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CHAPTER I

INT RO CT ION

A large-signal model is a mathematical model used to
simulate the electrical behaviour of a transistor over a wide range
of operating conditions. Such a model should be in a compact form
which will approximate the internal electrical behaviour of a tran-
sistor at its terminals. Its main usefulness is in transistor circuit
design-and analvsis, especially in integrated-circuits where tolerance
calculations are often of interest. Thus an accurate and efficient
compact mathematical model is desired.

Over the past twenty years, a number of models have been
proposed. In 1954, the first bipolar junction transistor large-
signal model, the Ebers-Moll model, was developed and later became
widely used. It is based on device physics and covers all operating
regimes, that is, active, saturated and cutoff operations. But,
various approximations limit the accuracy of the model. Hence, over
the past few vears, a number of modified Ebers-Moll models have been
proposed; those which have received the most attention are the ones
employed in ECAP II(1), SCEPTRE(2) and NLT-1(3) circuit analysis
computer programs and the one recently proposed by John Logan(4) in
1972, Basically,.the common approach in these modified Libers-hopll

madels consists of retaiuiug the form of iie equations of the hasic



Ebers-Moll model but increasing the accuracy by allowing certain model
parameters to vary with voltages and currents. The functional de-
pendence of these parameters is determined by curve-fitting and by
using measurements made at the device terminals. The characterization
thus consists of tabulations or empirically defined mathematical
functions describing the dependence of such parameters as current
gains on revelant voltages and currents.

In 1957, Beaufoy and Sparkes(5) analysed the bipolar
junction transistor from a charge control point of view., Their charge
control model or the equivalent chargé control form of the Ebers-Moll
model is directly useful for transient analysis.,

In 1970, Gummel and Poon(6) proposed an integral charge
control model described by twenty-one parameters (excluding the para-
sitic resistances) which offers sighificant advantages in static
analysis and does not depend for its validity on many of the approxi-
mation upon which the basic Ebers-Moll model is based. Moreover,
their wodel enables trading simplicity for accuracy thereby generating
a progressicn of simpler modals; in its simplest form, the Gummel-
Poon model can reduce to the basic Ebers-Moll model.

A considerable volqme of literature exists
dealing with the above-mentioned models, yet very few comprehensive
studies comparing the models are available in the literature(7), (8).
Hence, it is the purpose of this thesis to present the detailed
studies of each of the models; those which will be investigated are
the basic Ebers—MéLl nodel and the modified ones used in ECAP II,

SCLEPTHAE and NETP-1, nad an abbreviatsd Gummel-Poon modal (an abbrevi-



ated form of the integral charge control model originally proposed by
Gummel and Poon). The models are compared on the bases of (i) their
ability to simulate the common-emitter static characteristics of

a silicon double-diffused transistor, (ii) the ease of model parameter
evaluation, (iii) the compromise between simplicity of the model and
accuracy of simulation and (iv) the ability to represeat the physical
processes of transistor.

The thesis is divided into four main parts. In Chapter II,
the development of the large-signal mbdels under investigation is
described, In Chapter ILlI, measuring techniques for determining the
parametérs of the models described in Chapter II are presented. In
Chapter IV, computer simulations of the common-emitter static
characteristics of a silicon double-diffused transistor by means of
different models, are compared with the corresponding characteristics
obtained experimentally. In Chapter V, results of the thesis are

suwmmarized and discussed, and further studies are suggested.



CHAPTER II

BIPLOAR JUNCTION TRANSISTOR LARGE-SIGNAL STATIC MQDELS

2.1 THE EBERS-MOLL MODEL

The Ebers-Moll model is based on the idea of superimposing
a "normal" and an "inverse" transistor to which the direct solution
of the simplified transport equations for carriers of a p-n junction
diodé can be applied. The Ebers-Moll's approach is based on device
physics but has little direct contact with all of the physical processes,
(e.g. the effect of base-width modulation(9), the effecits of gener-
ation and recombination of carriers in space-charge regions(10), the
effect of conductivity modulation in the base(11) and in the collector
(12) and the effect of emitter crowding(13), (14)).

Contrary to usual practice, the defining equations of the
Ebers~Moll model are formulated here for the n-p-n rather than for
the p-n-p transistor with voltage and current reference conditions
based on the usual two-port network practice. However, the results
apply equally well to p-n-p transistors.

The development of ihe model begins with some important
assumptions (or approximations) which are as follows:
(a) The resistivities of the semiconductor neutral regions are low

enough to be negligible,

{b) Low-level injection of carriers holds true. This implies that the



injected current densities are low.
(Assumptions (a) and (b) insure that there are no voltase drops
within the semiconductor neutral regions other than those across
the junctions, and that the emitter efficiency is not a function
of emitter current).

(c) The electric field in the neutral regions is independent of
currents(15), (16).

(d) Space-charge region widening effects(17) are neglected.

(e) Generation ana recombination effects in the space-charge regions(10)
are neglected.

(f) Conductivity modulation in the base(11) and in the collector(12)
is ;egligible.

(g) There is a uniform injection of carriers across the emitter area,
that is, the emitter crowding(1j), (14) is negligible.

(h) The emitter-base and collector-base junctions, respectively, have

V/KT .
Q/ '1))1

voltage-current relations of the form given by_(I:IS(e

(18) j.e. the V-I characteristics of "ideal" p-n junction diodes.

(i) The transistor is a one-dimensional stracture in the direction of
major c;rrent flow.

2.17.1 The Basic Ebers-Moll Model

The development of the basic Ebers-Moll model(19) is based
on the fact that one can coasider two separate excitations to stand
for the result of a general excitation (a given emitter-base voltage
and a given collector-base voltage) of the transistor when they are

appiied in combination, Luitter-base and collector-uvase voltages
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determine the minority carrier densities at the edges of the space-
charge regions and thus prescribe the boundary conditions for carrier
densities in the base region., The same total carrier currents
described by the carrier transport equations can be found by the
application first of the prescribed emitter-base voltage and zero
collector-base voltage and second of the prescribed collector-base
voltage and zero emitter-base voltage as by both voltages applied
simultaneously. This results in the validity of the use of "super-
position" of the carrier current densities. By the principle of
"superposition", the emitter and collector currents, IE and IC in
terms of their components under forward and reverse voltage

conditions can be written as follows:

I, =1I,.,+1 (2.1)

(2.2)

b=
[
i
+
bl

Where the subscripts F and R denote the forward and reverse com-
ponents respectively.

The definition of terminal currents and tneir current
components are shown in Figure 2.1.

Making use of "ideai" p-n junction theory(18), one can
write for the forward component of the emitter current, under the
condition that the emitter-base junction is forward-biased with

zero collector-base junction voltage,

(—IEF) = IES(e - 1) (2.3)



Where IES is the magnitude of the emitﬁer—base junction short-circuit
reverse~-saturation current with zero collector-base junction voltage,
The forward component of the collector current denoted by ICF is
smaller than IEF because not all of the minority carriers that are
injected into the base from the emitter can reach the collector.
If the fraction of the minority carriers that reach the collector
is denoted by op termed the d. c¢. forward short-circuit common-base
current gain, then the forward component of the collector current is,

q(-VEB)/KT

I I.(e - 1) (2.4)

cr = " oplgp = eplys

Similarly, one can write for the reverse components of the
collector and the emitter currents under the condition that the
collector-base junction is forward-biased with zero emitter-base

junction voltage

. - (2.
(-Ip) = Iggle 1) (2.5)
al-V.5) /KT
Tgr = — axleg =oglcsie - 1) (2.6)

where ICS is the magnitude of'the collector-base junction short-
circuit reverse-saturation current with zero emitter-base junction
voltage and oR is termed the d. c. reverse short-circuit common-
base current gain.

The ne:ative signs wherever they ajppear in eguations (2.1)

to (2.6) inclusive denote that the directions of the quantities



(either voltage or current) are opposite to those
defined on the basis of two-port active network convention.
Substitution of equations (2.3) to (2.6) inclusive into

equations (2.1) and (2.2), yields

q(-Vv__)/KT q(~-V,.,) /KT
IE=-%§G EB -1)+aﬁ%§e CB - 1) (2.7)
q(-V..,) /KT q(~-V_,) /KT
IC = - ICS(e CB -1) + aFIES(e EB - 1) (2.8)

If the transistor structure is symmetrical, which however
is not uasually the case in a planar-diffused type, an =ap. But,
even for a non-symmetrical structure, it is usually assumed that
“FIES = “RICS as proposed by Ebers-Moll(19). By use of this reci-
procity relationship, equations (2.7) and (2.8) can be rewritten as,

al -V o) /KT al -V, ) /KT

I =-I - 1) + aFIES(e - 1) (2.9)

gs'®

=

q(—VCB)/kT q( -Vgp) /KT

I. =-~-I..(e - 1) + aFIES(e

cs - 1) (2.10)

The form of equatiogs (2.9) and (2.10), except for the
n-p-n formulation and choice of reference conditions for voltages and
currents, is tihe one most commonly referred to as the Ebers-holl
equations and used to define tne Ebers-Moll model. A circuit

representation of the Ebers-Moll model is shown in Figure 2.2.
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Figure 2,1 Definition of Terminal Currents and Their Forward
and Reverse Components, Based on the Two-Port

Network Confizuration.
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Figure 2.2 The Basic Ebers-Moll Model
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2.1.2 The Modified Ebers-Moll Models

The basic Ebers-Moll model just developed in Section 2.1.1,
is known to involve considerable errors if the parameters aF‘and aR
are considered to be constant and the reciprocity relationship

(i.e. = aRICS) is assumed. Because the model is based on the

oplpg
low-level injection theories introduced by Shockley(18), the greatest
error for modern diffused silicon transistorsis in the normal active
(or quasi-linear) region where processes not accounted for, such as
high-level injection of minority carr;ers, carrier generation and
recombination in the space-charge regions, base-width modulation as

a fuhct}on of collector-base junctibn voltage, conductivity modul-
ation in the base and in the collector at high current levels,
surface leakage across the collector-base junction and ohmic re-
sistances of the neutral regions,caﬁ contribute substantially to

the overall characteristics. For example, without consideration of
these processes, variation of d. c., comnon-emitter current gain will
not appear in the model. Modification of the basic Ebers-Moll model

is therefore necessary in order to improve the model accuracy.

Three common modified Ebers-Moll models are chosen for investigation.

2.1.2(a) The Modified Bbers-ioll Model used in ECAP II

This model is basically the same as the basic Ebers-Moll
model. Constant d. c., short-circuit common-base current gains, af
and ay are still assumed, but reciprocity is not assumed. The model
includes junction space-charge region and diffusion capacitances,

but since the investigation of the model here has been restricted to
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the static cése, these capacitances are deleted.

The modifications made to the model can be described

as follows:

(i) A base resistance used to account for the finite resistivity of
the semiconductor of the base region is simulated by a fixed
resistor in series with the base lead in the model.

(ii) Two current generators have been modified by replacing the"ideal''
junction exponential factors, q/KT with empirical collector and
emitter junction exponential factors, Ac and’xE respectively,
which take into account the fact that practical transistors do
not have "ideal" p-n junction diode exponential factors but some
value between q/KT and q/2KT. Non-ideality is considered to be
due to surface recombination, recombination in the interfaces
between the substrate and the epitaxial layers as well as in
the space-chargeregions and the enhanced recombination due to
the lattice imperfection in the heavily doped emitter region.

The basic Ebers-Moll's equations (2.7) and (2.8) are then

written in the form of,

\Y ' Vv

AmVYionm by N
E BE C 'BC

IE = -IES(e - 1) + aRICS(e - 1) (2.11)
A ‘v A 'V "
C BC E BE

IC = -Ics(e - 1) + aFIES(e - 1) (2.12)

Transformation of equations (2.11) and (2.12) into the form

as appeared in the ECAP [I program, gives
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the diode currents Jgp = Igs(e ‘e VBE - 1) (2.13)
Ipc = Icsle folme 1) (2.18)
the current generators JFWD - “FJBE (2.15)
Jpev = *rIBc (2.16)
the terminal currents Ip = ~Jgp + Jpgy (2.17)
Io = =3¢ + Jpun (2.18)

A circuit representation of the model is shown in Figure 2.3.

This modified Ebers-Moll model has a total of seven model

parameters, viz. ICS’ IES"“F’ agr Ag? Mg and RB .

2.1.2(b) The Modified Ebers-iMoll Model used in SCEPTRE

The modifications made to this model are essentially the
same as those to the model in'BCAPII., The reciprocity is also not
assumed. The junction exponeﬁtial factors are denoted by QC and QE’
respectively, which are identical to AC and;AE in the model of
ECAPII. The junction capacitances are included in this model but do
not feature in the static case.

The main features of this model can be stated below:
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Figure 2.3 The Modified Ebers-Moll Model Used in ECAP II with

Omission of Junction Capacitances and Dummy Resistors

and R

equal to zero
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(i) The d. ¢. forward and reverse short-circuit common-base current
gains, op and ap are not considered to be constant but allowed
to vary with both junction voltages and currents. The functional
dependence of these parameters is determined by measurements made
at the transistor terminals. The characterization thus consists
of tabulations of the dependence of these parameters on the
relevant voltages and currents. The accuracy of the model can
be increased by increasing the number of data points obtained
from the terminal -measurements in constructing the tables for
such parameters.

(ii) In-addition to the base resistance, Rg, a series collector
resistance, RC is included in this model to account for the
finite resistivity of the semiconductor of the neutral collector
region. This RC is significant while the transistor is operating
at high current levels.

The model defining equations are written in the form of,

oV o.V

I = -I (e E'BE _ 4y +a glegle C'BC _ 1) (2.19)

ES

CBC-1)+&I

F ES(e - 1) (2.20)

I = -ICS(e

Transformation of equations (2.19) and (2.20) into the form as

appeared in the SCEPTRE program yields,

, , oV _
The diode currents 3, = Tyle E'BE _ 4y (2.21)
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.V

C BC
Jo = Iogle - 1) (2.22)
The current generators
=0a
g aJc (2.24)

Where GF and aR are functions of junction operating conditions

and their values are determined experimentally.

The terminal currents “J + J (2.25)

—
]

~J. + J (2.26)

Ll
]

This model contains eight model parameters. They are ICS’
] o a i i
IES’ %R (their values entered in a tabulated form), 8¢ OE' RB
and RC.

The circuit representation of the model is shown in
Figure 2.4,

1

2.1.2(c) The Modified Ebers-Moll Model used in NET-1

This model is essentially the same as the first two modi-
fied Ebers-Moll models. The reciprocity and constant current gains
are also not assumgd. The junction capacitances are also deleted in
the static case. The features different from that of the previous

two modified Ebers-Moll model can be described as follows:
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Figure 2.4 The Modified Ebers-Moll Model Used in SCEPTRE Program

with Omission of Junction Capacitances and Junction

Leakage Resistances
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(i ) The expressions for d. c. forward and reverse short-circuit
common-base current gains, “F and “R are modelled by means of
two third order polynomials, shown below:

2
o
A0 + A1(VBE) + AZ(VBE)

]
[

3 .
+ A.B(VBE) (2.27)

2

=)
]

3
B0 + B1(VBC) + BZ(VBC) + BB(VBC) (2.28)
(ii) The expressions for the two current generators are also modelled
by means of empirical expressions which are the same as those in
the models of ECAPII and SCEPTRE, but different notations for
the junction exponential factors are used. The junction expo-~

nential factors which are denoted by QC and 9, in the model of

E

SCEPTRE are expressed here in the forms of q/KTM; and q/KTM,
respectively. Hence, two model parameters, MC and ME termed
the junction emission constants for the collector-base junction
and the emitter-base junction are introduced.

(iii ) Besides Ry and R,, Ry is also included in this model to account
for the finite resistivity of the semiconductor of the emitter
neutral region.

Based on the above-mentioned modifications, egaations (2.7)

and (2.3) can be rewritten as follows:

qV. .. /KTM . qV /KTM
) BE B BC C
IE = -IES(e - 1) + GRICS(E - 1) (2.29)
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I.=-I (equc/KTMC - 1) + o I (equE'/KTME - 1) (2.30)
C CS F'ES *

Where ap and ay are given by equations (2.27) and (2.28).

This model consists of fifteen model parameters., That is,

I CS, IES, MC, ME, RC, RB, RE and two sets of coefficients of the

third order polynomials (ife. AO, A1’ A2’ A3 and BO, B1’ B2’ BB)'

The circuit representation is shown in Figure 2.,5.

C'
(o]
+
I
c| /2
oC
+
I, l
I
B v '
B’ 'R? > CE C'E!
+
I T
Vag
E
Vg a
IET E

Figure 2.5 The Modified Ebers-Moll Model Used in NET-1 program

with Omission of Junction Capacitances and Junction
Leakage Resistances
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2.2 THE ABBREVIATED GUMMEL-POON MUDEL

As noted in Section 2.1, the static behaviour of a bipolar
junction transistor is characterized in terms of the flow of minority
carrier currents in the various parts of the device structure. The
currents flow in response to excess carrier concentratidns establish-~
ed by tﬁe individual actions of the emitter-base and collector-base
junctions. Un the other hand, the device characterization may be
visualized in terms of the charge in the base region for the various
operating regimes. This leads to the basic idea behind the develop-
ment of the Gummel-Poon model (or the integral charge-control model)
which is based on the charge-control concept(20) and Gummel's new
charge-control relation for the bipolar junction transistor(21).

The original Gummnel-Poon model(22) describes the static and low-
frequency behaviouf of the transistor and in its most general form
contains twenty -one parameters excluding the extrinsic parameters.
The model presented here is an abbreviated form of the original
model and contains only thirteen parameters excluding the extrinsic

parameters, such as the series resistances of the semiconductors.

2.2.1 Consideration of Various Current Components in Transistor

Operation

Figure 2.6 illustrates the various current components
involved in én n-p-n traasistor operating in the normal active mode.
The current carried by electrons, called the principal current and

denoted by 1 is shown schematically as a function of distance

cC

from the emitter through the base to the collector regions. This
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Figure 2.6 Illustration of the Terminal Currents and Their Current
Components of an N-P-N Transistor assumed one-dimension-

al structure for Active Mode Operation
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principal current is caused by the injection of minority carriers
from the emitter to the base because of the action of the forward-
biased emitter-base junction. Most of the carriers {(electrons)

can travel across the narrow base region, through the collector-base
Junction to the collector. A small fraction of these carriers
recombine with the majority carriers (holes) in the base. This
fraction contributes to the recombination current, in the base,

which is a component of the total base current and denoted by IBREC

Moreover, this recombination current can be minimized by making the
base as thin as possible and by using, for the base, semiconductor
materiél which has a relatively large lifetime. On the other hand,
at the boundary between the emitter-base space-charge region and
the p-type base, designated by plane Xg (referred to Figure 2.6),

it can be shown that as a consequence of the forward-biased emitter-
ﬁase junction, the majority carriers (holes) of the base are back-
injected into the emitter through the emitter-vase junction. The
current carried by the holes due to the back-injection into the
emitter yields another component of the base current. This current

component can be separated into two parts: part 1, denoted by IBDIF
. b

is the diffusion current due to holes which are back-injected into

the emitter then diminished by recombination there, while part 2,

*
symbolized by IB2 is a recombination current representing recombi-
4

nation in the emitter-base space-charge region. In addition,

* The symbol, 1 is reserved for later use in eguation (2.31).

