ag and kg from t4o(T) via non-linear optimiza-

tion
Extracted (specific) parameters o, kg
Related HICUM parameters 00 Ko
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4.4.19.5 Critical current

M easurement data

hot Y -parameters vs bias (at Vgc=0) for different tempera-
tures T

Required model parameters

none

Required geometry data

none

Procedure:

» Determine the transit time t; and the critical current 1ok
foreach T
» Extract acgg fromre-fitting 1ok at each T with Vg((T) as

aparameter.
* 0, can be taken from literature

Extracted (specific) parameters

Oys, OcEs

Related HICUM parameters

Oys, OcEs

4.4.19.6 BC breakdown

M easurement data

Ig(Vcp or Vp) datafor different temperatures T

Required model parameters

none

Required geometry data

none

Procedure:

» Determine the avalanche current | 5\, fromIg foreach T

* With as,, and 0y as variables, perform a nonlinear opti-
mization on the measured data for |5y, by exercising the
compact model with fixed values for fay, and gay , that
were determined at the reference temperature Ty,

Extracted (specific) parameters  dyqy , Ogay
Related HICUM parameters Ofay » Ogav
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4.5 Flowchart and comparison to SGPM

The PBSA allowsto combine the parameter extraction of different compact models with amin-
imum of additional effort. Fig. 4.5.0/1 visualizes the overall extraction flow including the modules
that are model independent ("general™) and those that are specific to the SGPM and HICUM. This
providesarough overview on the effort required to add a new model such asHICUM to an existing
parameter extraction for the SGPM and vice versa (i.e. keeping the SGPM in the loop as a backup).
The program TRADICA alows to generate both types of models aswell as a hierarchy of SGPMs
with different complexity from a single set of extracted geometry specific parameters.
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SGPM/L2 general HICUM
BC depletion capacitance
components >{ punch-through voltages ‘
BE depletion capacitance
_ __ components . —
forward-bias: Fgj, Fcp [— = fOrwara-bias: ggj, ggp

CSdepletion capacitance
components

emitter resistance (com-
ponents)

external base resistance
components

externa collector resis-
tance components

internal base resistance

Re-Rem  [VaRl | components > Qpor ar
’ N/A ‘ thermal network
de-embedding, t:
transit time parameters geometry dependence trangt time parameters
(bias dependence) ®  (bias dependence)
transfer current:
parameters for geometry dependence parameters for
bias dependence ~ - bias dependence
base current:
parameters for - geometry dependence o parameters for

bias dependence bias dependence

high-frequency effects:

fec: Pre/a, ray - a0 G

1/f noise, Su-transistor...

Fig. 4.5.0/1: Rough overview on the flow and modules for acombined geometry scal able parameter
extraction for both SGPM and HICUM. SGPM/L 2 corresponds to a similar equivalent
circuit as HICUM, including, e.g., separate elements for the emitter perimeter injection
and a partitioning of the base resistance and external BC capacitance.
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4.6 M easurement conditions

The table below contains an overview on the most important measurements to be performed and
the associated bias conditions. The values are examples and given for Si-based processes. Only a
minimum number of measurementsis specified (i.e. more datais aways useful).

measurement type and bias conditions data result
 internal base pinch resistance data from at least 3 | Vgelg1 Ig2 base and col-
structures with different bg; lector series re-
e Vge=[-0505)V @ V=0, AVgeg=0.1V, Sistance
AVgg=0.01V components

» sheet and contact resistances of ext. base region,
buried layer, collector (sinker, contact)

* AV=0.01...0.1V, depending on resistance value

AV | (orrg, regn )

» C-V onlarge areatransistor depletion and
* Vge=[-0.5,0.5]V, Vgc=V =0, AVge=0.1V Vge Cie isol ation capac-
* Vpe=[-BVcEo,0.5]V,Vpe=Vee=0, AVp=0.1V | Vec Cic 'rf:;‘fse compo-
¢ Vee=[-BVero,0.5V.Vpe=Vee=0, AVg=0.1v | VscCis

* C-V on large area BC diode (only for transistors
with selectively implanted collector) .

Vs —\/ - Vec Cic(epi)

o BC_[-BVCEO’O'S]V1VBE_VSC_O’ AVBc—O.].V

« cold S-parameters as a function of bias on >3 | VgeS g:iepleftion and
transistors with different bg (<< Ig) Vge S i solation capac-

itance compo-

° VBE:['O.S, 05]V, VBCZO' AVBEZO.].V nents

* Vgc=[-BVceo, 0.5V, Vgg=0, AVc=0.1V

* S-parametersasafunction of biasonat least 3tran- | Vge Veelclg S fr, 15 certan
sistors with different bg (<<Ig) : forward |-V pa-

 1c/AE=[0.01, 2]mA/um? (depends on process) rameters;

for at least 3 Vg, eg. Vee/V=0.5, 1.5, BV ceo verification
» d.c. output characteristics (reference transistor | Vcg lclg Ve Avalanche, cer-
only) tain | parame-
* Vce=[0V, Ve max] @ lg=const / Vgg=const ters,
(V cemax<BV ceo(high I c/Ag)) verification

* |c/Ag=[0.01,2] mA/um2 (depends on process!!)
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measurement type and bias conditions data result

« d.c. reverse characteristic (reference transistor | Ve Ig [Ic] BC diode cur-
only) rent
* Vpc=[04,0.71V @ Vgg=0V

« Temperature dependence: e.g. T=[-40, 75,125 °C | T -~ TCs
* repeat above measurements

* shift Vg bias according to temperature, assum-
ingaTC of about -1.5mV/K
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5 Circuit simulators

5.1 Availability

Information on the availability of HHICUM in commercial circuit simulators at the present time
can be found on the same web-site as this document. HICUM has been implemented in a number
of circuit simulators; early HICUM versions had been implemented also in SPICE2G5 and
SPICE3F2. Due to the fact that every circuit ssmulator interface is different, the model code is
forced to be arranged differently in every commercial ssmulator. Asaresult, a“generic’ Cor FTN
source code of the model, that fits into any simulator and is sometimes requested, is not possible.
Therefore, those existing codes that are embedded in the interfaces of the various ssmulators and
cannot be released for legal reasons.