51
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because the collector-base junction is reverse-biased, holes are
extracted from the collector into the base which yields one more
component of the base current, denoted by IBB. The recombination
in the space-charge region of the collector-base junction is
negligible. This occurs because the electric field in the space-
charge region is directed from the collector to the base (in the
n-p-n case) so that all the minority carriers (electrons) that
reach the edge of the space-charge region are swept out of the base
into the collector where they are collected. The generation in the
space~charge region is also negligible because of the suppression
resdlting from the presence of mobile carriers injected from the
emitter,

The terminal emitter current is the flow of the total
charge carriers across the boundary plane, Xp per unit time, that is,

the principal current, plus the sum of the base current com-

Iec

ponents, IBREC, IBDIF and IBz. Likewise, the collector current

is given by the sum of the principal current and base current com-

ponent IBB. The base current is obviously the sum of IBREC, IBDIF,
IB2 and IBB. Both the currents IBREC and IBDIF are typically
"ideal" currents, that is, they are proportional to e )

respectively and can therefore be combined in the form of,

I.. =1 + I (2.31)

Furthermore,since the componeuts IB1 and IB° are emitter contri-
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butions while component IB is collector contribution, it can be

3

written that,

Ipg = Ipq + Ips (2.32)

Igc = Ipj (2.33)

To facilitate the development of the transistor model,
using the assumed current conventions shown in Figure 2.6, the

terminal currents can be expressed in explicit forms as follows:

IB = IBE + IBC (2-31")

’ o
Io = Ige = Ipe (2.35)

- = 2.
( IE) = ICC + IBE (2.36)

2.2.2 Modelling the Base Current

Having understood the base current components in transistor
operation with reference to Figure 2.6, one can model the base
current components first, thence the sum of them gives the total

base current IB

(a) The Base Current Component Is
As defined by eguation (2.31), this current component is

and I I the hole current back-injected

the sum of I BUIF. BUIF,

BREC
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into the n-type emitter can be determined by means of the static p-n
junction theory(18) by considering the emitter-base junction as an
isolated p-n junction, under forward-biased condition. Since the
emitter is more heavily doped than the base, this implies that the
low~level injection of carriers from the base can be achieved.

As a result, this current is dominated by the "ideal" current which
follows the "ideal" p-n junction theory. If the emitter is several
diffusion length wide, this current is given by,

qV,./KT
I -1 (e BB .9 4 (2.37)

.IBREC, the hole current which supports recombination in
the base can be evaluated provided the approximate form of the
minority carrier distribution and the doping profile in the base is
known. For low recombination rate in the base, the per unit volume
recombination rate is an'/rB where an' = an - Nyp is the excess
minority carrier (electron) concentration and g is the lifetime of
the bése. The total number of electrons which recombine in the base
per unit time is the integral of an'/TB over the volume of thne

neutral base region. Inasmuch as a hole is required for each

electron which vanishes in the base, the current IBREC is given by,
- - 1]
Iynec = qAJEJ(upB (x)/1)dx (2.38)

However, in practical diffused transistors, the recombination
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properties in the base are not known to the detail required for the

evaluation of the integral in equation (2.38). The assumption of
the linear minority carrier distribution in the base is a gross
simplification. But the detailed studies have confirmed that the

base recombination current can be given by

qVBE/KT

Igrec = IBR(? - 1) (2.39)

Where IBR is a constant of proportionality.
The combination of equations (2.37) and (2.39) gives Iz, as defined

by equation(2.31), viz.

qVBE/KT

I.. = (1

B1 I.,) (e

80 * Ing - 1) (2.40)

qVBE/KT

I.(e - 1) (2.41)

or In, 1

Where I 1 can be considered as a physical parameter of the model and
its value can be determined experimentally.

In a real transistor, the lack of lattice perfection in
the semiconductor causes enhanced local recombination as well as
surface recombination in the p- and n- regions., This current and

the junction voltage, V are therefore not exactly related through

BE
the "ideal"™ junction exponential factor, gq/KT but some value which
may vary between q/KT and q/2KT, From the practical point of view,

equation (2.41) is thus replaced by a more general function of VBE
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which is characterized by an emitter emission coefficient, NE1
associated with the emitter-base junction. Equation (2.41) then
becomes,

qV,,./KTN
BETTTET _ g, (2.42)

I = I (e
For a typical transistor of good quality, the emitter emission
coefficient, NE1 should have a value very close to unity. In general,
its value lies between 1.0 and 1.5.

(b) The Base Current Component IB

2

The hole current which supports recombination in the space-
charge region of the emitter-base junction is typically "non-ideal”
current. Since the space-charge region is the volume well-defined
by the width of the space-charge layer (for a given juaction cross-
sectional area) which is a function of the junction voltage, for
single-level recombination centres in the space-charge region, this

recombination current can be expressed(23), (24), (25), (26), (27),

‘as
qn . W_ A qV,../2KT
IB2 - — L EBJE (e BE - 1) (2.43)
,TIIT p
with 1 (2.43a)
= - 2.43a
Th (onvthNt) 3

- -1 : 2.43b
L (OpvthNt) (2.43b)
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For practical purposes, the junction exponential factor,
(q/2KT) appearing in equation (2.43) is modified in a way similar to

that for IB1 by introducing one more emitter emission coefficient,
’

denoted by NE2 having a value typically between 1.5 and 2.0. If
. oy .. . )
the quantity ((qniWEHAJE)/(Tn tp) ) is interpreted as an intercept

current, symbolized by I, equation (2.43) then becomes

2,

qVBE/KTNEQ

I, = 12(e - 1) (2.44)

B2

(c) The Base Current Component IB

3

Likewise, the current carried by holes extracted from the
collector region can be evaluated by means of the static p-n junction
theory. For the practicaltransistors, the reverse-biased collector-
base junction does not obey the "ideal" p-n junction theory. It is
for this reason that a collector emission coefficient, Nc is intro-
duced in a way éimilar to that for IB1 to account for the effects of
surface recombination, recombination in the interfaces between
substrate and epitaxial layers.

If the collector region is several diffusion length wide,
this component is given by

1Vpe/KTNG

I.. = I.(e 1) (2.45)

B3 3

Where I3 is considered as a model parameter and its value can be

determined experimentally,
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In addition, it can be shown that I in the active mode of

B3,

transistor operation, is a negative quantity which agrees with the
assumed direction of the carrier flow shown in Figure 2.6. Since the

collector-base junction is reverse-biased, for large reverse-bias
qVBC/KTNC :
voltage, the exponential term (e ) is sufficiently small

compared with the unity in equation (2.45). This antomatically

implies that IB is a negative quantity. Nevertheless, without the

3

loss of generality, is expressed in the form appearing in

IB3
equation (2.45).
The base current components having been formulated, the

base current can now be expressed in an explicit form as follows:

qV_./KTN , qV.,../KTN.,
BE E1 BE E2 .
IBE = 11(e - 1) + 12(e - 1) (2.46)
qV.,./KTN
BC C
- _ 2.
Iy = 13(e 1) (2.47)
| WVpp/KINg, 9V /KN
Ip = 11(e - 1) + 12(e - 1)
qV._ ./KTN .
+I(e B¢ C _ (2.48)

3
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2.2.3 Modelling the Collector Current

In this section, the collector carrent will be developed
on the basis of a charge-control concept in conjunction with the

mathematical theory of the p-n junction.

(a) The Principal Current I,

In order to implement the derivation of ICC in a simple
fashipn, the following important assumptions are made:
(i ) The diffusiqn constant, D and the mobility, J of the carriers

are related through Einstein relationship, that is,

q
( ii) The built-in field E, and the built-in potential $ (in units
of Boltzmann voltage), being functions of distance from the

collector, are related by

l KT  dp(x)
BE(x) = - 2 o (2.50)

(iii) The velocity-field relation is idealized by the field

dependent mobility expression, that is,

Ho
Po | E(x) |
to——

Vs

(2.51)
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By assumption (i), the low field mobility, Jo is equal to
qDo/KT in which Do is the corresponding diffusion constant.
'El is the magnitude of the built-in field and Vs is the
scattering-limited velocity approximately equal to 107 cm/sec.
(iv) The low-field mobility, Po is indepepdent of dopinglof the
background material.
(V ) The electric fields are low enough for avalanche multiplication
of carriers to be negligible.
As a starting point, the carrier transport equation(28)
describing the electron current density Je(x) carried by the inject-

ed carriers (electrons) from the emitter through the base to the

collector is

Je(x) = gqPeE(x)n(x) + qDe dg;X) (2.52)
Since the electron current density Je(x) is a function of

distance, a quantity R(x),which is a ratio of the current density at

position x to the principal current density Jcc entering the collector

terminal, is defined by

R(x) = —“1%’—5—)—- (2.53)

Application of appropriate subscript "e" representing

electron to the parameters D, §, Do and Po in equations (2.%9), (2.50)

and (2.51) and substitution of those eguations into equation (2.52)
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yield
dg}({x) ) n(x)dg}({x) - JeeR(x) =0 (2.54)
KT Peo
14 Qeo'E{x!‘
Vs

Further simplification of equation (2.54) leads to,

dﬁx‘ux - n<x)d3§") - qggg R(x) - ;’gg %dg{") R(x) =0 (2.55)

In order to solve the differential equation (2.55), the specified
upper and lower limits for the integral are required. They are x1
and Xq which are arbitrary but confined in a feasible region of
integration. Multiplication of both sides of equation (2.55) by

e-¢(x) and integration from Xy to X, with respect to x, give

x2 xz
x1 X1
Jee -p(x) Jec apix) f ~¢(x) _
- | o) ax - e j () (20 |(o~002)) ax - g
x1 X1

(2.56)
Application of integral calculus technique to first two terms of

equation (2.56), yields
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X

2
X
2. J Qﬁi&l (e-¢(x)) dx
X4
x

X

2
j W) () x4 fax(e )
*

X2 X2 1
- e J R(x) (e7P) ax - “&J%‘J R(x) |40 |6 9()) 4x -
X,l X,l
(2.57)
or
n(xz)(e_¢(%?)) - n(x1)(e-¢(x1)) =
X2 ' X2
Jce -$(x) Jec dg(x -p(x)
e J RGO (™)) ax 4 22 J R |42 e Py g
k X, x,
(2.57a)

Since equation (2.57a) is valid for any region defined by x, aad Xy
X, and X, can be chosen to be Xc and Xg respectively, where Xq and
Xp are the outside edges of space-charge regions of collector-base
and emitter-base junctions respectively. This is done in agreement
with the assumed convention of current flow in Figure 2.6, i.e. the
direction of flow of the principal current, I,. is positive while flow-
ing from the collector to the‘emitter and its direction is opposite

to that of the flow of its carriers (electrons).

ilence,

n(XE)(e-¢(XE)) - n(xc)(e-¢(xC)) =

XE . xE
a%%%if R{x)(e-¢(X)) dx + _5%%—J. R(x)'ggéél (e'¢(x)) dx

xc Xo (2.57b)
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The Boltzmann relation gives,

p(x) - ¢ (x)
n(x) = n (e n ) (2.58 )

At the outside edges of the space-charge regions of the emitter-base

and the collector-base junctions, equation (2.58) becomes

6(x.) - ¢ (x.)
e ame (2.58a)

n(xc), ni(

(2.58b)

eme) - ) )

n(xE) ni(

Substitution of equations (2.58a) and (2.58b) into equation

(2.57b) and simplification of the resulting equation gives,

2
qDeoni (

oo = g " (2.59 )
n. D E
J R(x)ni(e-¢(X))dx * Y eo‘j R(x) g%iél!(e"é(X))dx

S

e - e

X X

c C

Owing to lack of details in tae function behaviour of §(x)
appearing in both terms of the denominator of equation (2.59), the
assessment of the relative magnitude of these terms is necessary so
as to show that the second term is much less than the first term and
hence the second term is negligible. With reference to Figure 2,7,

it can be realized that, inside the base region, there exists a
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Figure 2.7 The Distribution of the Internal
Potentials Corresponding to the
Intrinsic Fermi-level of an N-P-N

Transistor

maximum built-in potential, ¢m at x_ ¢m(= ¢(xm)) can have a finite
value. Similarly, R(x) can have a value Rm(= R(xm)), corresponding
to ¢m which is also a finite value. Furthermore, in the base

’

region, §(x) and R(x) do not differ markedly from ¢m and Rm

respectively, the first integral then becomes,

X

E ' -0 E
[ R(x)ni(e-o(x) ) dx '-Rmni(e - )J dx
x

"C xc

WyR n. (e oy (2.60)

i

and the second integral becomes,

x X
E
n.D . D n R ""D
;SeoJ' 0 [ 00 ) gy 2 Peetila m)J a9t
X X

C C
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D -9

e [16Cxp)] - 180l ] BymgCe ™)
Deo “Pm

s —=BIp|R n;(e ) (2.61)
8

Also, in the base region between X and xC, the potential |¢(XE)'
does not differ markedly from |¢(xc)| but they are close to each
other in magnitude. A |§| is approaching to an infinitesimal value.
The value of (Deo/VS) is approximately equal to 100 X which is small
compared with the base width WB of the most advanced transistors at

the present time. Hence, the second integral in the rest of the

derivation can be neglected. Equation (2.59) then becomes,

D o 2(e'¢n(xE) i e-¢n(xc) )
eo 1
Joe = - (2.62)

BE
J R(x)ni(e-¢(x) ydx

X

C

If the quasi-Fermi<tlevel of holes in the base region is
assumed to be constant, the corresponding electrostatic potential
of holes, ¢pB will be constant. The emitter-base and collector-base
junction voltages can be defined by the differences of the electro-

static potentials across the junctions. That is,

KT
Vag = g~ Pps - Falxg) (2.63)
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KT
VBC = T— (¢pB - ¢n(xc)) (2.64)
or __q
‘¢n(xE) =kt VBE ~ ¢pB (2.63a)
- n(xc) = -Jk-'f'_ VBC - ¢pB (2.64a)

The junction voltages, VBE and VBC are positive quantities differing
from the terminal junction voltages by ohmic drops.
Substitution of equations (2.63a) and (2.64a) in equation

(6.62) éives,

(quBE/KT -'equC/KT )
Joe = (2.65)
cC x

¢pB - #(x)

)dx

Again, substitution of equation (2.66), the Boltzmann

relation

¢ o - B(x)
pB .
pp(x) = n;(e ) (2.66)

in equation (2.65) gives,

' v, . /KT
b n.2(o% ag’ i equc/KT )

Joo = S (2.67)

E
J R(x)pB(x)dx

X

C
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If an average value of R(x) is defined by,

*E
I R(x)pB(x)dx
*c
ave Xg
I pp(x)dx

Xc

(R)

[}

(2.68)

then the expressiﬁn in the denominator of equation (2.67) becomes,

E E
I R(X)pB(x)dx = (R)avej pB(X)dx
XC xc
9
= (R)ave (-a——) (2.69)

with qg termed the base charge density (i.e. the base charge per unit
area) in units of electric charge q, defined by the integration of

hole density (in units of per volume) over the region from Xc to Xp

1

with respect to x,
If the base charge and current densities are changed to
the total base charges and current in accordance with the sign

convention in Figure 2.6, then
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Ioc = Jochy , (2.70)
QB =qB AJ o (2.71)

where AJ is the device junction cross-sectional area, either A or

JE
AJC whichever is smaller.

Substitution of equations (2.69) to (2.71) inclusive into

equation (2.67) yields,

2 qVgg/KT  aVpe/KT
(qAJni) Deo(e . =-e
I.. = (2.72)
ce Q. (R)
B ave

For large current gain (i.e. hFE>>-1), (R)ave is nearly

unity and varies little with bias, Equation (2.72) then reduces to

R ,
(gA n.)°D qV . /KT qV, /KT
I - J 1 e0 (e BE - e BC ) (2.723)
cC
, Qg

At zero-bias condition, the total amount of base charges,

denoted by QBO is approximately given by

Qo * 98N (2.73)

Wwhere the sign of QBO is in agreement with that of the total number

4 of impurities (excess acceptor for p-type base region), NB per unit
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area in the base.

Substitution of equation (2.73) in equation (2.72a) gives,

2
qAn. "D qV,./KT qV,,./KT Q
J i eo (o7 BETT _ TBCTT ,_TBO (2.74)

NB ‘ QB

ICC =

. 2 Lo
If the quantity ((qAJni Deo)/NB) is interpreted as an

intercept current, denoted by Is equation (2,.74) can be written as,

qV, /KT qV /KT Q
BE e BC ) —B0 (2.75)

ICC = IS(e -
%

Equation (2.75) defines the principal current in which the intercept
current can be determined experimentally.

(b) The Base Charge Qg

The principal current,ICC can be separated into an emitter
and a collector component or a forward and a reverse component, IF

and IR as follows:
»

1.Q qV.,./KT 1.Q qV., /KT
I = s*o ( M'BE/T ) _ s%Bo  T'BC o1
3 Qg
= I - I (2.76)
thence
1.Q qV. /KT
I, =S80 B L (2.76a)
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_ Is%, (quBC/KT

%

(-1p) - 1) (2.76b)

The total base charge, QB represents the sum of the zero-

bias base charge, the excess stored charges QE and QC associated

o,
with the emitter-base and collector-base junction space-charge

capacitances, and the negative charges, TFIF (due to the injected
electrons from the emitter while the transistor is in normal oper-

ation) and TR(—IR) (due to the injected electrons from the collector

while the transistor operates in an reverse mode). That is,
= I - -
Qg = Q3 + Qg + Q. + (BP) I Tpo + ( IR)( Tg) (2.77)

It should be noted, in equation (2.77) that at low-level injection
condition, the base '"push-out" factor, BP can be taken as unity since
the base-width is approximately equal to the metallurgical base-width,
At high levels, when base '"push-out" occurs, BP is greater than unity.
For details, reference(22) can be referred to.

In the modelling of the base charge, accuracy and simplicity
may be traded. For a simple representation, the base "push-out" factor
may be assumed to be unity, and the emitter-base and collector-base
space-charge region capacitances CE and Cc,and the forward and the

reverse transit times 1. and Th are assumed to be constant in

F >

equation (2.77). The assumed value of BP egual to unity leads to the

rapid falloff of the d.c. common-emitter current gain, hFE at nigh



41

collector current levels due to the rapid increase of QB The as-
sumption of constant emitter-base and collector-base space-charge
region capacitances means that the modelling equations for QE and

QC are linear functions of the emitter-base and collector-base

junction voltages respectively. That is,

dQg
Cp = (2.78 )
av ‘
BE
Q = J Cp dVpe = Cp Vgp (2.78a)
dQ
¢, - c - (2.79 )
av
BC
Q = Icc vy, = Co Vg (2.79a)

The above assumptions afford significant simplification

in modelling the base charge. If the properly averaged values of

R CE and CC are obtained, the errors due to these assumptions
b .

are not expected to exceed a few percent for typical situations.