Model development takes place in MATLAB and the in-house mixed-mode device/circuit sim-
ulator DEVICE. The latter is, therefore, the reference simulator for model testing. Also, the source
code of HICUM in DEVICE isavailable as “template” for model implementation into other (con-
mmercial) ssimulators.

Although every officially released version of the model has been tested extensively, not every
circuit and application can be tested, and the user is encouraged to report problemsthat are believed
to be caused by the model.

The HICUM version described in this manual models currents and chargesin a continuously dif-
ferentiable way to ensure convergence in standard SPICE-type circuit simulators. Other types of
simulators might behave differently.
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5.2 Operating point infor mation

Below isalist of those quantities that should be provided by the circuit smulator to the model
user as " operating point information” . The voltages in the expressions are defined as follows:

VBei=Vp - Vg
Veex = Ve - Ve
Veci=Ve - Ve
Veex =Ver - Ve
Vsci=Vs - Ve
Variable | Unit Description Definition
IB A | Basetermina current as calculated in the model
IC A | Collector terminal current as calculated in the model
IS A | Substrate terminal current as calculated in the model
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 SCvoltage as calculated in the model
BETADC Common emitter forward cur- | |
rent gain E
GM A/V | Transconductance 0l; ol; ol+
(Same definition as for SGPM) Noe = Nae, Vo,
VCEI VBCi VBEi
GMAVL | A/V | Transconductance for ava- 0l a1
lanche current PV,
BEi|,,
BCi
GMS A/V | Transconductance of the para- 0ltg 0l1g
sitic substrate PNP PV, Y,
BCx SCi Vv
SCi BCx
RPIi Q | Intrinsic input resistance 1 0l gg;
i Vg
© M. Schroter 3/1/01 130



HICUM

Circuit smulators

Variable | Unit Description Definition
RPIx Q | Extrinsic input resistance 1 Olgep 0l g,
rT[x B aVBEx aVBEx
(second term is due to tunnelling current)
RM Ui Q | Intrinsic feedback resistance 1 Olge;  0lavL
r. 0Vas 9Vag
i BCi BCi Var,
(second term is due to avalanche current)
RMUx Q | Extrinsic feedback resistance 1 0l gy
rux aVBCX
RMUs Q | Intrinsic substrate feedback 1 ]
resistance — = =7
Mus OV
RO Q | Output resistance 1 dlt
(same definition asfor SGPM) | [~ = ~ay-
0 BCi Ve,
ROs Q | Output resistance for the para- 1 0l
sitic substrate PNP - = TV
0s SCi
CPIi F | Tota intrinsic BE capacitance Cy = cj i + Cue
CPIx F | Tota extrinsic BE capacitance C = C ot Ceox
CMUi F | Tota intrinsic BC capacitance c;ui = chi +Cyc
CMUx F | Tota extrinsic BC capacitance cux = cj ox+ Ceox + Cas
CCs F | CSjunction capacitance Cis
RBI Q | Internal base resistance as calculated in the model
CRBI F | Shunt capacitance acrossRBI | as calculated in the model
TF s | Total forward trangit time as calculated in the model
FT Hz | Transit frequency I
(still simplified expression, but C +Ct(t.+r1C '
improved vs. SGPM) se * Cac * (1 * 1Cac)Om
CBE = Crri +Crrx' CBC = Cui +Cux !
r=re+tretrg/By
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Variable | Unit Description Definition
VEF V | Effectiveforward Early voltage
—VeEi
VER V | Effectiveinverse Early voltage v
~VBEi

© M. Schroter

132



HICUM Experimental Results

6 Experimental Results

Thischapter contains selected examples that demonstrate HICUM’ s capabilities of modelling bi-
as, frequency, geometry and temperature dependent transistor behaviour. If not specified other-
wise, al results were obtained using a scalable single basic parameter set (cf. chapter 4 and 5).
The results cover not only alarge variety of processes, ranging from low-speed (6 GHz) to high-
speed (50 GHz SiGe) processes and even an example for avertical pnp, but also various modes of
operation (d.c. small-signal, large-signal). The major emphasis is on high-frequency (h.f.) charac-
teristics and figures of merit that are related to h.f. (circuit) applications. Considering the above
mentioned variables (bias, geometry, temperature, frequency), model verification is becoming a
quite difficult task, the effort of which is often severely underestimated.

Wherever possible, the following comparisons are performed in normalized form and in varia-

bles that are related to circuit design; for instance, often the current density | -/Ag is employed (to
allow process comparisons), and the bias points are defined by (Ic/Ag,Vcg) . The results do not

contain examples for junction capacitance modelling, which has already been shown to be accu-
rate. The experimental results given below cover the following areas:

* d.c. characteristicsincluding I-V and current gain curves as well as conductances vs. bias.
 Bias dependence of transit time T4 and transit frequency f1. An accurate approximation of the

trangit time and the junction capacitances, which are a fundamenta (linearly independent) var-
iablesin HICUM, guarantee an accurate modelling of composite parameters, such asf+ and y-

parameters.

» For small-signal characteristics, y-parameters are preferred, since they can be easier linked
directly to elementsin the transistor equivalent circuit (e.g. [13,28,36]). The examples contain
comparisons of all four y-parameters vs. frequency, bias, and geometry.

» High-speed switching is difficult to measure directly and accurately for today’s fast transi stors;
therefore, HICUM was verified by 2D and 3D mixed-mode device/circuit ssmulation [37]. For
older (dower) processes, however, HICUM could be verified experimentally [25,31].

» Temperature dependent modelling has been pursued and compared to experimental data for
several process generations (e.g. [31,32,41]), leading to reliable model formulations.

* Noise: both /f and high-frequency noise have been investigated as a function of bias, fre-
guency and geometry (cf. [5,6,7,8]) and have been compared to measurements.

* Non-linear h.f. distortion can be considered as another way to verify a model’s large-signal
behaviour. In the presented examples, the output power P as response to a single-tone input
power P;, is compared to measurements over frequency, bias and geometry for different types
of transistors.