Te
F,

The minus sign before appearing in equation (2.77)

TR

arises because the total base charge coantains holes neutralizing the

negative charges, TFIF and TRIR'

For modelling QB it is convenient to normalize all charges
b
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in equation (2.77) with respect to the zero-bias base charge, QB0

and replace IF

(2.76b), thence

and (-IR) in accordance with equations (2.76a) and

1 + + + s ( (equE/KT- 1) + 1 (equC/KT— 1) )
9 = 9e * 9¢ F R
U0
(2.80)

For convenience, iet

4, =1 +aq, +a (2.81)

I qV,../KT qV, /KT
B
a, == (e PF o 1) 4 gpie 29 - 1)) (2.82)
8o
Solution to equation (2.80) for q, gives
2 V2
o :

qy, = A(q1) + ( (q1/2) + 4, ) (2.83)

Multiplication of equation (2.83) by QBO yields
I qV,, /KT qV, /KT
Q=+ @+ = (rgle B o) waple PO - 1)) (2.84)
Q )
BO
(2.83)

Where Q = '{q,Q,)



43

Substitution of equations (2.78a), (2.79a) and (2.81) into

equation (2.85) yields,

Q.. + V,.C. + V_C
Q-—B0" 'BE'E" 'BCTC (2.86)

2

The principal current, I is therefore defined by equations

i cC
(2.75), (2.84) and (2.86). According to equation (2.35), the collector

terminal current can be expressed as,

. qVBE/KT qVBC/KT o
I.=1I(e - @ ) ——— - I (e
C .S 3
QB

qV /KTN
BCC _ ) (2.87)

with Qg defined by equations (2.8&5 and (2.86).

Eventually, the defining equation for the terminal emitter
current is unnecessary, since it is not independent and can be
obtained by Kirchhoff's current law, i.e. Ip = - (IB + IC) on the
basis of the assumed current directions in Figure 2.6.

Equations (2.48) and (2.87) are used to define the
abbreviated Gummel-Poon model. of the intrinsic portion of the tran-

sistor.

2.2.4 The Emitter, Collector and Base Resistances

(a) The Emitter and Collector Resistances RE and RC

To the intrinsic transistor model described, the series

resistances of the emitter and collector should be included to
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account for the finite resistivities of the semiconductor materials

of those regions. In a way similar to that in the modified Ebers-
Moll models, the series resistances can be modelled to a first

order approximation by the lumped resistors having constant vaiues in
series with the emitter and collector leads respectively. The values
of these éeries resistances can be determihed experimentally.

(b) The Base Resistance R

BT

In view of the lateral current flows in the base region,
the base region cah be divided into two regions of interest: (i) the
inactive base region, under the base contact, through which the total
base current must flow and (ii) the active base region, under the
emitter, through which the minority carrier current flows longitadi-
nally. Hence, the base resistance should be the combination of two
resistances which account for the effect of the voltage drops in the
inactive and active base regions respectively.

The inactive base resistance, RBI can be simulated by a
fixed resistor in series with the base lead since the total base
current must flow through the inactive base region and the current
path is through the material of finite conductivity.

The active base resistance, RBA is a variable because of
conductivity modulation of the active base region. From the charge-
control concept, the active base resistance can be modelled as a

function of the base charge. For circular geometry and non-uniform

base layer of the device, Ry, is given(29) by



45

Ry, = ) (2.88)

Where N(x) is the excess acceptor density in the base region as a
function of distance x.

If N(x)> n, it is true that p(x) £ N(x). Hence,

’

R . = (2.89)

)

As stated in the previous section, the j p{x)dx gives the total
X

, Cc
base charge, dg per unit area in units of electric charge, q.

Therefore,
1 1
RBA = = — (2.90)
8 mq Pplag/a) 8m Py ag

 Multiplication of dp by AJ gives

A
R _....__._g______. (2.91)

"
8nhy, Q
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At zero-bias condition, equation (2.91) becomes,

Ay

RBA0= (2.92)

87y Qg

Where RBAO is the inactive base resistance at zero-bias condition.

Combination of equations (2.91) and (2.92) yields,

Ry, = RBAO-———- (2.93)

with RBAO defined by equation (2.92) which is considered as one of
the intrinsic model parameters because it accounts for the effect in
the active base region.

The total base resistance, RBT is therefore given by,

Q9 A

The total number of parameters of the abbreviated Gummel-

Poon model is sixteen which are 11’ Iz’ 13’ IS, NC, NE1, NEZ, T

F, "R,
LC, CE, QBO, RBAO, RBI, RE and RC. The circuit representation of the

model is shown in Figure 2.8.
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I I
B! © '\, O NG w —O0—\——0O o)l
R B R ¢ RC
BI BA
+ + + +
IB1 IB2
xl xl
! ICC
VB'E' : VBE vCE VC‘E'

Figure 2,8 Circuit Representation of the Abbreviated Gummel-Poon
Model



CHAPTER TII

DETERMINATION OF MODEL PARAMETERS

Transistor models have been présented in Chapter II. The
detailed methods for determination of both intrinsic (including
static and transient charge-control parameters) and extrinsic
(including series resistances of the emitter, collector and inactive
base regions) model parameters are presented in this chapter.

The sample transistor chosen for measurements is a type 2N1613,
n-p-n silicon, double-diffused, annular structural configuration,
for high-speed switching and d. c. to U.H.F. amplifier applications.

Some of the geometric dimensions of the transistor
structure are obtained microscopically.

All electrical measurements are carried out at room temper-
.ature of 250 C (or 2980 K) and measured values are expressed in

M.K.S. units.

3.1 THE PARAMETERS OF THE MODIFIED EBERS-MOLL MODELS

Since the model parameters of the three modified Ebers-Moll
models are basically the same, the separate evaluation of parameters
of each model will not be presented. All the model parameters are

determined experimentally,

48
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3.1.1 The Intrinsic Model Parameters

There are six intrinsic model parameters, viz. I I
ES, CS,

Ag or QE G=>ME)’ Ag or GC (=>h%9’ aF.and ap to be determined.

(a) Emitter-Junction Short-Circuit Reverse-~Saturation Current, IES
9

Emitter-Junction Exponential Factor, Ag Emitter-Junction
’

Lonstant, GE and Emitter-Junction Emission Constant, ME

In view of equation (2.11) or (2.19) or (2.29), IES can
be determined from the active region measurements of the emitter-
base terminal junétion voltage as a function of emitter current with
zero collector-base terminal junction voltage. The equation on which

this measureument is based is,

AV
E'BE
lIEl = I le -1) (3.1)

The test configuration used in obtaining this measurement
is shown in Figure 3.1, The measured data are listed in Table 3-1.
Figure 3.2 shows a semi-log plot of IIE' versus VBE in
‘which the intercept current obtained by extrapolation from the high
current region of this plot gives the value of IES. Besides the
graphical extrapolation, analytical manipulation is also available,
' hence the graphically obtained value of IEs is not shown in Figure 3.2,

The slope of the straight line portion yields the value of AE (or QE)

from which ME can be obtained.



HP 4124

VIVM 2N1613
100 ohms Y E C
U L

D. C. Power;f_ J. Fluke ®
Supply = 8100 A
Harris [T Digi

gital
62844 Multimeter |*

Figure 3.1 Test Configuration for determination of IES
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15(8) | V(W) I(8)"
1.00x107° 0.4284 —
2.00x10™° 0.4448 _
5.00x10~° 0.4696 .
8.00x107° 0.4825 —_
1.00x107° 0.4881 -
2.00x10~7 0.5079 -
5.00%x10™° 0.5345 -
8.00x10"° 0.5475 -
1.00x10™4 0.5538 —
2.00x10"% 0.5731 —
5.00%x10~% 0.5975 —
g8.00x10~4 0.5098 —
1.00x107° 0.5157 _
2,00%10™° 0.5350 —_—
5.00x107 > 0.6518 _
8.00%10™> 0.6765 -
1.00x1072 0.6829 —
2,00x10™ 2 0.7025 —
3.00x10™ 2 0.7176 -
4.00%x10"2 0.7290 —
8.00x10™7 0.7650 —
1.00x107 1 0.7881 2.05%107°

Table 3-1 IE versus VBE Tor VBC =0 volt

*¥ For use in determining the inactive base resistance, RB
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Calculations of I A 0. and M
ES, -

A= g = 38.9 volts” (3.2)
Choose two data points shown below from Figure 3.2 (or Table 3-1).
These points should be chosen in the microampere region to avoid the
effect of ohmic-drops due to the resistances of the transistor

neutral regions.

-2
’IE2|= 107° A. Vpgs = 0-6829  volt
1. |= 10’6 A v = 0.4284 volt
l E1| . BE1 e
Use of equation (3.1) gives,
in( |I_.]/1T )
Ag = [“gal / [t = 36.2 volts
v -V
BE2 BE1

Likewise,

©
]

E 36.2 volts.1

" The value of ME is given by

KT
Mg = q E
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The value of IES is given by

| gl

ES AEVBEZ
e -1

13

I 1.6x10° A,

(b) Collector-Junction Short-Circuit Reverse-Saturation Current, ICS
. b

Collector-Junction Exponential Factor, AC Collector-Junction
b

Codstant, GC and Collector-Junction Emission Constant, MC

By using equation (2.12) or (2.20) or (2.30), can be

Les
determined from the measurement of the collector-base terminal

junction voltage as a function of collector current under the con-
dition that the transistor operates in the reverse mode with zero

base-emitter terminal junction voltage, The equation on which this

measurement is based is,

I.=1I_..(e - 1) (3.3)

By means of the same measurement techniques employed in
Section (a) with test configuration shown in Figure 3.3, the measured
data are obtained and listed in Table 3-2. The semi-log plot of IC

" versus VBC is shown in Figure 3.4.

Similarly, the analytical manipulation for obtaining the

values of I, A Oc and M on the basis of two data points from

cs, "¢, c,

Table 3-2 are given as follows:



D.C. Power
Supply
Harris
6284A

HP 412A

VIVM
100 ohms

-ll-—————?—]lll]rg—

()

J. Fluke
8100A

Digital
Voltmeter

L

- FPigure 3.3 Test Configuration for determination of ICS

55



I,(4) Vaa(V)
1.00x10™° 0.4033
2.00x10™° 0.4237

‘5.00x10’6 0.4507
8.00x10~° 0.4653
1.00x10™2 0.4715
2.00%10™° 0.4922
5.00%10™° 0.5195
8.00x107° 0.5335
1.00x10™4 0.5399
2.00x10™4 0.5600
5.00%10” % 0.5874
8.00x10~% 0.6029
1.00x10™7 0.6105
2.00%107° 0.6350
5.002107° 0.6776
&.00%10"° 0.7052
1.00%10"2 0.7166

Table 32 IC versus V for V = 0 volt

BC

BE
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Two data points chosen for calculation are:

5x10-h A. \'S

)
]

0.5874 wvolt

]

c2 BC2

5x1o‘6 A. v

Ll
[

0.4507 volt

C1 BC1

The calculation results are:

1

>
il

c 33.75 volt~

1

O
]

c 33.75 volt~

MC = 1.1
-12

(c) D. C. Forward Short-Circuit Common~Base Current Gain, o

F
'aF can be determined as a function of emitter current for
different values of base current, IB To obtain op the test con-
hd b

figuration of Figure 3.5 is utilized. The base current varies over
a wide range from 50 nA to 500 pA., The collector current correspond-

ing to each value of I, for fixed collector-emitter voltage is re-

B

corded. Knowing the collector and base currents, the emitter current

is then calculated from IE = -(IC + IB). ap is given by,

= - T . (3-1")
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Values of IB, IC, IE and ap are tabulated in Table 3-3,
An averaged value of aF's equal to 0.9857, over the base current
ranging from 10 pA to 500 pA will be used as the constant parameter
value in the ECAP II Ebers-Moll model to approximate the static
characteristics over a wide range of base current of the transistor
operatioh.

All the caléulated values of op are listed in Table 3-3,
to be used later in the SCEPTRE Ebers-Moll model.

The reaéon for utilizing the low collector-emitter voltage

is to insure that the transistor is operating in the active mode

so as to obtain the best possible fit of the Ebers-Moll models.

(d) D. C. Reverse Short-Circuit Common-Base Current Gain, ag

ap can be determined in a way similar to that employed in
Section (c). The tést configuration for use in determining qp is
shown in Figure 3.6. Table 3-~4 shows the measured data and the

values of ap calculated by means of

All those calculated values of ap are useful for the
SCEPTRE Ebers-Moll model and will be entered in a tabular form to
the computer analysis program.

An averaged value of aR's equal to 0.5112, over the base
current ranging from 10 pA to 500 pA will be used as the constant

parameter value in the ECAP II Ebers-Moll model to approximate the
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HP 412A
VTMM
c
(®
100 ohms B
N A

D. C.Power f_JZ Keithley 419 B — 2 volts
Supply = Picoammeter )
Harris /
62844

Figure 3.5 Test Configuration for determination of ap

HP 4124
VMM
- E/A\
100 ohms B \\/f
D
‘D. C. Power Jf Keithley 419 o ‘i? 2 volts
Supply 1 Picoammeter
Harris r
6284A /W

l'}

Figure 3.6 Test Configuration for determination of o p
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158 I(a) ‘IEziI)a”Ic X = (Ig/1y)
5.00x10~8 | 4.95x1077 | s5.45x10"" 0.9082
1.00x10~ 7 | 1.36x107% | 1.46x10” 0.9315
2.00x10~7 | 3.75%10% | 3.95%107° 0.9494
5.00x10" 1 | 1.36x107° | 1.41x107° 0.9645
1.002107°% | 3.42x107° | 3.52x107° 0.9716
2.00x107°% | 8.23x107° | 8.43x107° 0.9763
5.00x10~% | 2.52¢107% | 2.57x207% 0.9805
1.00x107° | s.74x10"% | s5.84x107% 0.9828
4.00%107° | 2.70x107° | 2.74x10"° 0.9854
6.00x107° | 4.15x107° | 4.21x107° 0.9857
1.20x10"% | 8.65%10" 3 8.77x10"° 0.9863
5.00x10”% | 3.58%10” 3.63x10"° 0.9862

Table 3-3 Measurement of I

B

& I. for use

C

(04 -
F at constant VCE = 2 volts

I5(4) I5(4) (A? B | Xp=-(I4/15)
5.00x10°8 | 1.00x10™ | 6.00x1078 0.1667
1.00x10~7 | 3.00x10°€ | 1.z0x10"7 0. 2308
2.00x10"7 | 7.00x107% | 2.70x10"" 0.2593
5.00x10” 7 | 2.40x10"7 | 7.40x10"" 0.32473
1.00x107° | 5.70%1077 | 1.57x107° 0.3631
2.00x10"6 1.34x10"6 3.34x10"6 0.4012
5.00x10"° | 3.95x10"% | 8.95x107° 0.4413
1.00x107° | 8.90x107° | 1.89x107° 0.4709
4.00x107° | 4.19x107° | &.19x107° 0.5116
6.00x10"° | 6.40x107° | 1.24x1074 0.5161
1.20x0074 | 1.33x107% | 2.53x107% 0.5257
5.00x10"% | 5.02x107% | 1.00x107% 0.5010

Table 3-4 Measurement of I, & IE

B

X g at constant Vgo = 2 Volts

61

in determination of

for use in determination of
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static chéracteristics over a wide range of base current of the

transistor operation.

(e) The Coefficients of the Third Order Polynomials used to determine

the D, C. Forward and Reverse Short-Circuit Common-Base Current

Gains

i B B
The coefficients AO, A1’ Az’ A3, BO, B1, 5 and 3 can only

be determined theoretically by means of curve-fitting techniques,
The values of those coefficients are to be adjusted such that the
shape of the curves described by the third order polynomials can -

best fit the shape of the curves of ap versus IB and ap versus

IB defined by Tables 3-3 and 3-4 respectively. For curve-fitting

technique, Section 3.2.2 can be referred to. The initial values of AO
4

A, A, A_ B B B and B, are equal to unity. The error criteria
1’ 2, 3’ 0’ 19 2! 1

2 2
for o, and & are glven by 5:1( FSi” “Fﬁ) and 2: (o RSj™ Rj) re-
spectively, where “FS and “RS are the simulatedlxF and aR'calculated by

using equatlons (2.27) and (2.28), and the modified Ebers-Moll model used
in NET-1. Pattern Search is used to minimize the deviation (described by
the error criteria) between the measured and the simulated current gains.
The simulated current gains based on the optimal values of coefficients

of two third order polynomials shown in Table 3-5 are given in Appendix C,

For op For ap
Ao 0.839760 B0 0.31889?
A, 0.268489 B, . 0.312386
A, 0.143319 - B, 0.186316
A3 -0.324963 B3 -0.266597

TABLE 3-5 Values of Coefficients of two Third Order Polynomials

used to determine ap and ap
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3.1.2 The Extrinsic Model Parameters

There are three extrinsic parameters (i.e. RE RC and RB).
b
In the modified Ebers-Moll model employed in ECAP II, only RB is
included while the one in SCEPTRE, both RB and RC are included.

All three are included in the modified Ebers-Moll model in NET-1,

(a)_The Series Resistances of the Emitter and Collector Regions, RE

and R, |
A static method is used to determine these resistances.
It is based on a model of the transistor consisting of an ideal
device whose paths have no resistances with additional path re-
sistances shown in Figures 3.7 and 3.8.

The basic principal used to develop this measuring
technique is that when a base current is supplied to the base termi-
nal and one of the other two terminals is left open-circuited, then

with reference to Figure 3.7, the terminal collector-emitter voltage

is given by,

for I, =0, s =V_ + IR (3.6)

and a plot of V., versus I, in Figure 3.9 yields the value of RE

C!
the slope of the linear portion of this plot.

B

?

Similarly, with reference to Figure 3.8, the terminal

emitter-collector voltage is given by,

for IE =0 s VE'C' = VEC + IB‘RC (3'7)
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J. Fluke
8100 A
Digital
Multimeter
HP 412A
VTMM

1<
D. C. Power Supply, Harris 6284A

Figure 3.7 Test Configuration for determination of RE

o ??ron_ J. Fluke
B! B <EE> 8100 A

c RC Digital

Multimeter
HP 412 A <A> -
VMM
Illk'
— I

D. C. Power Supply, Harris 62844

Figure 3.8 Test Configuration for determination of RC
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The value of RC is given by the slope of the linear portion of the
VE'C' versus IB plot in Figure 3.10.
The measured data are shown in Tables 3-6 and 3-7 respective-

ly. The estimated value of RE and R, are equal to 0.0724 ohm and

C
0.291 ohm respectively.

(b) The Series Resistance of the Base Region, R

B

Based on the assumption that R

E is small enough to be negli-

gible (actually, 3E

RB)’ Ry can be determined from the vy

= 0,0724 ohm is sufficiently small compared with

Versus logl., plot in Figure 3.2,

B E

At high emitter current levels, this curve deviates from the straight
line portion of the curve valid at lower current levels. The devi-

ation at high current levels can be ascribed to the effect of RB

Hence, RB can be calculated from,
R, = AV (3.8)
B IB

where AV is the difference between the measured emitter-base drop
and the value extrapolated from the straight line portion of the plot
at low current levels.

The calculation of ﬁB based on the data obtained from

Figure 3.2 and Table 3-1, is as follows:

At I 2.05 mA, while I = 100 mA

B E
AV = 0.788 - 0.746 = 0,042 volt
Hence, R, = 20.49 ohms

B



I(mA) Vorg (mV) I,(mA) Vo (mV)
3.5 30.0 1.0 1.1
4.0 31.2 2.0 1.5
4.5 32.2 3.0 1.9
5.0 33.2 4.0 2.2
6.0 35.0 5.0 2.6
7.0 36.8 6.0 2.9
8.0 | 38.6 7.0 3.3
9.0 39.8 8.0 3.6

10.0 41.2 | 9.0 3.9
12.0 43.6 10.0 4.2
14.0 46.0 12.0 4.9
16.0 48.1 14.0 5.5
18.0 50.0 16.0 6.1
20.0 51.6 18.0 6.7
25.0 55.8 20.0 7.3
30.0 59.5 25.0 3.7
35.0 63.3 30.0 10.1
38.0 65.2 35.0 11.6
40.0 66 .6 ' 40.0 13.0

Table 3-6 Measured Data for Table 3-7 Measured Data for

Determination of R

& Datermination of RC
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3.2 THE PARAMETERS OF THE ABBREVIATED GUMMEL-POON MODEL

There is a total of thirteen intrinsic model parameters.
In this section, the intrinsic model parameters will be determined
by two methods, that is: (I) Conventional (Experimental) method,
(II) Method of automated model parameter determination. The latter
method is used since the experimental method involves some uncertain-
ties such as the exact nature of the impurity doping profiles in the
transistor regions, the minority-carrier diffusion constant (actually
it is not a constant but depends to some extent on the impurity
concentration of the semiconductor), the variation of charge-control
parameters with the operating conditions and so forth.’ Method II is,
therefore, employed to obtain more precise values of the parameters
in order to get the best possible fit to the static characteristics
of the transistor.

The extrinsic model parameters, RE, RC and RB described in
Section 3.1.2 are used to account for the finite resistivities of the
semiconductor materials of the emitter, collector and base regions
respectively, therefore they can be applied equally well to the
abbreviated Gummel-Poon model without any necessary modifications,

In addition, RB of the modified Ebers-Moll models is identical to

RBI of the abbreviated Gummel-Poon model but they are different only

in notation. By taking the experimental results directly from

Section 3.1.2, the values of R, R_ and RB

E c are 0.0724 ohm, 0.291 ohm

I
and 20.49 ohms respectively.
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3.2.1 Conventional Method (Method I)

(a) The Intercept Current, I

S

By viewing equation (2.87), the following approximations
and condition are assumed so as to determine IS

( i ) Short-circuit base-collector terminals.
(1i ) Measure IC-VBE characteristics of transistor under low-bias
condition,
(iii) Approximate the ratio of QBO/QB to unity. Subject to con-
dition (ii), this approximation is reasonable.
Based on the above, equation (2.87) reduces to,

qVBE/KT

Iy = Is(e - 1) (3.9)

From equation (3.9), a measurement of IC versus VBE would be suf-

ficient to determine I The schematic diagram of Curve Tracer for

S,
this measurement is shown in Figure 3.11. The measured data are
shown in Table 3-8.

A semi-log plot of IC versus VBE shown in Figure 3.12
‘results in a straight line whose intercept on the IC—ordinate gives

the value of I Analytical manipulation for determining IS is

S.

given as follows:

Verify the slope of the plot, first, by choosing two points

within the microampere region from Table 3-8.

= . 7 = . V L4
IC2 1 mA VBE2 0.6189
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COLLECTOR .
m.l.
SYEEP ‘ +I, | VERTICA
DISPLAY
Series A
Resistor
(65040)
i To Keep
VOLTAGE . Vpo= 0. |HORIZONTAL
STEP E c DISPLAY

Figure 3-11 Curve Tracer (Tektronix 576 ) Schematic
Diagram for Measurement of IC versus VBW

for Vg, = 0. (Using Common-Base Con-
figuration on Curve Tracer)



I.(4) Vot V)
1.0x107° 0.4360
2.0x10°° 0.4529
5.0x10"° 0.4759
8.0x10™° 0.4877
1.0x107° 0.4933
2.0x10™° 0.5112
5.0x10"> 0.5348
8.0x10™° 0.5468
1.0x107% 0.5525
2,0x10™" 0.5706
5.0x10™" 0.5942
8.0x10™" 0.6068
1,0x1073 0.6189
2.0x1073 0.6376
5.0x10™7 0.6651
8.0x10™° 0.6795

Table 3-8 IC versus VBE for VBC = 0 volt
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- = . VO
I, = 10 pA Vg, = 0-4933

then using equation (3.9),

1n(ICz/Ic1) -1 -
(q/KT)exp = = =36.67 volt = vs. (q/KT) = 38.9 volt
VBE2 = VBE1

1

Calculate I_ by means of eguation (3.9),

S

Ieo

I = : = 1,396x10"
S e(Q/KT)exp.VBEZ -

13

A.

(b) The Intercept Currents, I, and I, and the Emitter Emission

Coefficients, N

g1 2nd Ngo

In view of equation (2.48), by short-circuiting the collector-

base terminals, the equation reduces to the form of,

qV g /KIN

IB = I1(e

qVBE/KTN‘

E1 K2

- 1) + 12(e - 1) (3.10)

Hence, a measurement of IB as a function of VBE is required. The
schematic diagram for this measurement is shown in Figure 3.13. The
measured data are tabulated in Table 3-9.

A semi-log'plot of IB versus VB is shown in Figure 3.14

E

from which two straight line sections marked (:) and C) respectively

can be observed. The intercept current, I1 can be obtained by



100 ohms

B C
Ny . 75
R
B L

Y, '
D.C. Power —— J. Fluke Keithley 419
Supply 77+ 81004 Picoammeter
Harris Digital
6284A Multimeter

(a) Test Configuration for low base current levels
(below 1 pA)

BASE
(COLLECTOR) | | +Ig | verrICAL
SWAEE DISPLAY

Series

Resistor _L
(65040) =

VOLTAGE To Keep
V. .=0.

STEP “‘“‘““"E\q 3C HORIZONTAL

-+
GENERATOR B DISFLAY
v

i
<
to
t=
a+
‘._l
(02
‘_J
W

CE

at VBC = 0.

(b) Test Configuration* for high base current levels
(above 1 pA), using Curve Tracer, Tektronix type 576

*¥ - (1) Use Common-Rase Configuration on Curve Tracer.
(2) Interchange 'B' and 'C' leads of the tested
transistor.

Figure 3.13 Test Configuration for determination of Il

NEl, 12 and NEZ



I(4) VaplV) I(A) VoptV)
6.000x10" "> | 0.0100 8.0x10™° 0.5915
7.500x10" 12 | 0.0179 1.0x10™° 0.5970
1.300x10" 12 0.0200 1.5x107° 0.6100
2.300x10" % | 0.0300 2.0x10™° 0.6180
5.200x10" % | 0.0500 2.5x10™° 0.6240
8.950x10" 12 | 0.0700 3.0x107° 0.6300
2.1450x10" 1 | 0.1000 3.5x10™° 0.6340
7.640x10" " | 0.1500 4.0x10™° 0.6393
2.674x10" 1% | 0.2000 4.5%107° 0.6425
8.724x107 1% | 0.2500 5.0x10™° 0.6458
2.857x107° 0.3000 5.5x10™> 0.6475
9.510x107° 0.3500 6.0x107° 0.6505
3.100x10'8 0.4000 6.5x10™° 0.6545
1.150x1077 0.4500 7.0x107° 0.6555
4.400x10" " 0.5000 8.0x10™° 0.6595
2.050x1o'6 0.5500 9.0x10™° 0.6530
1.010x107° 0.5250 1.0x10™" 0.6665
1.000x10~° 0.5240 1 5x10-4 0.6810
1.500x10~° 0.5330 2.0x10™" 0.6900
2.000x10~° 0.5470 2.5x10_4 0.6980
3.000x10~° 0.5595 3;0x1o'“ 0.7050
% .000x10~° 0.5685 3.5x1o'4 0.7140
6.000x10~° 0.5815 §.0x10™" 0.7200

Table 3-9 IB versus VBE for VBC = 0 volt

76



5 -

1.5x10° I5(4)
0
] 77
i
+
JF
Figure 3.14 Semilog Plot of IB versus VBE
for VBC =0
100 T
4
1
L
T
10-'7 T
{
1
4
$
1078 T
1
4
1077
+
10'10 40.1 0.6 VBE(volts)




78

extrapolation of straight line section C) back to VBE = 0 and the

slope of this straight line section yields the value of (q/KTNE1)
from which the value of NE1 can be computed. The intercept current,
12 can be determined by extrapolation of straight line section @
back to VBE = 0 and the slope of this straight line section gives the
value of (q/KTNEZ) from which the second emitter emission coefficient,
NEZ can be calculated.

Calculation of 11, NE1, 12 and NE2 is shown below:

(i) To find I1 and NE1

Pick two points from the straight line section @ in Figure 3.8.

-

-2
- A, = .
1.5x10 VBE @ > 0.610 volt

g
to
)
[\S]
1

0.538 volt

-6 '
= 1.5x10 A, VBE@1

-
[o5]
©
-
[

Use equation (3.10) with second term dropped out,

In(I /1.~ )
(q/KTNg) = BO2BDI | 3198 voit™

VBE©2 'VBE®1

1

I .
I, = 8@ 2 - 5.0567x10" "% A.
Veg @ 20 9/¥TNgy)
e 1
N A - £~
Ny = ——— = 1.217 for x = 38.9 volt
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(ii) To find I, and N,

Pick two points from the straight line section C) in Figure 3.8.

=t
w
®
(V]
t

-8
3.10x10 A, VBE@2 = 0.4 volt

~-11
7.64x10 A, VBE()‘1 = 0.15 volt

=
o
®
-
[

Use equation (3.10) with the first term dropped out and compute

I, and NE in the way shown in part (i), thence

2 2

(c) Intercept Current, I, and Collector Emission Coefficient, N,

3

By specifying the condition that the base-emitter terminals

are short-circuited, equation (2.48) reduces to,

qV,./KIN
I = I,(e BCTC |y (3.11)

To obtain 13 a measurement of IB versus VBC is required.
*

The schematic diagram for this measurement is shown in Figure 3.15.
The measured data are tahulated in Table 3-10.

A semi-log plot of I, versus V is shown in Figure 3.16

B BC
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(COLLECTOR) +*I5 | vERTICAL

SWATLP DISPLAY

Series
Resisto
( 650n)

VOLTAGE To Keep

STEP T Tsp= O |HORIZONTAL

+
GERERATOR B DISPLAY

Figure 3.15 Curve Tracer (Tektronix type 576) Schematic
Diagram for Measurements* of IB versus VBC
for VBE = 0.

* — (1) Use Common-Base Configuration on Curve Tracer.
(2) Modify the normal terminal-connections of the
transistor to the socket of the Curve Tracer,
by connecting 'E' of the socket to 'C'-lead of
the transistor; 'B' to 'E' and 'C' to 'B'.
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I,(8) VaetV)
1.0x107° 0.4210
2.0x107° 0.4425
4.0x107° 0.4630
6.0x10~° 0.4755
1.,0x107° 0.4920
2.0%107° 0.5120
4.0x1072 0.5320
6.0x10™° 0.5425
1.0x10"* 0.5590
2.0x10h 0.5790
4.0x10™" 0.5990
6.0x10™" 0.6105
1.0x1073 0.6290
2.0x1072 0.6540
4.0x1072 0.6810
6.0x107° 0.6980
1.0x10-2' 0.7250

Table 3-10 IB versus VBC for VBE

0 volt
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in which the intercept on IB—axis extrapolated from the straight line

portion of the plot gives the value of I The slope of this straight

3.
line gives the value of (Q/KTNC) from which the collector emission
coefficient, NC can be evaluated.

A similar analytical manipulation to that shown in
Section 3.1.1(a) is used to calculate I3 and N,

Two data points chosen for calcﬁlation are:

200 pA Vgoo = 0:579 volt

-t
1]

B2

I,. = 20 pA Vv

B1 0.512 wvolt

BC1

The calculated results are:

[
i

5 4,563x1o'13 A,
N.=1.1

(d) The Forward and Reverse Transit Times, 7t and

TR

and TR is indicated

F

The basic measurement technique for Tp

in Figure 3.17(a). The schematic diagram shown is principally for the
measurement of forward transit time when switching the base current
through a step change [xiB The magnitude of the input voltage step

is made much larger than the chanze in v so that the step change

BE

in base current is given by,
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Aig = (3.12)

During measurement, R, and C should be appropriately adjusted
such that VCE and iC undergo step changes. Figure 3.17(c) shows the
and C are appropriately

step v response at the condition that R

CE 2

ad justed.

The transit time is approximately given(30) by,

AV
- R C|l—E (3.13)
Av

CE
In order to insure the best possible accuracy, the transistor
should operate in the forward active mode since T is associated with
the forward injection of the charges across the emitter-base junction.

The reverse transit time, can be measured by using the

R
same technique described. Minor changes in the schematic diagram
shown in Figure 3.17(a) are: (i) Interchange the collector and emitter
leads of the transistor; (ii) Reducing the magnitude of the collector-
emitter voltage IVCE' to 3 volts with the polarities remaining un-
changed, to avoid base-emitter junction breakdown since the hase-
emitter junction, in this case, is reverse-biased.

The measured data and calculations of the forward and reverse

transit times are as follows:

RBC = 2x10‘8 ohm-farads
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For forward transit time:

AVF = 0.60 volt

ZXVCE = 4,53 volt

Use of equation (3.13) gives,

T = 2.65x107 sec.

For reverse transit time:

AVR

]

3.600 volt

ZlVEC 0.025- volt

Use of equation (3.13) with modifications that subscript F is changed
to R; and AVCE to AVEC gives,

’

Ty = 2.88x107° sec.

(e) The Emitter and Collector Capacitances, Cg and CC
According to eguation (2.77), the charges QE and QC are the
excess stored charges associated with the emitter-base and collector-

base junction capacitaunces respectively. These are space-charge

region capacitances as defined by Chawla and Gummel(31) and depend
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only on doping profile of the impurities and applied junction voltages
and are independent of frequency.

The space-charge region capacitance measurements were done
by means of a Boonton model 71A capacitance meter, at a reference
frequency 1 MHz for different applied junction voltages. The measured

emitter-base junction capacitance, C is the emitter-base input

BE
capacitance with emitter-base junction forward-biased and the output

open (i.e. IC = O). The measured collector-base capacitance, CCB is

the collector-base output capacitance with collector-base junction

reverse-biased and the input open (i.e. IE = 0)., The measured data

are shown in Tables 3-11 and 3-12 and Figures 3.18 and 3.19.
In the abbreviated Gummel-Poon model, the collector capaci-

tance, C_, refers only to the capacitance between collector and the

c

active base region under the emitter., The measured C is larger

CB

by approximately the ratio of'the base to the emitter area. The

reduction of C by the ratio of the base to the emitter area gives

Cc8

the measured collector capacitance, CC shown in Figure 3.19 and

Table 3-13. The emitter capacitance, C, is approximately equal to

E

CBE without involving considerable error as one can realize from the

device geometry of the planar-diffused transistor. For the geometry
of the sample transistor, 2N1613, one can refer to Appendix A,

As mentioned previously, CE and CC are assumed to be
constant. For a silicon transistor, conduction commences when VBE
reaches approximately 0.5 volt and reaches perhaps a peak of 0.7 volt

during conduction. Hence, will average very closely to 0.6 volt.

Vg
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Therefore, it will be assumed that the capacitance of emitter at

Vag = 0.6 volt is a reasonable approximation to use in the model.
From Table 3-11, CE(éCBE) is 387 pf at VBE = 0.6 volt. The value of
CC(= (AJE/AB)XCCB) equal to 3.67 pf at VCB = 16,0 volts from

Table 3-13 is chosen to approximate the overall average capacitance
over the range of collector-base junction voltage from O volt to 30

volts.,

Vge(V) | 0.00 0.10{ 0.20 | 0.30| 0.40| 0.50| 0.55| 0.58| 0.60| 0.65

CBE(pf) 74.21 77.9{ 82.9{89.5{99.0(120.0{180.0{300.0{387.0{830.0

Table 3-11 Measured CBE(é CE)versus Vgg for I, = 0.

V. (V) {0.00[0.50{1.00{2.00(4.00(6.00|8.00{10.0[12.0|14.0/16.0(18.0

CCB(pf) 35.0{27.7|24.4|20.6({17.0[15.0[13.7{12.7|12.0{11.4110.9{10.5

Table 3-12 Measured CCB versus VCB for IE = 0,

v 3(V) 0.00/0.50{1.00[2.00[4.00|6.00/8.00{10.0{12.0]14.0{156.0)18.0

CC (pf£)|11.8]9.3418.23 16.95|5.73 5,06|4.62{4,2314,05(3.84]3.67|3.5%

Table 3-13 Reduced CCB(=CC) versus VCB for IE = 0.
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(f) The Zero-Bias Base Charge, o

This parameter is to be determined theoretically in an
approximate way since an available experimental method does not exist
so far. The detailed calculations are carried out as follows:

From Appendix A,

2 3

ul - 1.0179x10™° cn?

A= W

JE)

By comparison of equation (2.74) with equation (2.75), the number of

impurities - per unit area in the base is,

2
: gA. D n. .
N = J eo 1 (3.14)

Ig

Use of Einstein relation in conjunction with equations (2.73) and

(3.14) gives,

2 2

A _"gKTJ_ n.
BO I
S
For CBE = 74,2 pf (from Table 3-11) at zero-bias condition and
Aj = 1.017‘9x10_3 cm2, reference (32) gives .
2 2
peo = 800 cm”/v-sec. and ph = 390 cm /v-sec,

From reference (33), n, = 1.3321x1010 cmm3

From Section 3.2.1(a), I. = 1.396x10 13

s A.



92

10 Coulombs

Hence, QBo = 6.690x10"

(g) The Zero-Bias Active Base Resistance, Baso

The value of RBA is to be determined theoretically for

0

the same reasons as stated in (f).

Repetition of equation (2.92) yields,

A

J
= (3016)
RBAO STTthBo

Substitution of the values of QBO A_ and ph from
?