» Predictive and statistical modelling capability isimportant for reducing design cycle time, but
have not been included for bipolar applicationsin commercial simulators and design toolsin a
physics-based and generic way. The given examples show f+ as one of several useful figures of
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merit (FoM) for high frequency applications, compared to other h.f. FOMs, f+ is clearly defined
and can most easily be measured, although its measurement timeis still not suitable for statisti-
cal dataacquisition.

 Circuit results have been included for a CML ring-oscillator as standard benchmark circuit for
digital applications. Sufficiently simple benchmark circuits for wireless applications are more
difficult to obtain.
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6.1 DC characteristics

Gummel plot
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Comparison between measurement (symbols) and HICUM (solid lines) from asingletransistor pa-
rameter extraction for a 12 GHz bipolar transistor [4]: (&) Gummel plot; (b) current gain.
Vpc/V = 0,-2,-4; emitter size: 0.6*4.8um?
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rameter extraction for a 12 GHz bipolar transistor [4]: (a) output characteristics for | g=const;

(b) output conductance dl o/dV g; emitter size: 0.6*4.8um
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Gummel plot
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Comparison between measurement (symbols) and HICUM (solid lines) for a25 GHz bipolar tran-
sistor: (a) Gummel plot; (b) normalized transconductance. V cg/V=0.5,0.8,1.5,3;

emitter size; 0.4* 14um?
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Comparison between measurement (symbols) and HICUM (solid lines) for a25 GHz bipolar tran-
sistor: (@) output characteristics for Vgg=const; (b) output conductance dl/dVg; emitter
size: 0.4* 14um
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(@)
(@

(b)

(b)

Comparison between measurement (symbols) and HICUM (solid lines) for a 45 GHz IBM SiGe
bipolar transistor [47,48]: (@) collector current density; (b) base current density.
Ve/V=0.8,1.6,2.4; emitter size: 0.5* 1Oum2. Self-heating and avalanche breakdown are quite pro-
nounced for this transistor.
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6.2 Transit frequency and transit time
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Transit frequency vs. collector current density (Vgc=const) for different bipolar processes. Com-
parison between measurement (symbols) and HICUM (solid lines) from single transistor parameter
extraction: (a) emitter size 0.5* 10pm2, Vgc/V=0,-5,-10 (the dashed lines are the results of the
SPGM) [17,41]; (b) emitter size 0.6*4.8um<; Vg/V = 0.5, 0, -0.5, -2,-4 [4,17].
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Comparison between measurement (symbols) and HICUM (solid lines) for a 25GHz bipolar proc-
ess [41]: (a) transit frequency; (b) transit time. Emitter size 0.4* 14um<, V/V=0.5,0.8,1.5,3.
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Comparison for the bias dependent transit frequency between measurement (symbols) and HICUM
(solid lines) for a 25GHz bipolar process. Transistor size: (a) 1.2* 14um?; (b) 0.4* 1.4um4.
Vce/V=05, 08,15, 3.
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Bias dependent transit frequency of an IBM SiGe bipolar transistor. Comparison between mea-
surement (symbols) and HICUM (solid lines) [48]; emitter size 0.5* 10pm?; Vce/V=0.8,1.6,2.4.
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Bias dependent transit frequency of a SiGe bipolar process [4]. Comparison between measure-
ment (symbols) and HICUM (solid lines); emitter size 0.4* 2um2; Vgc/V =05,0,-05, -1, -1.5.
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6.3 High-frequency small-signal characteristics

Note: real{yq,} isvery small and usually of little practical interest, but can cause the modelled phase of y, to deviate from measurements.

— — — 24 _ 2
Vge=0.85V VvV, =0.5V J_=0.10232mA/um® J,=0.0011332mA/um
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Frequency dependence of Y -parameters for a 12 GHz transistor (0.6*4.8um?) at | /Ag = 0.1mA/um?, Vg = 0.5 V (cf. f1 curves): comparison
between measurement (symbols) [4] and HICUM (lines). Single transistor parameter extraction.
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Frequency dependence of Y -parametersfor a1l2 GHz transistor (0.6* 4.8um2) alc/Ag=0.34 mA/umz, Vgc=0.5V (cf. f curves): comparison
between measurement (symbols) [4] and HICUM (lines). Single transistor parameter extraction.

(c) M. Schroter

145



HICUM Experimental Results

_ __ _ 2 4 _ 2
VBE—O.QV VBC— 1Vv JC—O.38029mA/um JB—O.OO43853mA/um

x 102 Re(y11l) [A/V] x 104 Re(y12) [A/V] Re(y21) [A/V] x 102 Re(y22) [A/V]
gl P Do g
L D
@) -0.5 0.02 15
6 0.015¢
_1 L
0.01¢ 1t
4 L
-1.5
0.005 ¢
0.5
2 B _2 L o I
q == N oL N R R
— — ¢
0 8 9 10 2.5 8 9 10 0.005 8 9 10 0 8 9 10
10 10 10 10 10 10 10 10 10 10 10 10
Freq [Hz] Freq [HZz] Freq [HZz] Freq [HZz]
x 102 Im(y11) [A/V] ocx 1072 Im(y12) [A/V] o Im(y21) [A/V] . x 1072 Im(y22) [A/V]

1 —0.004
—0.006 |
1-0.008¢
—-0.01¢

] -0.012¢
o

—0.014

10 8

10 10° 10 10 10° 10 10° 10° 10" 10° 10 10

9 10

Freq [Hz] Freq [Hz] Freq [Hz] Freq [Hz]