J
Section 3.2.1(f) in equation (3.16) yields

Rpao = 123 Obms

3.2.2 Method of Automated Model Parameter Determination (Method II)

This method can be regarded as a process of finding modell
parameter values which best simulate the terminal measuremeéts made
on the transistor being modelled. It is principally based on opti-
mization theory(34) and is carried out with the aid of a digital
computer. The flow chart of the procedure is illustrated in

Figure 3.20 in which the specifications consist of the following.
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(a) The Required Model Performance Criteria

The transistor is considered to be in the common-emitter
configuration. Moreover, it is a three-terminal device and for the

static case is described by four terminal variables (i.e. VBE IB
’ '

VCE and IC). Two criteria are therefore required to describe the

device performance. By choosing IB and VéE as independent variables

and regarding V and IC as dependent variables, two criteria, i.e.

BE

VBE and hFE(=IC/IB) can be established., A set of points defining

the shapes of V__ and hFE as functions of IB and V are required

BE CkE

and shown in Table 3-14. Those points can be obtained by performing
terminal measurements made on the transistor by means of a curve
tracer. A suitable choice of the number of measuring points can save
computer time. In this case, 128 points are measured over the active,

saturation and cutoff regions of transistor operation.

(b) The Initial Parameter Values

Table 3-15 shows the best initial parameter values which

are obtained by the experimental method (Method I). Those parameter

I, (A) 5.057::10‘“‘ To (s) 2.650x1o‘9
1, (&) | 2.065x107"% |t (s)| 2.880x107"
-13 , -12
I, (A) | 4.563x10 Cg (F) | 3.670x10
-13 ~-10
Ig (A) | 1.396x10 Cq (F) { 3.870x10
. , - -10
NC 1,133 QBO(u) 6.690x10
NE1 1.217 RBAOUU 153.0
NE2 1.618

T

Table 3-15 The Initial Parameter Values obitained by Method 1



TABLE 3-14 MEASURED DATA FoR AUTCMATED PARAMETER DETERMINATION

VCEM( V)
Ne

e

3.0000E=~02
“340000E=02
3,0000E-02
3e0r00E-02
Fenn0UE~g2

6sNT0CE=C2
6,00n00E=02
6+0000E=-02
6+00CCE=D2
Gen(OUE-02

Bep000E-02
BeonOUE=02
BepiQ0E=2
Beno0UE=02
B840000E-02

IB(a)
5.00VJE=-DS
1,0000E=05
4o QUV0E~DD
1,2000E-04
5,00V0E=04

5.0000E=08
1.,0000E=05

A, 0U0U0E~(QS

1,Z2000E~u4
S5,0000E=04

5,0000E=08
1e000DE=0S
4,N00OE~)S
1,2000E=p4
5.0U00E~04%

5.0000E~08
1.0000E=-05
44,0000E-05
1.,2000E=04
S,0UVUE=(4

ICH(A)
4 HO00E~08

-9,2000E~06"

«3.1300Em0S
-1 .N800E=0Q4
-t o HB500E=006

~3,0000E=08
7,80CLE=06
3.55(CE~05
1,28CCE~04
F.H8CCE~04

1.00CCE=08
5.50CCE=05
2.7CCCEmQ4
8,000CE=04
2.30CCE~03

5.80CCE=~08
1.,16CCE~04
5,50CCE~04
1.5600E~03
4,40CCE~03

HFEM
~9,6000E~01

«9,2000E-01

-5.,5750E~01
~9.0000E-01
~3,.1000E=01

~6,0000E=01
7.8000E=-01
8,8750k=01
1,0667E+n0
7.3600k=p1

2,0000E=91
5.5000E+00
6.7500E+00
6,6667E+p0
4.6000E%00

1,1600E+00
1,1600E4+01
1,3750E+01
1,3000E+01
8,8000E+00

VBEM(V)
3,1000E~-01
44.8600E=01
S5.3000E=01
5,6n00E~n1
6,1200E=p1

3.3300E=01
541300E=~01
5,5300E=-01
5,8500E~01
644000E~01

3.6000E=01
5¢4300E~01
5.8300E=-01
6.1300E=n1
6.6700E-01

3,7500E~01
5.5800E~01
5.9900E-01
6,2900E~0n1
6.,7200E~01
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TABLE 3-14 MEASURED DATA For AUTOMATED PARAMETER DETERMINATION (Cont. )

VCEM(V)
1enn00E=N]
lage09c-01
1e000UE=OL
120000E=~01
lengoUE=01

3.n000E=-01
3,0000E=01
3.0000g~01
3.07C00g=01
3,0000E=01

S5e0000E=01
S5eqnnsE=nl
5e000E~01

Sennotc=gl

S«0000E=01

140n00E+00
1e000UEOD
1+0C0CE+00
1e0000E+00
1en00VE+00

IBM(A)
5.0V000E~08
l,0000E-05
44N0UNE=(S
1.2000E=04
S.0V0NE~04

S5,0000E=08
1.,0000E-05
4,000NE=05
1 ,200CE~0%
5,0U00E=04

S5.,0000E=08
le0UOuUOE=05S
4.0000E=05
le20U0E=04
5.0000E=04

S.0000E=08

4,0000E~05
l,2000E=-04
5,0000E=04

1cCMTA)
1.1000E-07
PeN500E=04
9.5000E=-04
2.3000E-03
7.1500E=03

4,8000E=07

5,6000E=04

2.6800E~03
8.5500E~03
3.0100E~02

4.90002-07

5.7000E~04
2.6900I-03
8,5800%=03
3.50002=02

4,9200E=-07
5.7002Z~04
2.6900=-03
8.~0002=03
3.5500E-02

HFEW
2,2000E+00

2,050vE+01
2,3750E+p1
2.3333t+91
1.4300E+01

9,6000E+00
5,6000E+01
6,7000E+01
7,1250E+01
6,0200E+p1

9,8000E+00
5.7000E*01
6,7250E+n1
7.1500E+01

7.0000E*01

9,8400E+00
5,7000E+0n1
6,7250E+01
7.,1667E+01
7.1000E+01

VBEM(V)
3.8300E-01
5.7500E=-01
6,1500E-01
6.4600E~01
6,9500E~-01

4.1200E~01
6.0000E~01
6,4100E~01
6,7600E=01
7.3000E-01

4,1200E=01
6.,0000E=-01
6,4100E-01
6.7600E~01
7+3000E~01

4,1200E=01
6,0000E=01
6,4100E=01
6,7600E=-01
7,3000E~01

96



TABLE 3-14 MEASURED DATA FOR AUTOMATED PARAMETER DETERMINATION (Cont.)

vCEM(V)
440000E4+00
benni00E+DD
4e0000E+0Q

440000L4+00

Benn0ES00
Be0r0OUE+QD
B8.5000E+00

lent00E+01
lena00E+0]
1.0009E+01

1eB000E+0]
1.5n00E+01
1.5000E+01

2+0C0UVE+01.

2.0000E+01

2'é0005*01
2eni00L+0]

3.0000E401
Jeprp0E+0L

IbM(a)
5.,00U0NE=~08
1.00C0E=05
4,00U0E=05
1,2000E=04

5.0000E*08
le00UQOE=~0S
44.0U00E=D5

S,0000E=~8
1,0000E=0%
4,0000E=05

5,0000E=08
luOOUOE”US
4,0000E=05

S«0000E=-08
IQOOUOE-OS

1 COUOE~0YS

S.,N0U0E=08
1,0000E~-05

ICM(A) .
5.n000E~07
S, 7500E=04
2,7000E~03

H,7T000E=~03"

5.4200E=04

5.0500E~07

HaNOO0E=04
2.,R000E~03

5.1000E~07
£.2000E~04

P.BTS0E=03

5,2002Z=07

5,2500Z-07
e4D00Tm04

5.35005=07
7.0000Z=04

HF EM
1,0000E401
5,7500E+01
6,7500E+01
7.2500E+01

1.0000E+01]
5.8200E+01

6,8000E+01

1.0100E+01
6,0000E+n1
7T.0000E+01

1.,0200E+01
6.2000E+01
7.1875E+01

1.0400E+01
6,2200E+01

1,0500E+01
6,4500E+01

1,0700E+p1
7.0000E+n1

VREM (V)
4,1200E~01
6,0000E-01
6,4100E-01
6,7600E=01

4,1200E~01
6.,0000E=01
6.4100E~01

4,1200E~01
600000E'01
6,4100E~01

4,1200E=01
€,0000E=01
6,4100E~-01

4,1200E=01
600000E“01

4.1200E'01
600000E—01

401200E'01
6,0000E-01

L6
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values are not very precise since some device physics and structure
are not known in detail while determining them. It is for this reason

that this method is employed to re-evaluate those parameter values.

(¢) Error Criteria

Based on the required model performance criteria described
in part (a), two expressions for error function will be necessary.
The error function that gives a measure bf the deviation between the
actual device performance and the simulated performance by the model
can be formulated by the method of least pth approximation(35).

The least pth formulation allows two expressions for the

error function as follows:

n m
P
Ey = Z L (Wylhppss 5 = Pravij)) (3.17)
i=1 j=1
n m
P
E, = iZ=1 J.;(WI(VBESU - VBEMj_j)) (3.18)

Where: WH and WI are weighting factors to be discussed in part (d).

hFEMij is the measured d. c. common-emitter current gain at

the ith data point for jth base current among a total
of nxm.

v .. is the measured base-emitter voltage at the ith data
BEMi j

point for jth base current among a total of nxm,

e, . 1S the simulated d. ¢. common-emitter current gain
FESi j

corresponding to hFEMij
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VBESij is the simulated base-emitter voltage corresponding to
vBEMij.
P is a positive integer chosen to be 2 initially and 100 eventu-
ally.

The sum of E1 and E, gives the error function to be con-

2
sidered. The final error function, termed the objective function U
P
hereafter, is the pth root of the sum of E1 and E2 i.e. U=(E1+E2)1/ which
b

will be minimized in a least pth sense during optimization process.

(d) Weighting Factors

Essentially, the task of weighting factors is to emphasize
or de-emphasize the various parts of the simulated performance to suit
the required model performance. The larger the weighting factor used,
the more emphasis is put on that simulated performande. The weighting

factors chosen for the present case are as follows:

Initially, WH = 1 and WI = 1

200

i

Finally, WH = 1 and WI

(e) Performance Analysis

The model performance corresponding to a set of model para-
meter values is evaluated on the basis of model defining equations
(2.48) and (2.87) from Chapter II, as well as the effect of extrinsic
series resistances (i.e. RE, RC and RBI)' Those series resistances
are kept fixed for the performance analysis and will not be modified
optimally during optimization pfocess. The computer program for the’

performance analysis is named SUBROUTINE OBJECT and is presented in

Appendix B,
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Performance analysis gives the simulated h “and VB which will be

FES ES

approximated to the measured hF‘

EM and VB

EM.

(f) Optimization Technigues

Since the bipolar junction transistor is a non-linear active
device, evaluation of the partial derivatives of the objective function
can not be obtained easily. . Therefore the Direct Search method is
appropriate. The Hooke and Jeeve's (36),‘(37), (38) Pattern Search is
employed to minimize the objective function in a least pth sense
because of its rapid convergence compared with the other multi-
dimensional methods. The computer program for Pattern Search is pre-

sented in Appendix B and is named SUBROUTINE PTSH. Details of Pattern

Search method can be obtained from references (36), (37) and (38).

(g) The Modified Parameter Values

The modified parameter values are the ones which have been
obtained optimally by minimizing the objective function during each
optimization process by means of Pattern Search. The final set of the
modified parameter values can be achieved provided that any one of the

performance criteria has been met.

{(h) Performance Criteria

Performance criteria are based on the strategy adopted for
the termination of the optimization process. The termination of the
optimization process can be counsidered in three ways as follows:

(i) The number of iterations exceeds the pre-determined maximum number

of iterations.
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( ii ) The number of function evaluations exceeds the pre-determined
maximum number of function evaluations.

(iii) The incremental change (termed STEP SIZE in Pattern Search) in
each model parameter value is smaller than the specified "toler-
ance" which is the required resolution to specify the objective
function value at the minimum. .

The above-mentioned specifications determine the frame-work
of the method of automated model parameter determination.

Moreover, interpretation of Figure 3.20 is that the simulated
model performance corresponding to the initial parameter values is
obtained by means of model performance analysis and compared with the
measured performance of the device via the pre-determined error
criteria. Satisfactory simulated performance leads to the termination
of the optimization process. Excessive errors lead to a reinitiali-
zation of model parameter values and the reinitialization of model
parameter values is made through the minimization of the objective
functioﬁ value by means of Patiern Search., This process repeats it-
self until the simulated perfcrmance falls within the performance
criteria. The final set of parameter values is the one at which the
process terminates. The optimal parameter values are shown in

Table 3-16 compared with those obtained by the experimental method,



Method (I) Method (II)
1, (@) | s.os70™ | 6le7sxio
1, () 2.065x10" 12 4.832x10" 13
I, (4) 4.563x10" 13 4.141x10™13
Ig (A) 1.396x1o‘13 8.376x1o’1“
Ng 1.133 1.123
Ny, 1.217 1.218
NEz 1.618 1.636

-9 -8
Tp (S) 2.650x10 1.853x10
' -6 3 -5

g (8) 2.880x10 1.153x10
c; (F) 3.670x10" 12 5.153x10" 12
Cp (F) 3.870x1o'1° 2.322x10~10
Qg (O) 6.690x10™ 10 i.683x10710
RBAOUI) 153.0 . 124,6

Table 3-16 Comparison of Model Parameter Values obtained by

Method I and Method I1I
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-CHAPTER IV

SIMULATION RESULTS

Three conventionally-modified Ebers-Moll models used in
ECAP I;, SCEPTRE and NET-1 circuit analysis programs, and the
abbreviated Gummei-Poon model (abbreviated with sixteen parameters
including parasitic resistances) have been described in Chapter II.
The basic Ebers-Moll model and the abbreviated Gummel-Poon model
are systemétically derived from a common mathematical origin (i.e.
the basic one-dimensional carrier transport equations). In spite of
the appearance of the abbreviated Gummel-Poon model, for low-bias
condition and with some idealization such as assumption of low-level
injection, no carrier recombination-generation effects in the space-
charge regions and so forth, the model reduces to the basic Ebers-
Moll model. This means that the abbreviated Gummel-Poon model is
topologically equivalent to the basic Ebers-Moll model. In this
chapter, models are compared on the basis of their ability to repre-
sent the common-emitter static characteristics of a silicon double-
diffused transistor.

The guantitative discussions are focused on the common-
emitter static characteristics which are:
(i) The output characteristics (i.e. I, versus V__ with I, as para-

C CE

meter).

103
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(ii ) The dependence of common-emitter d. c. current gain on the

collector current (i.e. hFE versus IC for constant VCE)

(iii) The input characteristics (i.e. I versus VB with V__ as para-

B E CE
meter),
Figures 4.1 to 4.9 inclusive show the comparison of the measured data
(dashed lines) obtainea by means of a curve tracer (Tektronix type
576) for the type 2N1613 transistor at a room temperature of 2500 and
the simulations by the models (the solid lines). The model parameter
values, used in the simulation are obtained from Chapter III.
For simélicity, the modified Ebers-Moll model in

ECAP I1 is called EMM 1; the one in SCEPTRE, EMM 2; and the one in

NET-1, EMM 3; and the abbreviated Gummel-Poon model, AGPM.

4.1 THE QUTPUT CHARACTERISTICS

It has been already shown that all three modified Ebers-
Moll models employ the principle of "superposition”, that is, the
collector current (or the emitter current) czn be expressed as the
sum of a function of emitter-base voltage and a function of collector-
base voltage. In order to examine the validity of the principle of
"superposition", one can consider the Early effect(9), that is, the
finite collector-current-dependent output conductance due to base-
width modulation., For the measured output characteristics, beyond
" the Veg = Vpp contour, a region of bias (i.e. the active region)
exists in which the collector current varies approximately linearly

with the collector-emitter voltage for fixed base current in such a

way that the straizht line sectiun exhibits finite incremental output
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conductance. In Figures 4.1 to 4.3, the simulated output character-
istics (solid lines) by EMM 1, EMM 2 and EMM 3 do not exhibit finite
output conductance in the active region. The deviation between the
simulated and the measured output characteristics in the active region
implies the violation of the principle of "superposition" for a real
transistor. On the other hand, Figure 4.4, which shows the corre-
sponding AGPM simulated output characteristics, exhibits a reasonable
fit‘to the real transistor performance, (i.e. in the active region,
the collector current varies linearly with the collector-emitter
voltage)., This finite output conductance results from introducing

the base charge, QB in the denominator of equation (2.87) which
through its dependence on operating junction voltages via the junction
capacitances disables the "superposition"” and provides a realistic
description of the output conductance. However, EMM 1 to EMM 3 can

be further modified to account for the Early effect by modelling the
current gains op and ag as functions o; operating currents and
junction voltages, This modification was proposed by Logan(4)
recently and it is claimed that this modification can provide a real-
istic description of the output conductance as well,

Besides the Early effect, in the active region, it is seen
that the output characteristics simulated by EMM 1, EMM 3 and AGPM
but not by EMM 2 depart significantly from the corresponding measured
data for low base currents (say, below 1 pA). This can be explained
as follows:

(i) For EMM 1, the assumption of constant o and % is used in the
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B;d :ﬂs "138 BJ’ O’

————— Measured

Simulated

Model Parameters
I..=1.18x10"12 A.
CS -13
I_..=1,60x10 A,
ES >
=33.75 volt
=36.20 volt™
=0 09857
=0.5112

=20.49 Ohms

0.01

+

. . —T
0.1 1.0 2.0
VCEM(V)

Figure 4.1 Comparison of the Measured with the Simulated
Output Characteristics by Model EMM 1
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= Table 3-3 (P.61)

= Table 3-4 (P.61)
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=0.291 Ohm
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0.01

Figure 4.2 Comparison of the Measured with the Simulated
Output Characteristics by Model EMM 2
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Tess, Ion® | 108
! 500 pA
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Simulated
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Model Parameters
I..=1.18x10""2 A. - T =
cs -13
IES=1 .60x10 A,
MC =1.155
10-7 1 ME =1 .075
: A_ B. B, B
AO,A1,A2' 39 0’ 1’ 2’
B3 = Table 3-5 (P.62)
RB =20.49 Ohms
RC =0,291 Chm
RE =0,0724 Ohm
1078 | —+ —
0.01 0.1 1.0 2.0

Figure 4.3 Comparison of the Measured with the Simulated
Qutput Characteristics by Model EMM 3
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Figure 4.4 Comparison of the Measured with the Simulated
Output Characteristics by Model AGPM
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model and they are evaluated at the base current equal tb 60 pA
to meet the typical operating conditions. Hence they are over-
estimated for low base currents,

(ii) For EMM 3, o

and o, are modelled by the third order polynomials

F R

respectively. Subject to the functional behaviour of the third
order polynomial, the complete approximation of the variation in
ap (similarly in aR) to the measured data over the wide base
current range can not be achieved, For better fit over the wide
base current fange, a possible suggestion is to use two inde-
pendent polynomials for modelling ap (similarly for “R)’ one to
model op for low base currents and the other for high base currents.
(iii) For AGPM, one of the basic assumptions in developing this model

is that the d. c. current gain, h is very large, whereas at low

FE

base curreats, hFE's are smaller and hence violation of this

assumption exists.
On the other hand, Figure 4.2 shows a reasonably good fit between the
measured and the simulated characteristics by EMM 2. This is because
aF and uR, in this case, are tabulated for a range of base currents,

In the saturation region, a fairly reasounable match of the

measured with the simulated characteristics of the EMM's, especially
of EMM 2, is obtained as a consequence of the application of the
principle of "superposition", since in the saturation region both
junctions of the transistor are forward-biased and the principle of

"superposition" is valid. The corresponding simulations by EMM 1

and EMM 3 respectively are a little worse than that by EMM 2, The



111

reasons are stated above in items (i) and (ii). Figure 4.4 shows
that the fit by AGPM in the saturation region is not better than that
of the EMM's. The reason is that AGPM is developed on the basis of
the transistor operating in the normal active mode.