Frequency dependence of Y -parametersfor a 12 GHz transistor (0.6* 4.8pm2) atlc/Ag=0.38 mA/me, Ve =-1V (cf. f+ curves): comparison
between measurement (symbols) [4] and HICUM (lines). Single transistor parameter extraction.
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Freguency dependence of S-parameters (in Smith and polar chart) for a 12 GHz transistor (0.6* 4.8um2) at lc/Ag=0.38 mA/umz, Vgc=-1V
(cf. f+ curves): comparison between measurement (Symbols) [4] and HICUM (lines). Single transistor parameter extraction.
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(cf. f1 curves): comparison between measurement (symbols) [4] and HICUM (lines). Single transistor parameter extraction.
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Frequency dependence of H-parametersfor a 12 GHz transistor (0.6* 4.8pm2) atlc/Ag=0.38 mA/me, Ve =-1V (cf. f+ curves): comparison
between measurement (symbols) [4] and HICUM (lines). Single transistor parameter extraction.
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ST/BICMOS/Q _6x4p8 (04-Apr-1999)
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Y -parameters as a function of collector current density for a 12 GHz transistor (O.6*4.8um2) at f = 1GHz: comparison between measurement
(symbols) and HICUM (lines). Vg/V=-05, 0, 0.5, 2, 4.
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Y -parameters as a function of collector current density (V cg = const.) for a 25 GHz transistor (0.4* 14um2) at f =1 GHz: comparison between
measurement (symbols) and HICUM (lines). Vg/V=10.5, 0.8, 1.5, 3.
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yparms @ Freq=1GHz — hic

d3/3V/Q p1x14 (04—Apr-1999)

Re(y11l) [mA/V] Re(-y1l2) [mA/V] Re(y21) [mA/V]

Re(y22) [mA/V]

10
107 1072 ) 10° 10 10 ,.10
e [MA/um?] Je [MA/um-]
Im(=y12) [mA/V] Im(y21) [mA/V]
(o] -2
10
o

1020 — - S
10 10 10 10 10 10

4 (¢} 4 (o]

) 10~ 1072 ,.10
JC [MA/uM<] JC [MmA/um JC [MmA/um~]

&

Y -parameters as a function of collector current density (V cg = const.) for a 25 GHz transistor (1.2* 14um2) at f =1 GHz: comparison between
measurement (symbols) and HICUM (lines). Vg/V= 0.5, 0.8, 1.5, 3.
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(b) Vgc =-2 V. Note the high accuracy even at current densities far beyond | o/Ag(@pesk f1).
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Unilateral gain Gy, as a function of frequency for a 25 GHz transistor (0.4* 14um2) at various bias
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(b) Vg = 0.8 V. Note the high accuracy even at current densities far beyond | o/Ag(@peak f).
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6.4 High-speed transient (switching) operation

(2D mixed-mode device/circuit simulation [37]; for experimental results of an older process see [25])
® Vo(>0)

(a) Transistor inverter (worst-case for switching behaviour comparison). (b) Transit time vs. collector current density of a 14 GHz bipolar tran-
sistor. (c) Switching-on and -off behavior for i (top) and ig (bottom) into and out of, respectively, the bias point A, in Fig. (b). Comparison
between device ssimulation (solid lines), HICUM with NQS effects (dash-dotted lines), and HICUM without NQS effects (dashed lines) [37].
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6.5 Temperature dependence

6.5.1 DC characteristics

10 | | | |
0.5 0.6 0.7 0.8 0.9 1

Vae [V]

Comparison between measurement (symbols) and HICUM (solid lines) for a25 GHz bipolar tran-
sistor: collector current density | /Ag vs. Vgg for different temperatures. Emitter size: 0.4* 14 um?;
Vgc= 0V.
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6.5.2 AC characteristics

(b)

1.5 ,
JC [MA/umM?]

(8 Transit time and (b) transit frequency vs. |c/Ag for T = 125 C: comparison between measure-
ment (symbols) and HICUM (solid lines) [41]. Emitter size: 0.4*14 umz; Vce/V =05,08,1.53.
Note, that the results were generated with a single model parameter set, except for the temperature
coefficients of 1.
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6.6 L ow-frequency noise

10 3 T R R T T ]

IC(MA) = 1..0; 0.47, 0:12, 0.02

f [Hz]

b)

Collector current noise spectral density S; vs. frequency f for 25 GHz transistorsat T = 25 C and
variousbias points|¢ (cf. insert) and V o = 1 V. Comparison between measurement (Symbols) and
HICUM (lines): (8) Agg = 0.4*14um?, (b) Agg = 0.8* 14um?.
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6.7 High-frequency noise
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Minimum noisefigure F,i,, vs. frequency f for a25 GHz transistor. Comparison between measure-
ment (symbols) and HICUM (lines): (a) emitter sizeis 4*0.4*21um?, | /Ag = 0.405mA/um?,
Ve = 1V; (b) emitter sizeis 0.8* 14um?, | /Ag = 0.03mA/um?, Vg = 1V.
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Comparison between measurement (symbols) and HICUM (lines) for a 25 GHz transistor

(4*0.4* 21|1m2): (& Minimum noise figure F,i, vs. collector current density | /Ag; (b) equivalent
noise resistance R, vs. collector current density. f/GHz =1, 2, 3; Vg = 1V.
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6.8 High-frequency distortion

Some general remarks are required for explaining and understanding the distortion results.

The transistors were measured on-wafer in a 50Q system using the same h.f. pad configuration
that isemployed for small-signal S-parameter measurements. An automated measurement system
was set-up which facilitates bias point sweeps [19,43,44]. The system was carefully calibrated in
order to take into account all losses up to the device and to accurately obtain both output power P;,
and input power P, at the transistor terminals for all relevant frequencies. Single-tone measure-

ments were performed at four different fundamental frequenciesf,/GHz = (0.05, 0.1, 0.9, 1.8). The

two low frequencies at 50 and 100 MHz were chosen to be able to separate later the cause of non-

linearities during model comparison. The following table shows the relation between P;,, specified

in dBm by the power sweeper (defined for a 50Q load) and the respective voltage amplitude.

P [dBm] -40 -30 -20 -10
vV 6.4 20 64 200

Asresponse at the output, the signals at the respective fundamental frequency as well asthe sec-
ond and third harmonic frequency (f, and f3) were measured with a spectrum analyser for different
transistor types. The table below lists the frequencies that belong together. The resulting P, at the
various frequencies can then be compared to model characteristics as a function of d.c. bias and

geometry. Figures of merit, such as the 1dB compression point and harmonic distortion, can also
be calculated.

f/GHz || 0.05 0.1 0.9 1.8
f,/GHz || 0.1 0.2 1.9 3.6
fg/GHz || 0.15 0.3 2.7 5.4

For circuit simulation, the periodic steady-state method available in SPECTRE-RF was used.
However, time-domain based simulators seem to generate an incorrect d.c. component (probably

converted from the second harmonic) at the transistor input, which causesthe d.c. bias point to run
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away at high input power. This (probably) numerical effect, which should not occur according to
the measurement set-up, was not observed during harmonic balance simulations (using HP-MDS)
with the same circuit and parameters. A corresponding correction algorithm was developed and im-
plemented in MATLAB, the results of which were verified by HP-MDS.

For logistical reasons the measurements were carried out on adifferent die of the same wafer the
parameter extraction was performed on. Process variations across the wafer might cause slightly
increased deviations between model and measurements. Nevertheless, the model still turned out to
be quite accurate.
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HICUM
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Pout VS. Pi, for fg = 0.9 GHz; comparison between measurement (?mbols) and HICUM (lines):
(a) 10 GHz (power) transistor (0.4* 14um2) at |o/Ag = 0.05 mA/um<, Ve = 0.8 V;

(b) 25 GHz transistor (0.4* 14um?) at | o/Ag = 0.13 mA/um?, Vg =3 V.
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Pout VS. collector current density I-/Ag at fy = 0.9 GHz for a 10 GHz (power) transistor
(0.4* 14pm2); comparison between measurement (symbols) and HICUM (lines):
(@ Pp,=-20dBm; (b) P,=-10dBm.Vc=0.8V.
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Pout VS. collector current density | /A at fo = 0.9 GHz for a 25 GHz transistor (0.4* 14pm2); com-
parison between measurement (symbols) and HICUM (lines):
(@ P,=-20dBm; (b) P,=-10dBm.V=05V.
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Pout VS. collector current density | /A at fo = 0.9 GHz for a 25 GHz transistor (0.4* 14pm2); com-
parison between measurement (symbols) and HICUM (lines):
(@ P,=-20dBm; (b) P,=-10dBm.Vg=3V.
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Pout VS. collector current density | o/Ag at fo = 1.8 GHz for a 25 GHz transistor (0.4* 14pm2); com-
parison between measurement (symbols) and HICUM (lines):
(a) Pin =-20 dBm, VCE =05V; (b) Pin =-10 dBm, VCE =3V.
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6.9 Predictive modelling
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Transit frequency vs. collector current density for several process variations: base line (circles),
10% decrease of selectively implanted collector dose (sguares), 25% increase of epi width
Wc (diamonds). Comparison between measurement (symbols) and HICUM predictions (solid
lines). Vg = 0.8 V; emitter size: 0.4*14 pm
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Collector current density at fixed Vgg = 0.8V for the same process variants as above; comparlson
between measurement (o) and HICUM predictions (-). Vg = 0.8V; Emitter size: 0.4* 14um
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Transit frequency vs. collector current density for several variations of a“high-voltage” process:
base line (circles), =5% increase of epi collector doping (squares), 25% increase of epi width
W¢ (diamonds). Comparison between measurement (symbols) and HICUM predictions (solid

lines). Vg = 0.8 V; emitter size: 0.4* 14 um?.
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6.10 Statistical modelling

30
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Statistical distribution curves of peak f+ for a*high-speed” process. Comparison between (a) measurements and (b) HICUM predictions from
process monitors. Vg = 2 V; emitter size: 0.4*14 umz. The results were obtained from 5 different lots.
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Measurement (-—): mean= 24.19, std= 0.612 Measurement (--): mean= 10.77, std= 0.302
Simulation (-): mean= 24.30, std= 0.582 Simulation (-): mean= 10.80. std= 0.301
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Statistical distribution curves of peak f for transistors with 0.4* 14pm? emitter size. Comparison between measurements (histogram and solid
lines) and HICUM predictions from process monitors (dashed lines): (a) “high-speed” process; (b) “high-voltage’ process. The results were
obtained from 5 different lots.
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6.11 Circuit results

A few remarks are required here. In principle, there is agreement between design and modelling
engineers that model validation on benchmark circuits is beneficial for both sides (cf chapter 4).
However, this validation loop is rarely closed in an industrial environment for various reasons,
such as simply the large schedule and product pressure on one hand and the very limited resources
on the other hand. In addition, it is difficult to obtain agreement on which benchmark circuits sat-
isfy at least the majority of design applications. For digital applications, often frequency dividers
and ringoscillators consisting of CML or ECL gates are employed; experimental results for the lat-
ter will be shown below. For h.f. analog (e.g.. wireless) applications, not only the selection but al'so
the design and testing itself is much more difficult. A larger variety of designs that are suited for
on-wafer testing are required. As of now, results of only few production circuits are available that
agreewell with model “predictions’, but which have not been included here due to proprietary rea-

Sons.
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sSimu

0 | | | | | | |
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Tail current per stage [mA/um2]

Oscillation frequency foq. VS. current density (I /Ag) per stage for a CML ring-oscillator fabricat-
ed in a25 GHz process; comparison between measurement (symbols) and HICUM (lines).

Due to power considerations, the smallest manufacturable emitter size (0.4*0.7um2) has been
used; no specific or other model parameters were adjusted for this example.
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	M
	3

	ICH
	High-current correction for 2D and 3D effects
	•
	2.09e-02
	A
	M
	4

	HFE
	Emitter minority charge weighting factor in HBTs
	1
	1.0
	-
	5

	HFC
	Collector minority charge weighting factor in HBTs
	1
	1.0
	-
	6

	HJEI
	B-E depletion charge weighting factor in HBTs
	1
	1.0
	-
	7

	HJCI
	B-C depletion charge weighting factor in HBTs
	1
	1.0
	-
	3.1.2 Base-Emitter Currents
	no


	name
	description
	default
	test
	unit
	factor
	1

	IBEIS
	Internal B-E saturation current
	1E-18
	1.16e-20
	A
	M
	2

	MBEI
	Internal B-E current ideality factor
	1
	1.0150
	-
	3

	IREIS
	Internal B-E recombination saturation current
	0
	1.16e-16
	A
	M
	4

	MREI
	Internal B-E recombination current ideality factor
	2
	2.0
	-
	5

	IBEPS
	Peripheral B-E saturation current
	0
	3.72e-21
	A
	M
	6

	MBEP
	Peripheral B-E current ideality factor
	1
	1.0150
	-
	7

	IREPS
	Peripheral B-E recombination saturation current
	0
	1.0e-30
	A
	M
	8

	MREP
	Peripheral B-E recombination current ideality factor
	2
	2.0
	-
	3.1.3 Base-Collector Currents
	no