Furthermore, it can be observed from Figures 4.1 to 4.4
that at éxtremely high base current equal.to 500 pA, there are large
deviations between the measured and the simulated characteristics of
all models in the saturation region. All EMM's are developed on the
basis of the assu@ption of low-level injection. At high levels of
base current where high-level injection occurs, this assumption is no
longer valid because the transport egquations for excess carriers in
the quasi-neutral regions outside the space-charge regions change;
they become non-linear and the electric field has an importani effect
on the flow of both holes and electrons. The AGPM in which the base

and t,, are assumed

"push-out" effect is not considered and counstant 7t R

F
can not provide a more accurate description of the transistor per-
formance than the EMM's,

The numerical comparisons of the measured and the simulated
output characteristics by each model are given in Table 4-1,
Table 4~2 shows the measured and the simulated VCE by different models

at zero collector current which is one of the measures of goodness of

fit in the saturation region.



QTABLE 4-1 COMPARISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
5,000E~08
5.000E-08
5. 000E=-08
5,000E-08
5.000E-08
5, 000E=08
5, 000E=-08
5.000E~08
5,000E~08
5,000E=08
5, 000E-08

5.,000E~-08

5, 000E~08
5.000E-08
5,000E-08
5,000E~08
5.000E-08
5.000E-08
5,000E-08

VCEM(V)
0.
3.000E~02
5.000E-02
5.200E-02
6.000E-02
7.000E-02
8.000E-02
1.000E-01
1.,500E-01
2.000E-01
2.500E-01
3.000E-01
3.500E-01
4,000E-01
44,500E-01
5.000E-01
1.,000E+00

2.000E+00

4,000E+00

ICM(A)

-4,800E-08
-3,000E-08
~5.000E-09

0. |

1, 000E-08
3. 000E-08
5,80 0E-08
1,100E-07
2.950E-07
4o 000E-07
b, 700E-07

4, 800E~-07

4481 0E-07
4,820E-07
4, 850E~07
Ly SOOE~07
4, 920E-07
4,35 0E=~07
5,000E~-07

EMML
ICSS(A)

~7.048E~08
~7.777£-09

8.804E-08

1.,015E-07

1.649E~07
2.689E-07

L. 0EGE=-07

84027E-07

- 2e254E=06

3.149E-06
3.368E=06
3. 435E=06
3o b4hE=06
3o LLbE=06

3 4L6E=06
3e44TE~06
3 44TE-06

3eU4bL7E~06

3e4L47E-06

EMM2
ICSS(A)

=4,209E~08

~1,025E~08
 3,323E-08
3,891E-08

6.429E-08
1.,019E=-07
1.452E~07
2.406E-07
4,217E~07
4,797E~-07
4,518E~07
4,941E=-07
4,946E-07

4,947E~-07

be<SL7E~-C7
4,947E-07
L,Q47E-07
heQL7E-Q7

4. 9LTE~07

BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613

EMM3
ICSS(A)

~3.603E-08

~8.217E-09
2.28UE-DS8
deB84EE-08
€E.466E-08
1,UEEE=-U7
1,e03E~-07
2. 058E-07
?e735E~-u7
1,034E-06
1.101E-06
1.114E~06
1.11€E-06
1.117E~0UE
1.117E-06
1.117E-06
1,117E-06
1.11¢E-06
1.113-06

AGFM
ICSS (A)
-4 5b4E~08
CeZ38E~US
10081E‘07

1.188E-07

1.054E=07

2e311E-07
3.025E=-07

G4e471E-0U7
6.821E-07
747 3E-07
7002E-07

;0623E;U;

7.035£-07
7onUE‘U7
704 3E=-UT

;obﬂ;E‘U;

7 .082E-07
70755E‘U7
7 +899E~-07

cil



TABLE 4-1 CONPARISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
5. 000E-08
5.000E-08
5. 000E=08
5. 000E~08

5.000E-08 -

5.000E~08
5.000E-08

1. 000E=-05
1, 000E-05
1. 000E=-0F
1, 000E=-05

1, 000E=05

1, 000E~0U5
1, 000E=G5
1, 000E=05
1, 000E-05

1. 000E~05

1. 000E-05

VCEM(V)
6.000E+00

- 8,000E400

1.000E+01
1.500E+01
2.000E401
2.,500E+401
3.000E+01

0.

2.100E-02
2.500E-02
3.000E-02
3.,500E-02
4.000E-02
5.000E~02

6.000E-02

7.000E-02

8.,000E~-02 "

1.000E-01

ICM(A)

54 000E=-07

5.,000E-07
5.050E~07
5.100E~-07
5.200E-07
5.250E~-07
5.350E-07

-9,200E-06

0.

3.€00E-06
7.800E-06
1,200E-05

" 41,800E-05

3.400E~-05
5.500E~05
7.800E-05

1416 0E-04
24 050E~04

EMM1
ICSS(A)

"3 44T7E=-06

3e¢447E-06
3.447E-06

3.4L7E-06

3.447E-06
3.447E-06
3.447E-06

-1.097E-05
=2,492E-07

2.822E~06

©74291E-06
-~ 1.257E-05

1.877E-05
3.457E-05
5.591E-05
8.410E~05
1.202E-04

241732-04

EMM2
" 1CSS(A)

4.947E-07

44947E-07

4eSL7E~O7
4o4947E-07
bheSLT7E-D7

b,9uU7E~-07

L O4LTE=-Q7

~1,010E-05
~4,035E=07
2.3€9E-06
6+ 399E~ 06.
1.,115E-05
1.673E=05
3. 088E~05
4,991E-05
748BE=05

1.0€5E-04

 1.902E-04.

EMM3
ICSS (A)
1.105E~06
1,091E-06
1.06%E-U6
Q.67 2E-07
7.817E-07
4,95SE-07
1,182E-07

~€ .74 2E-06

-7 +886E=07
9,1496-07
3.393E-06
64319E-0¢€
G,765E~06

1.855E-05

2.052E~-0E
4.654E=U5
€E.750E-05
1.272E-04

~BY MODELS EMM1, EMMZ, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT. )

AGPM
ICSS(A)

8.051L£-07
8.209E-~07
8.373E=07

8.813E-07
9.302c-07
9.849E~07

—1.040E-06

=9,537£-06
—3+297E=086

60959E’0b
lece7E~UD
1.849£-05

—24577E=-05 .

44397E~05
be788t~05
9.827E~05
1,353E-04

2.26“E'04

€L



TABLE 4-1 COMPARISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)

3., 000E-05

1, 000E-05
1. 000 E~-05

1, 000E-05
1, 000E=05'
1. 000E-05

1, 000E-05
1, 000E-05
1.000E-05
1,000E-05
1.000E~-05
1.000E-05

- 1, 000E-05

©1,000E-05
1, 000E-05
1. 000E-05
1, 000E-05
1, 000E-05

VCEM(V)
1.500E-01
2.000E-01
2.500E-01
3.000E-01

. 3+500E~01

4.000E=01
4.500E-01
5,000E-01
1.,000E+00
2.000E+400
4,000E+00
6.000E+00
8.000E+00
1.000E+01
1.500E+01
2.000E+01
2.500E401
3.000E+01

ICM(A)

4,300E~0L

5.300E-04
5.500E-04
5.€00E=-04
5.600E-04
5. 650E-0k

-5.680E-04

5¢700E-04

5.700E~04

5.750E-04

5¢ 75 0E~04

5.750E~-04
5.820E-04
6., 000E~04
6.200E-04
€e220E-04
€. 450E-0L

7.000E~04

EMML
ICSS(A)
5.06L2~04

6elt71Z-04

6.811E-04

6.878E-04
6.890E~04

6.892E~04
6.,8C3E-04
6.893C-04
6.8G35-04

6.893C-04

6,893E~04

' 6+893E~04

6.+ 893E-04
6085304
6« 893E-04
6.8932-04
64893504
669 3:-04

EMM2
ICSS(A)
4427GSE-04

5.387E-04
5e651E=04. -
5.702E-04.

5e712E-04

5 714E~ 0k
5.714E= 0k
5. 714E= Ch-
5¢71LE~04
5.714E~ Ok
5.714E~04.
5e714E=04.
5.714E=-04.
5.714E=0b..
5¢714E~Ob,

5.714E-04
5.714LE~- D4
5.714E-04

EMM3
ICSS(A)
2.534E-04
£e1304E-yb
C.623E-04
C.728E~04
5.749E-04
5.753E-04
EW753E-U4
5.754E-04
EL75LE-04
EL.75LE-04
E.753E-04
5.753E-04
5.753E-04

5.75c¢cE=-04 .

S5.750E~04
S5e745E-04
5.737£-04
5.72€E~-04

BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT,).

AGPM
ICSS(A)
4 4392E-04
5¢193E-04

_5.3062E-04

5.394E-04
5.401E-04
S5.405E~04
5.407E-04

5.409E-04
S5.3cE-U4
Se477E-04
5eb70E~-U4

5.006E-04
5¢765E-04

5.868E-04
belb2E-04
bebl42E-04
6/ 71E~04

7413bE-04

it



TABLE 4-1 COMPARISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
4, 000E-05
4, 000E=-05
4, 000E-05
4 000E-05
e 0COE-05
4. 000E-05
4. 000E=05
4e000E-05
4. 000E-05
4, 000E=-05
4, 000E=05

. hLe0OOE~O0S
Q.OUDE—OSI

4,000E-05

© 4, 000E=~05

44 CO0E-05
4,000E~05
4,000E-05
4, 000E~-05

VCEM(V)
0.
1.850E-02
2.,000E-02
2.500E-0 2
3,000E-02
3.500E-02
o 000E-02
5,000E-02
6.000E-02
7.000E-02
8.000E=02
1.000E-01
1.500E-01

2.000E-01"

2.500E-01

-~ 3.000E-01

3.500E-01
4,000E~-01
4,500E-01

ICM(A)

«3.,830E-05
0

QQSOOE-OG
1.950E-05

" 3.550E~05

€« 500E-05
9.100E-05

1.700E-04

24700E-04
3.800E-04
5.500E-04
9,500E~0L

24 030E~03
2.530E-03

24E30E-03
2.680E-03
2.660E-03
2.680E-03
24 €85E-03

EMM1
ICSS(A)

-3.872E~05

4,063E~-09
4o 470E=06
2,110E=-05
4, 075E=05
€.391E-05
9,112E-05
1.,601E-04
2,523E=~04
3.742E~04

" 54232E-104

9,337E-04
2.075E-03
2.633E~03
2.727E~03
2¢752E-03
24755E=-03
24757€E-03
2.757E-03

EMM2
ICSS(A)

~3.937E~05
~7«S53E~08

4,335E-06

2.077E-05
4,018E-05
6+ 304E-05
8.988E=05
1,578E~04
2. 4B9E= 04
3.680E-04
5,185E~ 04
9.134E-04
24 024E~-03
2.541E-03

2.665E-03,

2.689E-03
2.693E-03
2+694E-03
2+4694E-03

EMM3
ICSS(A)
-2.,690E-05
-2.183E~06
5,962E~07
1.0956-05
2.320E-05

3eT6YE~U5

Set468E-05
€.807E-05
1.571E~04
¢«3c0E-04
343G UE=-04
6.30CE~-04
1.711E-U3
2.453E-03
2.675E-03
€.729E-03
2.738E~-03
2474 UE-03
2e7L1E~D3

BY MODELS EMM1, EMM2, EMM3 AND AGEPM FOR TRANSISTOR 2N1613 (CONT,).

AGEM
ICSS(A)

3 .857E-05

-1.5b8E-06
2.0U0BE~06
1.821£-05
3.073E-05

24863E~05
8445E-05
1.501E-U4
2.387E~04

3.551E-04
5.028E-04
8.947E~-04
2eU49E-03

2.604E-03
Ce728E=-U3
24751E-03
2.755E-03

€e/D/E-U3
24758E-03

GLL


http:1.571E-I.J4

TABLE 4-1 COMPAﬁISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
44 000E-05
4, 000E-05
4. 000E-05
4, 000E~05
4, 000E=-05
4., 000E-05
4, 000E-05

4.000E-05

4,000E-05
4,000E~-05

44 G00E-05

6.000E-05

6+ 000E=-05

6. 000E=05 -

6. 000E-05

6, 000E-05"
6,000E~-05

 6.000E-05

VCEM(V)
5.,000E~01
1.,000E+00
2.000E+00

4.000E+00

6.000E400
8.000E+00
1.000E+01
1,500E+01
2.,000E+01
2.500E+01
3.000E+01

0.
1.800E-02
2,000E~02

 2.500E-02
3.000E-02 ~
©3.500E-02
4 ,000E-02

ICM(A)
24 €90E-03
2,E90E~-03
2,695E-03
2,700E-03

2,745E-03

24 720E-03
2.,800E-03
2.875E-03
2.960E-03
3,080E-03
3.340E~-03

«“54650E-05

0.

8.000E-06
3.200E~05
€., 200E~05
9,700E-05
1.,380E~-04

EMMI.
ICSS(A)
'2.75712-03
2.757E-03

2.757E-03

2.7575-03
2.757:=03
2,757E=03
2,757E~03
2.7576-03
2.7575-03
2,757£~03
2.7572-03

~54764E-05

1.463E~06
1,057E~-05
3.623i2-05
6.6532=05
1.022E-04

1.4412-04

EVMM2
 1CSS(a)

2.694LE~03
2.694E-03

20694E-03

2.684E-03

2.694E-03

269LE~-03

2+ €EQ4E-03
2.6Q4E-03
2.694E-03
2.694E-03

2.694E-03

~5,761E~05

1.463E~06
1.056E~05
3.617E~-05

6.641E~ 05

1,020E-04

1.438E-04

EMM3
ICSS(A)

2e741E-03 ¢

2.741E~03
£ T41E=U3
2 741E~03
2.741E-03
2 7TL1E=03

2-7‘115"03 .

C+7THLOE~D3
2elLUE-03
C2eT39E=03
2.738E-03

-4,037E~05
=2 +11€CE~06

3.783E-06
c+U4LUE=-0D
4,005c~05
€.324LE-05
€.053E-05

'BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT.)

AGPM
ICSS(A)

2 e759E-03
2.769E=03
T2.789E-03
2.630E-03
_2.872E=03
2.915£-03
2.960E-03
3.077E-03
_3.2026-03
3.537E=03
3.463E-03

-5.764E-U5
~8.,847E-0b
-1.,232E-06
CeU31E=-UD
44591E-05
7.624LE=05
1.121E~-U04

oLt



TABLE 4-1 COMPARISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
6+ 000E=05
6. 000E~05
6. 000E-05
6.000E-05
6.000E-05

6. N00E-05 -

6., 000E-05
6o 000E~05

6o 000E-05
6. 000E=05
6o 000E=05
6¢ 000E=05
6+ 000E=05
6, 000E=05

6.000E-05"

6. 000E-05
6. 000E-0S

VCEM(V)

'5.000E-02
€.000E-02
7.000E-02
© 8.000E-02
1.000E-01

1.,500E-01

2.000E-01
2.500E-01

3.000E-01

3.500E-01
4,000E~-01
4,.,500E-01
5.000E-01
1.000E+00
2.000E+00
4.000E+00
5.,000E+00

8.000E+00

ICM(A)
2.€00E~-04
3., C00E~04
5.CG00E-0L
8.000E-04
1.440E~-03
3+ 070E~-Q3
3+.850E-03
L.080E~-03

Le120E-03
44125E-03 .

40125E-03

44125E~03

4,125€E-03
44125E-03
4, 150E-03
4,18 0E-03
4, 250E-03

4, 300E~03

ENM1
ICSS(A)

" 2.502E-04

J.925E-04
5.786E~-04
8.,133E-04
1.429E-03
3+136E-03
3.910E-03
4,092E~-03

4,128E-03

4,134LE~-03
4,136E~03
4L,136E-03
4,136E-03
bel136E-03
Lo136E-03
4,156E~03
4,136E~-03

4,136E=-03

EMM2
© ICSS(A)
24493E=-04
3.907E~06

5¢750E-04
8.078E=~04
1.415E-03

3.113E~ 03
3.902E~03
4,091E~ 03
4,127€-03
4,134E-03
4+136E-03
b4136E-03
4,136E-03

4,136E-03.

4,136E-03
4,136E-03
4,136E~-03
4,136E-03

EMM3
ICSS(A)

WB8U3E~04
44 bLE-04
1.005E-03
2.68LE-03
2.80€eE~03
Lel4BE-03
4.,223£-03

[§ 2 B 4N}

Ly 236E-03
lu241E-03
4, 242E=03
4,242E-03
b.2LZE-03
4e24zE-U3
4 2LZE-03
be2beE-03
Le2l2E-03

~BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT.)

AGPHM
ICSS(A)

2.U035E =04

3.2776-04
4.918E-04
7.UCBE-U4
1.273£-03

3.080E-03
4.055£-03
4,28UE~03
boe32UE-03

L ,328E~03
44331E-03
44332E-03
44334E=US

4 o346E-03

L ,436E£-03

4o497E-03
Leb59E-03

LiL



TABLE 4-1 COMPAﬁISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
6+ 000E-05
6+ 000E-05
© 64000E-05
64 000E-05
6. 000E-05

1, 200E-04
1, 200E-04
1.200E-04
1., 200E=04
1,200E-04
1,200E-04

1. 200E-04

1, 200 E=04
1. 200E-04

1, 200E-04

© 1, 200E-04
1.,200E-04
1.200E-04
1, 200E-04

VCEM(V)
1.000E+01
1.5060E+01
2.,000E+01

3.,000E+01

0

1.780€E-02
2.000E-02

.2+500E-02

3.000E-02
3.500E-02
4,000E-02
5.000E-02

" 6.000E-02

7.,000E-D2
8.000E-02

1,000E-01
"1.500E-01

2.000E-01

ICM(A)
4,350E-03
4,450E-03
4458 0E-03
4o 750E-03

5,050E-03

~1,080E~04

0.