	name
	description
	default
	test
	unit
	factor
	1

	IBCIS
	Internal B-C saturation current
	1E-16
	1.16e-20
	A
	M
	2

	MBCI
	Internal B-C current ideality factor
	1
	1.0150
	-
	3

	IBCXS
	External B-C saturation current
	0
	4.39e-20
	A
	M
	4

	MBCX
	External B-C current ideality factor
	1
	1.03
	-
	3.1.4 Base-Emitter Tunnelling Current
	no


	name
	description
	default
	test
	unit
	factor
	1

	IBETS
	B-E tunnelling saturation current
	0
	0.0
	A
	M
	2

	ABET
	Exponent factor for tunnelling current
	40
	40
	-
	3.1.5 Base-Collector Avalanche Current
	no


	name
	description
	default
	test
	unit
	factor
	1

	FAVL
	Avalanche current factor
	0
	1.186
	1/V
	2

	QAVL
	Exponent factor for avalanche current
	0
	11.1e-5
	C
	M
	3.1.6 Series Resistances
	no


	name
	description
	default
	test
	unit
	factor
	1

	RBI0
	Zero-bias internal base resistance
	0
	71.76
	W
	1/M
	2

	RBX
	External base series resistance
	0
	8.83
	W
	1/M
	3

	FGEO
	Factor for geometry dependence of emitter current crowding
	0.6557
	0.73
	-
	4

	FDQR0
	Correction factor for modulation by B-E and B-C Space charge layer
	0
	0.2
	-
	5

	FCRBI
	Ratio of HF shunt to total internal capacitance
	0
	0.0
	-
	6

	FQI
	Ratio of internal to total minority charge
	1.0
	0.9055
	-
	7

	RE
	Emitter series resistance
	0
	12.534
	W
	1/M
	8

	RCX
	External collector series resistance
	0
	9.165
	W
	1/M
	3.1.7 Substrate Transistor
	no


	name
	description
	default
	test
	unit
	factor
	1

	ITSS
	Saturation current of substrate transistor transfer current
	0
	1.0e-16
	A
	M
	2

	MSF
	Forward ideality factor of substrate transfer current
	1
	1.05
	-
	3

	MSR
	Reverse ideality factor of substrate transfer current
	1
	-
	4

	ISCS
	Saturation current of C-S diode
	0
	1e-17
	A
	M
	5

	MSC
	Ideality factor of C-S diode
	1
	1.0
	-
	6

	TSF
	Transit time (forward operation)
	0
	1.05
	s
	3.1.8 Intra-Device substrate coupling
	no


	name
	description
	default
	test
	unit
	factor
	1

	RSU
	Substrate series resistance
	0
	0
	W
	1/M
	2

	CSU
	Shunt capacitance (caused by substrate permittivity)
	0
	0
	F
	M
	3.1.9 Depletion Capacitances
	no


	name
	description
	default
	test
	unit
	factor
	1

	CJEI0
	Internal B-E zero-bias depletion capacitance
	0
	8.11e-15
	F
	M
	2

	VDEI
	Internal B-E built-in potential
	0.9
	0.95
	V
	3

	ZEI
	Internal B-E grading coefficient
	0.5
	0.5
	-
	4

	ALJEI
	Ratio of maximum to zero-bias value of internal B-E capacitance
	2.5
	1.8
	-
	5

	CJEP0
	Peripheral B-E zero-bias depletion capacitance
	0
	2.07e-15
	F
	M
	6

	VDEP
	Peripheral B-E built-in potential
	0.9
	1.05
	V
	7

	ZEP
	Peripheral B-E grading coefficient
	0.5
	0.4
	-
	8

	ALJEP
	Ratio of maximum to zero-bias value of peripheral B-E capacitance
	2.5
	2.4
	-
	9

	CJCI0
	Internal B-C zero-bias depletion capacitance
	0
	1.16e-15
	F
	M
	10

	VDCI
	Internal B-C built-in potential
	0.7
	0.8
	V
	11

	ZCI
	Internal B-C grading coefficient
	0.4
	0.333
	-
	12

	VPTCI
	Internal B-C punch-through voltage
	•
	416
	V
	13

	CJCX0
	External B-C zero-bias depletion capacitance
	0
	5.4e-15
	F
	M
	14

	VDCX
	External B-C built-in potential
	0.7
	0.700
	V
	15

	ZCX
	External B-C grading coefficient
	0.4
	0.333
	-
	16

	VPTCX
	External B-C punch-through voltage
	•
	100
	V
	17

	FBC
	Partitioning factor for external B-C capacitance
	0
	0.1526
	-
	18

	CJS0
	C-S zero-bias depletion capacitance
	0
	3.64e-14
	F
	M
	19

	VDS
	C-S built-in potential
	0.6
	0.6
	V
	20

	ZS
	C-S grading coefficient
	0.5
	0.447
	-
	21

	VPTS
	C-S punch-through voltage
	•
	1E20
	V
	3.1.10 Diffusion Capacitances
	no


	name
	description
	default
	test
	unit
	factor
	1

	T0
	Low-current forward transit time at VBC=0V
	0
	4.75e-12
	s
	2

	DT0H
	Time constant for base and B-C space charge layer width modulation
	0
	2.1e-12
	s
	3

	TBVL
	Time constant for modelling carrier jam at low VCE
	0
	4.0e-12
	s
	4

	TEF0
	neutral emitter storage time
	0
	1.8e-12
	s
	5

	GTFE
	Exponent factor for current dependence of neutral emitter storage time
	1
	1.4
	-
	6

	THCS
	Saturation time constant at high current densities
	0
	30e-12
	s
	7

	ALHC
	Smoothing factor for current dependent of base and collector transit time
	0.1
	0.75
	-
	8

	FTHC
	Partitioning factor for base and collector portion
	0
	0.6
	-
	9

	RCI0
	Internal collector resistance at low electric field
	150
	127.8
	W
	1/M
	10