1,200E-05
7.200E-05
1,280E-04

1.960E-04

2.850E-04
5.000E~04
8. 000E~04

" 1,16 0E-03
" 1456 0E=~03
"2+ 800E~03

5.900E-03

7.750E-03

EMML
ICSS(A)
bo135E=~03
441353-03

be136E-03

bo1356E-03

4.136E-03

- =1.084E-04

1.392E-05
3.4839E-05

8.870E-05.

1.522E<04
24270E~-04
3.1406E~-04
5.362E-04
8e32UE-0L

1.21BE-03

1.703E-03
2+953E-03
6.347E~03

7.841E-03

EMM2
1CSS(A)
b,136E-03
4, 136E~03
4,136E-03
4,136E-03

44136E-03

-1.102E-04

1.477E-05
3.617E-05
9.104E~05
1.558E~04
2.319E-04
3¢211E~04
5.460E-04
8sL459E-04
1.236E-03
1.726E-03
2+991E-03
6.504E-03
8.146E-03

EMM3

ICSS(A)
L,242E~U3

4,241E£-03
4.261E-03
4.,2440E£-03
4,239E-03

-8,088E-0US

4,44 0E-06
1.90€E-05
5.66(E~05
1.,014E-04
1.5326-04
ce147E-04
2e707E-CHL
C.81LE=-04
€.609E~04
1.223E-03
Z2.218E-03
5.608E~03
7.8863E-03

~BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT.)

AGPM

ICSS(A)
b .62QE~03

4.788E~03
b e9625E=-03
5.153E-03
5.34£-03

=1.155E-04
-54538E-05

=Zes142E-05
1.462E-05
5.755£~-05

1.085E-04 .

1.688E-04
3.235E~04
Je3406E~-U4
8.167E-04

1.164E-03
20205E-03
b.Bb4E-03
84234£-03

1



- TABLE 4-1 COMPAhISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
1. 200E-0b
1,200E-04
1, 200E-04
1, 200E-04
1,200E-0b
"1, 200E-04
1, 200E-04
1, 200E-04
1, 200E~04
1, 200E~04

1.200€E-04 -

1. 200E~-04

1.200€E-04

- 1. 200E-04
1.200E-04
1. 200E-04

5.000E-04

54 000E-04

VCEM(V)
2.500E-01
3,000E-01

3.500E~01
4.000E-01

4,500€E-01
5.000E-01
‘1.000E+00
2.000E+00

4.000E+400
.6.000E+00

8.000E+00

" 1.000E401

1.500€E+01
2.000E+01
2.500E+01

3.000E+01°

0
1.930E-02

ICM(A)

84420E-03

8.550E-03

" 8.570E-03
" 84580E-C3

8456 0E~03
84580603
8,E00E=-03
84650E-03
8+700E-03

8.800E-03
84S00E-03
8,980E-03 .

3, 200E~03
9.400E-03
9,800E-03
14100E-02

=44550E~04

Q.

EMML
ICSS(A)
8,183:-03
8.,2556E-03
8.2€32-03
84271£-03
8.272z~103

842722-03

8.272:-03
8.2725-03
8.272E~03
8.272E~03
8.272E~03
8.2722-03
8.,272z-03

842722=-03"

84272203

842722-03

=~3.877Z-04

2.“035‘0“

EMM2
ICSS (A)
8.543E~03
8.621E~-03
84636E=03
8.4639E=03
8.63GE~03

8.€639E-03

8.639E~-03
8.€39€E-03

8.639E-03

8.639E-103
8.639E-03
8,639E-03
8.639E-03

8.639E-03

8.639E~-03
8.639E~03

~3.745E~ 04

2.321E-04

EMM3
ICSS (A)

8.,553E~-03

8.702E-03
8.7326~03
€.7T37E~-03
8.73%E=-03
€.739E-03
€.73%E=~03
€.739E-03
8. 739E=03
8 73%E~03
8.73CGE-03

" 84739E-03

8,738E-03
8.736E-U3
84737E-03
6§ 73CE-U3

~3.38EE-04
1.924E~-04

~BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT.)

AGPM
ICSS(A)

B.8L3E-03

8.95¢E~03
8.972E-03
B84977E-U3

8.98uL~03
8.98¢E-03

U7E=

S.055E=-03
Gel54E-03
9.255E-03

—9.356E-03

9e4b2E-03
Y.732E-03
1.001E-02

1.031E-02

1.0bcE=-Ud

=4 +829E-04

-2,495E~04

6LL.



TABLE 4-1 COMPARISONS OF THE MEASURED WITH THE SIMULATED OUTPUT CHARACTERISTICS

IBM(A)
5. 000E~04
5. 000E=04
5. 000E~04

5.,000E-04
5, 000E~04

5,00CE-04
5,000E-04
5, 000E-0U
5,000E-06
5,000E-04
5.000E-04
5,000E-04
5.000E-0b

5.000E~04

5, 000E-04
5.000E-04
5. 000E=04
50 000E=-04
5¢000E=04

VCEM(V)
2.,000E=-0¢
2-500E-02

3.000E-02

3.500E-02
4.000E~02
5.,000E~-02
65+000E-02
7.000E=02

' BCOOOE-OZ

1.,000E-01
1.500E-01
2.000€E-01
2.500E-01
3,000E-01
3.500E-01
4,000E-01
4 ,500E-01
5.000E-01
1.000E400

ICM(A)
1.359E-05
1.800E~04
3.680E~04
5.880E~0U
8.350E=-04
1. 530E-03
24 300E~03

3.360E-03.

4, 400E=03
7.150£-03
1. 54 0E~02
2.220E-02
2. 690E-02
3. 010E~02
3,300E-02
3.430E-02
3.500E-02
3.500E=-02

© 3.550E-02

EMML
ICSS(A)
2.722E-04
5.194E~04L
8.107E-04
1,153E-03
1.553E£-03

- 24561E-03

3.898E-03
5,623E=-03

7.768E-03

1,320E-02
2.0705E=02
3.283E-02
3.415E-02
34404 LE-02
3.4455=02

C Jells3E=02

3bbu3z-02
3e445E=-02
Jolhts7z-02

EMM2
ICSS(A)
2.625E-04
5.001E~-04
7.796E-04
1,107€-03
1,490€E-03
2. 445E-03
3.710E~-03

54330E-03

7.354E-03
1.251E-02
2.€65€~-02
3.352€~-02
3.528E-02
3.565E-02
3.572E-02

3.5736-02
3.573E-02
3.573E-02
3,573E=02,

EMM3

. ICSS(A)

C18GE-04%
Le20EE-04
€s707E~-04
C.567E~04
1.291E-U3
24125E-03
3.232E-03
b.652E-03
€ 439E-03
1.105E-02
2 .454E-02
JdecloE~02
2 4bUE-D2
2e51CE-U2
2.529E~-02
Se531E-02
3.531E-02
3e532E~02
3.532E-02

~BY MODELS EMML, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT,) 

AGPM
ICSS(A)

~2eoT6E~-04

=~1.437E~04 -

'3.173E-05

1.012e-04

. 24587E-04

be.blbE-04
1.,216E-03

10957E‘05
2494 UE-U3
507615‘03
1.764E=-02

2.838E~02
3.200E-02
3e27UE~-02
3.282E=02

3.,284E-02

decB5E-UZ

3s.285E~02
3.290E-02

oci



TABLE 4-2 COMPARISONS OF THE MEASURID WITH THE SINULATED COLLECTOR-

IBM(A)

5.000E-08

1. 000E~05

vu.ouoe-os

64 000E-05

1.200E-04

5.000E-04

0.

0o

0'0

C.

0.

EMITTER TERMINAL VOLTAGES, AT COLLECTOR CURRENT EQUAL TO
ZERO, BY MODELS EMML, EMM2, EMM3 AND AGPM FOR TRANSISTOR
2N16173 '

EMM1 EMM2 EMM3 - AGPM

ICM(4A) VCEM(V) VCES(V) VCES(V) VCES(V) VCES(V)
5.200E-02 3.223E-02‘ 3+578E-02 3.514E~02 2.266E-02
2.100E-02 2.135€~02 2.162E-02  2.292E-02 _1.088E=02
1.850E-02 1.850E-02 1.853E-02 1.968E~02 1.907E-02
1,800E-02 1.767E-02 1.757E-02 1.873E-02 2.031E~-02
1.780E-0C2 1.624E-02 1.618E-02 1.710E~-02 2.30bE-02.

" 1,93 0E~-02 1.331E~-02 1.336E-02 1-3715“62 30112E-02 °

tet
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4.2 THE DEPENDENCE OF COMMON~EMITTER D. C. CURRENT GAIN ON THE

COLLECTOR CURRENT

Figure 4.5 shows the measured 4. c¢. current ggins, hFE's
(dashed lines) as a function of collector current at collector-emitter
voltage equal to one volt and the simulations (solid lines) by differ-
ent models.

For different values of base currents, the simulated hFE's

of EMM 1 are coastant throughout because of the assumption of constant

and o, evaluated at base current equal to 60 pA to meet the typical

Cp R

operating conditions. Hence hFE's are over-estimated for any base
current less than 60 pA and under-estimated for any base current
greater than 60 pA,

There is an excellent match between the measured and the
simulated hFE's by EMM 2 for a range of base currents. This excel-

and a, as a function of base

lence is achieved by tabulating Cp R

currents. Since o and a

F are derived solely from the measurements

R
made at the device terminals, no attempt is made to relate the device
performance to the structural and bhysical parameters, The accuracy
can be increased by increasing the number of measured data points
used in constructing this model. This approach, however, has serious
drawbacks in that the resulting model based on the large tables
becomes complex.

The simulated bFE's by EMM 3 well match the measured hFE's
for base currents above 1 pA to 500 pA but not for base currents

below 1 pA to 50 nA. and ap are modelled by the third order poly-

Cp
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nomials which have no direct connection with the device physics
hence, being subject to the functional behaviour of the polynomials,

a complete match of h_.'s over this wide range of base currents is

FE
not possible. For complete match, two polynomials for op (likewise,
for aR) are required: one used to model ap for bhase currents larger
than 1 pA; other used to model aF,for base currents less than 1 pA,
However, this would increase the number of model parameters.

The simulation of hFE's by AGPM is more of interest and
although the match between the measured and the simulated hFE's is
not so good as that of EMM 2 and EMM 3, the AGPM can give a realistic
simulation. A good match at base currents ranging from 200 nA to
40 pA can be observed in Figure 4.5. The large discrepancy which
appears at base currents below 200 nA is mainly due to the as=-
sumnption of large hFE made in the development of this model,
as the simulated hFE's at base currents equal to 50 nA and 100 nA

are larger than the corresponding measured values, At base

currents above 40 pA, a discrepancy between the measured and

the simulated h_.'s results because the base "push-out" effect (one

“Fb
of the high level-injection effects) is not considered completely
in the derivation of the model defining equations. For more
accurate model performnance, it is recommended that the base "push-
out" effect should be included by introducing a base "push-out"”
factor (which can be treated as a molel parameter) in the equation

for base charge, QB which has a functional dependence on the oper-

ating conditions of the transistor,
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Table 4-3 gives the numerical comparisons of the measured

and the simulated hFE’s by different models.

4,3 THE INPUT CHARACTERISTICS

Figures 4.6 through 4.9 show fairly good match between the
measuredlinput characteristics and those éimulated by each models.
The numerical data are given in Table 4-4,

In Figure 4.6, the deviation between the measured and the
simulated input cﬁaracteristics of EMM 1 is pronounced compared with
that of other models. This is because of the assumption of constant
and o

o and the neglect of the effect of R

F R E.

Figure 4.7 shows that the simulated input characteristics of
EMM 2 are a little better than that of EMM 1 since all the values
of ap and¢1R are evaluated on the basis of device terminal measure-
ments for different values of base current at a fixed collector-
emitter voltage. However, the effect of emitter neutral region
resistivity is still not considered in this model., Consequently,
the simulated base-emitter voltages are higher than the measured
base-emitter voltages at high levels of base current.

The simulation of input characteristics of EMM 3 exhibits
mucih better match with the measured characteristics than do the
EMM 1 and EMM 2. This improvement is mainly due to the fact that
ep and ey are modelled as functions of junction voltages as well as
base currents. The effect of resistivity of the neutral rezgion of

the emitter is accouuted for in this model. The significant effect

of R, can be observed while the transistor is operated at high levels



TABLE 4-3 COMPARISONS OF THE MEASURED WITH THE SIMULATED DEPENDENCE
'OF D, C. CURRENT GAINS ONl COLLECTOR CURRENTS AT COLLECTOR-
EMITTER TERMINAL VOLTAGE EQUAL TO 1.0 VOLT, BY MODELS EMM1,

IBM(A)

5,000E-08
1. 000E-07
2. 000E-07
5. 000E-07
1. 000E-06
2. 000E-06
5.000E-06
1. 000 E=-05
4, 000E-05
6.000E=-05
1,200E-04
5.000E-04

EMM2, EMM3 AND AGPM FOR ""RANSISTOR 2N16173

ICM(A)

&4 .920E~07
1.,360E-06

~3.750E~-06

1.350E-05
3.400E-05
8.190E~05
2.500E-04
5.700E-04
2.690E-03
4,125E~03
8.600E=-03
34550E~-02

HFEM

9. 840E+00
1.360E+01

1.875E+01
2.700E+01

3.400E+01
4,095E+01
5.000E+01
5.700E+01
6.725E+01
6,875E+01
7.167E+01
7.100E+01

ENML
ETES

6o 893E+01

6. 893E+01
6+893E+01
€.893E+01

- 6o 883E+01

6.893E+01
€.8393E+01
6¢893E+01
€. 892E+01
6¢893E+01
6+ 893E+01
6¢ 893E+01

ZMM2
HFES

9,893E+00
1.360E+01
1,876E+01
2.717E+01

3. U421E+01

4b.119C+01

" 5,028E+01

5.714E+01
6. 735E+01
6.893E+01
74199E+01
7.146E+01

EMM3
HFES

Ze233E+01

2.5U5E+01
2.826E+01
1.338E401
3.801E+01
4.332E+01
5.123E+01
. 754E+01
€.85cE+01
7.070E+01
7.282E+01
7.063E+01

AGPM
HFES

1.536c+01

1.844E+01
Z:20UE+U01
2.4757+01
3.25¢cE+uUl

3eB82ULFUL
bebIlE+01
SeltsCE+UL
©e3d2ET0L

Te247c+01
feDUBLE+01
oeH8ULtUL

9ct
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TABLE 4-4 COMPARISONS OF THE MEASURED VITH THE SIMULATED INPUT CHARACTERISTICS

VCEM(V)
0.
0.
0.
0.
De
0.
0,
O
0,
0.
0.
0.

3,000E-02
3. 000E-02
3. 000E-02

3.000E-02
.3.000E-02

IBM(4)
5.000E-08
1.000E-07
2.000E-07
5,000E-07
1.,000E-06
2.000E-06
5.000E-06

~ 1.000E-05

4,000E-05
6.000E-05
1.200E-04

5.000E-04

5+000E~08
1,000E-07

‘2.,000E-07

5.000E-07
1.,000E-06

VBEM(V)

3.1006~01 -

3.350E-01
3.600E-01
3.930E-01
4e150E-01

4,375E-01

4,650E-01
4,860E-01
5.300E-01
5.400E-01

- 5,600E~01

6.120€-01

3,330E-01
3.600E-01
3.875E-01
4,200E-01
4,430E~-01

EMM1L
VBES(V)
3.371E-01

3.577E~01.
. 3.782E-01

4, 054E-01
4.259E-01

L 4E5E-01"

4o737E-01

4,943E-01 -
' 5,360E~01

S.u484%E~01

 5,701E~-01
 6.2D2E-01

3.6E6E-01
3.871E-01
4,076E-01
4,347E-01
4 552E- 01

- EMM2

VBES(V)
3.203E~01
3.434E=-01
3.6526-01
J.852E-01

Lo,176E-01 .

4L.400E-01

. 44,€E93E-01

4.916E-01

' 5.,357E-01

5.484E=01
5.708E~01

6+194E-01

J.485E-01
3.,718E~01
3.€39E-01
bo2L2E~-D1

L.LEBE~O1

BY MODELS EMML, EMM2, EMM3 AMND AGPM FOR TRANSISTOR 2N1613

EMM3
VBES(V)
2.158E-01
3.367E-01
3.576E-01
3.855E-01
4.,067E-01
4.281E-01
4.,566E-01
4.784E-01
5.231E-01
£.366E-01
5.604E-01
€.159E~01

J.b4BE~01
3.656E-01
3.866E-01

4 ,145E-01

4,357E-01

AGPM
VBES(V)
3e.346E-01
3.549E-01
3.751E=01

L.018E-01
4.220E-01
GehccE~01
b.091E-01

4.896L-01
5.319E-01

5.““5E°01‘

5.070E~01

be22UE-UL

3e612E-01

-3.817E-01

4,021E-01
4.&91E’Ul

4.495E-01

et



- TABLE 4-4 COMPARISONS OF THE MEASURED VITH THE SIMULATED INPUT CHARACTERISTICS

VCEM(V)

3.000E~02
3.000E~-02
3.000E-02
3. 000E-02
3., 000E-02
3.000E=-02
3,000E-02

5.000E-02
5.000E-02
5.000E-02
5.000E~02

5.000E=02

5.000E-02
5.000E-02
5.000E-02
5.000E-02
5«000E-02
5.000E102
5.000E-02

IBM(A)
2.000E-06
5.000E-06
1.000E-05
44000E=05
6+000E-05
1.200E-04

- 5,000E~-04

5.000E-08

1,000E~07

2.000E-07
5.000E-07
1.000E~06
2.000E~06
5.000E~06
1.000E-05
4,000E-05
6.000E~05
1.200E-04
5.000E~04

VBENM(V)
4 650E-01

>“09QOE‘01

5.130E-01
5.530E~-01
5.650E~-01
5.850E-01
6.400E~-01

3.530E-01

3.800E-01
4, 050E-01

" 44 375E-01
" 44625E-01
‘44 850E-01-

5.150E-01
5.350E-01

Se750E-01

5e850E~-01
6+050E~01
6.580E~01

EMM1
VBES(V)
4e758E=01
5.029E~01
5,235E=01
5.651E-01
5.775E=01
5.992E-01
6¢432E-01

3.858E-01
4, 062E-01
4.257E-01
L,538E~-01
L.742€-01
L.947E~-01
5.,218E-01
5.423E~01
5.838E-01
5+951E-01
€Es178E-01
6.676E-01

EMM2
VBES(V)
4,€91E~01

L4,985E-01

5.208E~01
506“8E'01

5,775E=01

5.698E~01

b.482E-01

3.658E~-01

3.895E~01

4,120E-01

4.425E-01

L,E52E~-01

4e877E=01
5.171E~01
S5e394E-01

" 54834E-01

5.961E-01
6.183£-01

6.665E~01

EMM3
VBES(V)
4.571E-01
4e857E-01
E.075E-01
£.522E~-01
5.657E=01
5¢894E~01

- €e44TE-01

J.634E-01
3.8L2E-01
44052E-01
4.,332E-01
b.544E~01
L.759E-01
S.045E-01
£.263E-01
5,710E-01
S.844E-01
©.081E~-01
€.629E-01

BY MODELS EMM1, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT.)