	VLIM
	Voltage separating ohmic and saturation velocity regime
	0.5
	0.70
	V
	11

	VCES
	Internal C-E saturation voltage
	0.1
	0.1
	V
	12

	VPT
	Collector punch-through voltage
	•
	5
	V
	13

	TR
	Storage time for inverse operation
	0
	0
	s
	3.1.11 Isolation Capacitances
	no


	name
	description
	default
	test
	unit
	factor
	1

	CEOX
	B-E isolation capacitance
	0
	1.13e-15
	F
	M
	2

	CCOX
	B-C overlap capacitance
	0
	2.97e-15
	F
	M
	3.1.12 Non-Quasi-Static Effects
	no


	name
	description
	default
	test
	unit
	factor
	1

	ALQF
	Factor for additional delay time of minority charge
	0
	0.225
	-
	2

	ALIT
	Factor for additional delay time of transfer current
	0
	0.45
	-
	3.1.13 Noise
	no


	name
	description
	default
	test
	unit
	factor
	1

	KF
	Flicker noise coefficient (no unit only for AF=2)
	0
	1.43e-8
	-
	M1-AF
	2

	AF
	Flicker noise exponent factor
	2
	2
	-
	3

	KRBI
	Factor for internal base resistance
	1
	1
	-
	3.1.14 Lateral Geometry Scaling (at high current densities)
	no


	name
	description
	default
	test
	unit
	factor
	1

	LATB
	Scaling factor for collector minority charge in direction of emitter width bE
	0
	3.765
	-
	2

	LATL
	Scaling factor for collector minority charge in direction of emitter length lE
	0
	0.342
	-

	3.1.15 Temperature Dependence
	no
	name
	description
	default
	test
	unit
	factor
	1

	VGB
	Bandgap-voltage extrapolated to 0K
	1.17
	1.17
	V
	2

	ALB
	Relative temperature coefficient of forward current gain
	5E-3
	6.3e-3
	1/K
	3

	ALT0
	First-order relative temperature coefficient of parameter T0
	0
	0
	1/K
	4

	KT0
	Second-order relative temperature coefficient of parameter T0
	0
	0
	1/K2
	5

	ZETACI
	Temperature exponent for RCI0
	0
	1.6
	-
	6

	ALVS
	Relative temperature coefficient of saturation drift velocity
	0
	1e-3
	1/K
	7

	ALCES
	Relative temperature coefficient of VCES
	0
	0.4e-3
	1/K
	8

	ZETARBI
	Temperature exponent of internal base resistance
	0
	0.588
	-
	9

	ZETARBX
	Temperature exponent of external base resistance
	0
	0.206
	-
	10

	ZETARCX
	Temperature exponent of external collector resistance
	0
	0.223
	-
	11

	ZETARE
	Temperature exponent of emitter resistance
	0
	0
	-
	12

	ALFAV
	Relative temperature coefficient for FAVL
	0
	8.25e-5
	1/K
	13

	ALQAV
	Relative temperature coefficient for QAVL
	0
	1.96e-4
	1/K
	3.1.16 Self-Heating
	no


	name
	description
	default
	test
	unit
	factor
	1

	RTH
	Thermal resistance
	0
	0.0
	K/W
	1/M
	2

	CTH
	Thermal capacitance
	0
	0.0
	Ws/K
	M
	3.1.17 Circuit simulator specific parameters
	no


	name
	description
	default
	unit
	1

	LEVEL
	Model identifier
	9 (ELDO)
	bht (SPECTRE)
	-
	2

	TNOM
	temperature at which parameters are specified
	27
	˚C
	3

	DT
	Temperature change w.r.t. chip temperature for particular transistor
	0
	˚C
	3.2 Parameter list for HICUM/Level0
	4 Parameter determination




	4.1 Wafer selection
	4.2 Relevant transistor dimensions
	Fig. 4.2.0/1: Schematic cross-section and layout of a silicon bipolar transistor with junction is...
	Fig. 4.2.0/2: Schematic cross-section and layout of a epitaxial base SiGe bipolar transistor with...

	4.3 Measurements
	4.3.1 IV measurements and data
	4.3.2 CV measurements and data
	4.3.3 S-parameter measurements and data
	4.3.4 Sequence of measurements

	4.4 A step by step procedure
	4.4.1 BC depletion and isolation capacitance
	4.4.2 BE depletion and isolation capacitance
	4.4.3 CS depletion capacitance

	4.4.4 Internal base (sheet) resistance
	4.4.5 Components of external base resistance

	4.4.6 Emitter resistance
	4.4.7 Components of external collector resistance

	4.4.8 Collector current at low bias
	4.4.9 Current across BE junction at low bias

	4.4.10 Current across BC junction at low bias
	4.4.11 Thermal resistance

	4.4.12 Forward transit time
	4.4.13 Collector current at high injection
	4.4.14 Base-collector Breakdown

	4.4.15 High-Frequency effects
	4.4.15.1 Non-quasi-static effects
	4.4.15.2 Partitioning of the external BC capacitance

	4.4.16 Intra-device substrate coupling
	4.4.17 High-frequency emitter current crowding

	4.4.18 Parasitic substrate transistor elements
	4.4.18.1 Transfer current
	4.4.18.2 Charge storage time

	4.4.19 Temperature dependence
	4.4.19.1 Series resistances
	4.4.19.2 Bandgap voltage
	4.4.19.3 TC of the forward current gain
	4.4.19.4 Transit time at low current densities
	4.4.19.5 Critical current
	4.4.19.6 BC breakdown


	4.5 Flowchart and comparison to SGPM
	BC depletion capacitance components
	Fig. 4.5.0/1: Rough overview on the flow and modules for a combined geometry scalable parameter e...


	4.6 Measurement conditions
	measurement type and bias conditions
	data
	result
	5 Circuit simulators
	5.1 Availability


	5.2 Operating point information
	VBEi = VB’ - VE’
	VBEx = VB* - VE’
	VBCi = VB’ - VC’
	VBCx = VB* - VC’
	VSCi = VS’ - VC’
	Variable
	Unit
	Description
	Definition
	6 Experimental Results


	6.1 DC characteristics
	6.2 Transit frequency and transit time
	6.3 High-frequency small-signal characteristics
	6.4 High-speed transient (switching) operation
	6.5 Temperature dependence
	6.5.1 DC characteristics
	6.5.2 AC characteristics

	6.6 Low-frequency noise
	6.7 High-frequency noise
	6.8 High-frequency distortion
	6.9 Predictive modelling
	6.10 Statistical modelling
	6.11 Circuit results
	7 References
	[1] H.K. Gummel and H.C. Poon, "An Integral Charge-Control Model for Bipolar Transistors", BSTJ V...
	[2] P. Antognetti and G. Massobrio, "Semiconductor Device Modeling with SPICE", McGraw- Hill, 198...
	[3] B.C. Bouma and A.C. Roelofs, "An Experimental Determination of the Forward-Biased Emitter-Bas...
	[4] D. Celi, private communication.
	[5] S. Voinigescu, M. Maliepaard, M. Schröter, P. Schvan and D. Harame, „A scaleable high- freque...
	[6] X.Y. Chen, M.J. Deen, Z.X. Yan, and M. Schroter, “Effects of emitter dimensions on low- frequ...
	[7] X.Y. Chen, M.J. Deen, A.D. van Rheenen, Z.X. Yan, and M. Schroter, “Low-frequency noise in np...
	[8] M.J. Deen, S.L. Rumyantsev, and M. Schroter, “On the origin of 1/f noise in polysilicon emitt...
	[9] [H.K. Gummel, "On the definition of the cutoff frequency fT", Proc. IEEE, Vol. 57, pp. 2159, ...
	[10] H.K. Gummel, "A charge-control relation for bipolar transistors", BSTJ, Vol. 49, pp. 115- 12...
	[11] R. Dennison and K. Walter, “Local thermal effects in high performance bipolar devices/circui...
	[12] C.T. Kirk, “A theory of transistor cutoff frequency falloff at high current densities”, IEEE...
	[13] A. Koldehoff, M. Schröter, and H.-M. Rein, "A compact bipolar transistor model for very high...
	[14] T.-Y. Lee and M. Schröter, “Methodology for bipolar transistor model parameter extraction”, ...
	[15] T.-Y. Lee et al., “Modeling and parameter extraction of of BJT substrate resistance “, Proc....
	[16] [W. Maes, K. DeMeyer, and R. Van Overstraaten, “Impact ionization in silicon: a review and u...
	[17] C. Mallardeau et al., “A 12V BiCMOS technology for mixed analog-digital applications with hi...
	[18] P. Mars, "Temperature dependence of avalanche breakdown voltage in pn junctions", Int. J. El...
	[19] D.R. Pehlke, private communication, 1998.
	[20] M. Pfost, H.-M. Rein, and T. Holzwarth, "Modeling substrate effects in the design of high- s...
	[21] R.L. Pritchard, “Transistor Characterictics”, McGraw Hill, 1967.
	[22] H.-M. Rein, "Proper choice of the measuring frequency for determining fT of bipolar transist...
	[23] H.-M. Rein, "A simple method for separation of the internal and external (peripheral) curren...
	[24] H.-M. Rein, H. Stübing, and M. Schröter, "Verification of the Integral Charge-Control Relati...
	[25] H.-M. Rein and M. Schröter, "A compact physical large-signal model for high-speed bipolar tr...
	[26] H.-M. Rein and M. Schröter, "Base spreading resistance of square emitter transistors and its...
	[27] H.-M. Rein and M. Schröter, "Experimental determination of the internal base sheet resistanc...
	[28] H.-M. Rein, M. Schröter, A. Koldehoff, and K. Wörner, "A semi-physical bipolar transistor mo...
	[29] M. Schröter and H.-M. Rein, "Two-dimensional modelling of high-speed bipolar transistors at ...
	[30] [M. Schröter and H.-M. Rein, "A compact physical large-signal model for high-speed bipolar t...
	[31] M. Schröter, "A compact physical large-signal model for high-speed bipolar transistors with ...
	[32] M. Schröter and H.-M. Rein, "Transit time of high-speed bipolar transistors in dependence on...
	[33] M. Schröter, "Simulation and modelling of the low-frequency base resistance of bipolar trans...
	[34] M. Schröter, "Modeling of the low-frequency base resistance of single base contact bipolar t...
	[35] M. Schröter, M. Friedrich, and H.-M. Rein, " A generalized Integral Charge-Control Relation ...
	[36] M. Schröter, (a) "Physical models for high-speed silicon bipolar transistors - A comparison ...
	[37] M. Schröter and H.-M. Rein, "Investigation of very fast and high-current transients in digit...
	[38] M. Schröter and D.J. Walkey, "Physical modeling of lateral scaling in bipolar transistors", ...
	[39] M. Schröter, Z. Yan, T.-Y Lee, and W. Shi, "A compact tunneling current and collector breakd...
	[40] M. Schröter and T.-Y. Lee, “HICUM - a physics-based scaleable compact bipolar transistor mod...
	[41] M. Schröter and T.-Y. Lee., "A physics-based minority charge and transit time model for bipo...
	[42] M. Schröter et al., “Physics- and process-based bipolar transistor modeling for integrated c...
	[43] M. Schröter, D.R. Pehlke and T.-Y. Lee, „Compact modeling of high-frequency distortion in bi...
	[44] M. Schröter, D.R. Pehlke and T.-Y. Lee, „Compact modeling of high-frequency distortion in Si...
	[45] H. Stübing and H.-M. Rein, "A compact physical large-signal model for high-speed bipolar tra...
	[46] S. Sze, "Physics of semiconductor devices", Wiley & Sons, New York, 1981.
	[47] H.Q. Tran, “Investigation of SiGe heterojunction bipolar transistors with respect to compact...
	[48] H.Q. Tran et al., “Simultaneous extraction of thermal and emitter series resistances in bipo...
	[49] P.B. Weil and L.P. McNamee "Simulation of excess phase in bipolar transistors", IEEE Trans. ...
	[50] J. TeWinkel, "Extended charge-control model for bipolar transistors", IEEE Trans. Electron D...