AGPM
VBES(V)

4.,096E-01
4.969E-01 .
~2.417bE=-01
5.001E-01 .
5.?31E'01

5.960E=-01

——

3+7b8E~-01
3.976E£-01

4.183E-01
beabbE~GL
Lebb2E=-01
4.868E-01

5.141£-01

5.349E=-01

5.778E-01
5.908c~-01

6+139E-01
| B,686E=01

. ¢t



TABLE 4-4 COMPARISONS OF THE MEASURED WITH THE SIMULATED INPUT CHARACTERISTICS

VCEM(V)
1.000E-01
1, 000E~01
"1,000E-01
1.000E-01
1,000E-01
1.000E~-01

1.000E-01
1.000E-01
1.000E-01
1. 000E-01
1. 000E-01
1.000€-01

1.500E-01
1.500E-01
1.500E-01
1.500E-01
1.500E-01
1.500E~-01

IBM(A)
5.000E-08
1,000E-07

2.000E~-07

5,000E-07
1.000E-06
2.000E-06
5.000E-06
1,000E-05

" 4,000E-05

6.000E-05
1,200E-04
5.000E=04

5.000E-08

1.,000E-07
"2.000E=07
5.000E-07
1.000E-06 -

2.000E-06

VBEM(V)
3.830E-01
4.100E-01
4,370E-01
4o 725E-01
5. 000E-01
5.225E-01

5.550E~01

‘54750E-01

6.150E-01
€.260E~01

Be U6 0E~-01

6.S50E-01

44050E-01

4., 300E~01

" 44575E-01

4.S825E-01
5.175E-01
5400E-01

EMML
VBES(V)
e 287E=-01
4.488E=01
4,6S0E-01
4e956E=~01
5.157E-01
5.358E~01

5.624E-01

" 64233E~-01
€.354E-01 .

6.566E~-01
7.055E-01

4,551E-01
4.746E-01
4o S42E-01
5.201E-01
5,396E-01

5.591E-01

EMM2
VBES(V)
3,982E-01
b, 234E-01
bo480E-01
4,802E-01
5.037E-01
5,268~ 01

5.5€6E-01
5.790E~01

- 6+227E~01

6.352E-01
6.570E~01

7.U42E-01

4,112E-01

4.378E-01

4,6C44E-01
L4L.SB6E-(01
5.233E-01
5.470E-01

EMM3
VBES(V)
k.033E-01
4o.245E-01
4.457€-01
4.740E-01
4.3956E-01
£e4173E-01

S.461E-01
5.681E-01
€.126E-01
€+259E-01
€.490E-01
7.016E-01

4.,265E-01
4.461E-01
4.700E-01
4,990E~-01
5.211E-01
C.432E-01

BY MODELS EMM1l, EMM2, EMM3 AND AGPM FOR TRANSISTOR 2N1613 (CONT.)

AGPM
VBES(V)
4s038E-01

L.256E=-U1 .

4,473E-01
be/58L-01

L.,972L-01
Jei8oE=-U1
5.469E-01
5.085E-U1

6.128E-01
6.263E-01

6.5036=01

7.069&‘“1

b,130E-01
be3b1E-01
4.584E-01
L,878E-01

5.098E=-01

5.519E-U1

el



. TABLE 4-4 COMPARISONS OF THE MEASURED VWITH THE SIMULATED INPUT CHARACTERISTICS

VCEM(V)
1.500E~01
1.500E-01
1. 500E-01
1.500E-01
1. 500E-01
1.500E-01

3, 000E-01
3.000E-01
3. 000E~01
3.000E-01
3. 000E-01

3. 000E-01"

3,000E-01
3.000E-01
3. 000E-01
3.000E-01
3. 000E=-01
3.000E-01

IBM(A)
5.000E-06
1.000E-05
4.,000E-05

" 6.000E-05

1.200E-04
5.000E-04L

5.000E-08
1.000E-07
2.,000E-07
5.000E-07
1,000E-06
2,000E-06
5.,000E~06
1.000E-05
4,000E-05
6.000E-05

- 1.,200E~04

5.000E-04

VBEM(V)

5,700E~01

5.%30E-01
6.350E-01
6. 460E-01
6.650E-01
7.170E-01

4,120€E-01
4,425E-01
4e675E-01

5,025E-01

5,250E-01
5,500E-01
5,795E-01
6o C0OE-01
6e 410E-01
654 0E-01
6+ 760E~01
7.300E-01

EMML
VBES(V)

5085”E"01
6e 0LHE=-01

6osU441E~-01"

6.559E~01
6.765E-01
7.2L3E-01

L,ECIE~01
4,854LE-01
S.0LSE~01
5.296E-01
5.490E-01
5.661E~-01
5.935E~-01
6.127E~01
€.516E-01
b.€32E-01
6.836E~-01
7.307E-01

EMM2
VBES(V)
54774E=01

b,000E~0L

belU434E-01
6.557€~01
64772E~01
7.239E-01

4.150E=01
bo422E~01
4,697E-01
5,048E-01
5,301E~-01
5,542E~01
5.849E-01
6. 076E=01
6+510E=~01

6,632E~01

6.847E-01
7.317E-01

EMM3
VBES(V)

EeT72EE~-01

5.948E-01
6,389E-01
6.517E~01
6.,738E-01
Te235E-01

4,360E~01
4,582E-01
4.805E-01
5,10¢E~01
5.328E£-01
5.555E~01
5.854E~01
6.078E-01
6.51€E-01
6.641E-01
6.856E~01
7.339E-01

BY MODELS EMM1, EMM2, EMM3 AND AGFM FOR TRANSISTOR 2N1613 (CONT.)

AGPM
VBES(V)
5.011E‘01
5.834E-01

b.2Y96E~01
6.439C-01
6.6960E=-01
7.314E-01

4elbck~01
4.,369£-01

4.615E-01
4.912E-01
5.135£-01
5.358E£-01

5.054t-01
5¢88UE=-Ul
6.352E£-01
6s501E-01

T6.773E-01
. 744b3E-01

HeL
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of base current.

Contrary to the above-mentioned discrepancy appearing in
Figures 4.6 to 4.8, the simulated base-emitter voltages of AGPM are
lower than the measured base-emitter voltages for different base
cufrents as shown in Figure 4.9, This discrepancy is probably due
to one of the high-level injection effects called "emitter crowding"
which is illustrated in Figure 4.10. For the diffused planar tran-
sistor, the base current causes the emitter bias voltage at the edge

of the emitter, V to be higher than that at the centre,

BE edge

At low current levels, V -V <K KT/q,

\'Z
BE centre. . BE edge BE centre

and the current is distributed uniformly as shown in Figure 4.10(a).
At high current levels, the difference in biasing voltages becomes
so pronounced that virtually all of‘the injection takes places at
the edges of the emitter as shown in Figure 4.10(b). This effect

is known as "emitter crowding" and causes the measured base-emitter
voltages to be higher than that predicted by tﬁe model. Transistors
are often used at high curreant levels and the "emitter crowding" is
a two-dimensional effect, whereas unfortunately, AGPM is based on

a one-dimensional approach. Hence a true or complete physical
model of the transistor calls for a two-dimensional approach.

In general, the relatively large discrepancy between the
measured and the simulated input characteristics by different models
appears at the very low current levels because of the effect of
generation and recowmbination at surfaces and in the inversion layers

at the surfaces which are significant at low bias voltages. This
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effect is known as "surface effect" (39). The "surface effect" in
modern diffused transistors actually has been minimized. but however

not eliminated.

k Emitter Bose ’ /\ Emitter &Bcse
A A 2 A F_ 1 R

Collector Collector

(a) At Low Current Levels (b) At High Current Levels

Figure 4.10 Current Distribution below the Emitter



CHAPTER V
CONCLUSIONS

This thesis has described and compared several large-signal
transistor models, which are of different degrees of accuracy and
and simplicity. \

The accuracy of the basic Ebers-Moll model is limited by so
many assumptions mentioned earlier in Chapter II, to a restricted
range of cﬁrrents and voltages; whereas the modified Ebers-Moll models
can offer significant improvement in accuracy. The modifications of
the basic Ebers-Moll model consist of retaining the form of the
equations but increasing the acrcuracy by allowing the parameters of
the model to vary with currents and veoltages or by curve-fitting the
parameters'functional dependence to measured data. The advantage of
_these modifications lies on the side of accuracy. On the other hand,
these also produce disadvantages, such as limitations on computer
memory, on numerical accaracy and consequently, on the size of the
circuit being simulated. As an additional disadvantage, the para-
meters for the model derive solely from measurements made at the
device terminals., No attempt is normally made to relate the device
behaviour to the structural and material parameters, Nevertheless,
the Ebers-Moll models or modifications thereof, have found relative-

ly wide spread unse as models for bipolar junction transistors be-
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cause of the relative ease of obtaining the model parameters.

The abbreviated Gummel-Poon model is an alternative approach
(i.e. the charge control approach) which offers significant advantages.
Its novel feature is that the high level injection and the Early
effects are incorporated into the model through the use of Gummel's
new charge control relation. This makes the performance of the model
substantially exceed that of the modified Ebers-Moll models of compa-
rable éomplexity, and, thereby, the model enables trading between
simplicity and accuracy. Moreover, in addition to the coanstant in-
active base resistance, the inclusion of a base-charge-dependent
active base resistance into the model gives the more accurate de-
scription of a diffused planar transistor whereas, in the modified
Ebers-Moll model, the active base resistance is not included but the
constant inactive base resistance used to account for the finite
resistivity of the semiconductor material of the base region.

The disadvantage of this model is the difficulty in obtain-
ing its model parameters, especially the charge-control parameters;
‘some of which are not obtainable with the existing measurement
techniques.

The most important approximations limiting the validity of
" this model are the assumption of the one-dimensional current flow
which however is not the case in a practical transistor, and the
assumption of large current gains even at low current levels. The
latter assumption would cause consideérable departure from a real

transistor while operating in the cutoff region.
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For future investigations, there are several possible

~areas or topics which are as follows:

( 1 ) Inclusion of temperature effect which can be accounted for by
considering the temperature dependence of parameters and the
actual operating temperature of the_transistor junétions.

(ii ) Inclusion of the multidimensional effects which can be accounted
for by formulating the multidimensional carrier transport
equations and applyipg their solutions to develop a more precise
model.

(iii) Extensions to full Gummel-Poon model to include the base "push-
out" effect and the modelling of base-emitter junction capaci-
tance.

(iv ) Extension to fully automated parameter determination methods to
eliminate the.difficulties in parameter evaluation.

( v ) Inclusion of modelling the Early effect in the Ebers-Moll model,
as proposed by John Logan(4).

(vi ) Application of models to circuit analysis and system design.



APPENDIX A

Microscopic Measurement of Device Geometry

Fig. A-1(a) Top View Pig. A-1(b) Cross-Section

Figure A-1 Internal Structure of 2N16173

Measured Data:

(1) Diameter of the Emitter

i
o)

0.36 mm.
(2) Diameter of the Base =4

0.62 mm,
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RUN(S)

SETINDF.
REDUCE .

LGOe
!

AN NA!

aEANS)

300
Q7

Z;OO
o8

CATBMI

TO READ

APPENDIX

B

COMPUTER PROGRAMMES

6400 END OF RECORD

PROGRA MAPD

DIMENSION 00(13)»

COMMON/ AAAY/
COMMON/BEBB/

N

M1i=15

DO 300 M=1sM1
IF( M oLTe @)
IF( M «EQe 9 )
IF(C M «GTe 9
IF( M sGEe 173
READ(5+97)
FORMAT(8E1ve3)

M=1sM1
LTe 9 )
Qe 9 )
oGl a

eCE o

DO 400
IF( M
IF( M
IF( M
IF( M
RFAD(5498)
FORMAT (BF1Ce2)

1)
AIBM(2)
ATBM(3)

£ o=

ionon

VCEMT 1
VCEML 2
VCEM( 3
VeEM{ 4
VCEm L 5
VCEM( 4
VCEM 7
VCEML 8

— O
L ] L ]
\J

ATCME15s 5)
RE

(AIC“

VBEN

MAIN PROGRAMME FOR AUTOMATED PARAWM

DELTA(13)

RCs R3s RP

—~ = |
LI I

o N

J)os

S

s AIBMI

IETER

(INPUTsQUTPUT s TAPES= INPUT s TAPE6=0UTPUT)

ETERMINATICN

TOLER(13)

5)sVCE

J=1sJ1)

141

MO1B) s VEBEM(15

MEASURED DATA EXPRESSED IN MeKeSe

UNITS.

5% oM

A

i

—t


http:3)=lJ.vf

CVCEM( 9)=4.

VCEM(10)=8, 142
VCEM(11)=10.

VCEM(12)=15.

VCEM(13)=20.

VCEM(14)=25,

VCEM(15)=3U,

C TO READ IN THE STARTING VALUES OF PARAMETERS OF THE MODELe
IMAX=13

BP=1e
RE=ULUT24
RB=20049
RC=0.291

Al1=5.057E-14
Al2=24065E-12
Al3=44563E~123
AIS=2e374F =17
ANC=1e133
ANEl1=14217
ANE2=1e618
QRO=74782E-11
CC=3e467E%12
CE="1087E—“1C
TAUF=2456505-9
TAUR=2.880E-6
RBAO=867.

DELTA(1)=Uael*AT11
DELTA(2)=0es1%AI2
DELTA(2)=Cel%AIR
DELTA(4)=Ce1*AIS
DELTA(S) =060 1%ANC
DELTA(B)=CeUl¥ANEL
DELTA(7)=UeuU1%*ANED
DELTA(R)=Ve1%¥CQRY
DELTA(G ) =Ue13#CC
DELTA(10)=Ue1%CE
DELTA(11)=vel1*TAUF
DELTA(TIZ2)=Us 1*TAUR ‘
DELTA(13)=Ueul1%#RBAU

00(1)=ARS{ATI1)
NO(2)1=ABS(AT2)
On(3)=ARS{AIR)
onla)=aARS(ATIS)
D0(5)=ARS(ANC)
00(6)=ABS(ANF1)
AN {7y y=apS{AaNT2)
AN(2)=ARS(QRU)
00ig)=ARS(CC)
D01 =ARSTC
Hi12)=an00T
00{12)=ARS{T

=)
LOF)
AUR)


http:RB=20.49

00(13)=ARS(RRAU)

C . 143
MOBJ=5000U
MITFR=9000
INTDATA=1
ALPHA=340
BETA=U,5
DO 100 I=1sIMAX
100 TOLFR(I)=00(1)/20CC0,
CALL PTSH(IMAXsMOBJsMITERs INTDATASALPHASBETASDELTAsTOLERSOO)
sToP ‘
END
C
C
' 6400 END OF RECORD

~4 4 B00F=08-3 g 200F~U6~34830F-05-14080E-04-44,550F-04

-32,000F-08
1.000£-Cr
5.800E-LR
1.10CFE-07
4L 48CCE-U7
44900E=UT
44920FE-07
£ ,000F-07
£ 4 OC0OF=-07
R eaCROUF-C7
£,10C0F~0C7
54200CE=-07
5¢25UE~UT
he350E~07

Ce31V

74 80UF-06
5¢50LE-U5
1.16CE-0C4
2,080E-U4

56 60UVE—-U4

5e 7CUE-04
54 7COE~Ud
54 750F~04
S RPUE-U4
HeLUULE—~U4
z‘)o 2(JUE_UL§»
6He220E-CY
heltBULE~UL
TeOUUE~UY
Cel 86
JeH13
CaB473
UeBBR
Ce575
UebH Ul
L ebHUU
\«JQSUU
Ceb i
CebuUU
abhul
Ue'6w
UebHisl
CebHLU
UegbHuu

2.550F-C5
24 700E-Ca
56500F=C4
94 5UCE-C4
2.580E-C3
269CE-02
2.690E-03
2.7CCE-013
2¢720F =03
?e8U0CE-C?

248375E-C3

04530
CeB53
Ce583
Ce599
Oe615
Oebtrl
Uebil
Cebtsl
G.é‘,+l
Cebbi
Ueb4l
Uertl

bl

OF FILE

1.4280F-C4
8.00CE-Cs
1.5606-03
2.80UE-03
8.550E~-03
R458CE-03
8.66’,\){3—"\3
8.700F-03

Ce360

34 680F-04
24300F-07
4 44 00FE-0R
74150E-02
3,010F=-02
245CCE-D?2
3,55CF=-072

Ca6C?
Ceb30
Veb657
Oe672
Ceb85
Ge72C
Ua72C

Ce720C
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TO CALCULATE VBEOS»

SUBROUTINE OBJECT (0OsU)
REAL 0(16)s U

DIMENSION Q{159 5)s QB(15s 5)s VCE(15s 5)»

VBFS(15s 5)sATCSS(15s 5)9ATES(15,

AUX1(18s B)s AUX2(15s 5)s AUX3(15s 5}

AUX5(18s 5)YsHFFES (15 5)9HFEM(159
DIMENSION AUX6(1595)s RBRT(1595)s F1(1595)s
COMMON/AAA/ AICHMI15s 5)sAIBMI( 3),vcE M(15) s VBEMI

COMMON/BBB/ REs RCs RBs BP

AI1=ABS(0O(1))
AI2=ABS(0(2))
AI3=ABS(0(3))
AIS=ABS(0(4))
ANC=ABS{C(5))
ANE1=ABS(0O(6))
ANEZ=ABS({0(7))
QBU=ABS{(0(8))
CC=ABS(0OL9}))
CE=ABS(0O(1V))
TAUF=ARS(0(11)}
TAUR=ARS5(0(12))
RBAG=ABRS(0(13))
K=1le38E-23 J/DEGREE K

B=Q/KT G=le6U2E~19 Ce.

=16Ue2/(1e38%2408)

DO 1V M=1sM1

IF( M oLTe 9 ) J1=5

IF({ M «EQe 9 ) Jl=4

IFU M oGT. @ ) Jl1=3

IFU M (GEe 13 ) Jl=2

DO 20 J=2eJ1

ATEM(Me Jy==ATRM{ J)=ATCM (M)
VCE(Me ) =VZEMIM J-ATCV(Me J) ¥RCH
VBEHI=Q.8
VBELO=U.?2
VRE (M)

ATEM(M s J)%¥RE

VREHI+VrFL”)

=L o0 % (
VRC(IMs JY=VRFE (Mg J)=V(CE (e J)
AUXT(Me JY=EXPIE*VRE (M J)/ANET)
AUXD (M e JY=EXD(BRVIF (M J) /ANMER)
AUXg (M 9J):F D{RXVIC (M J)/ANC)
ATRSIMe ) =AT I (AUXT(Me ) =14

+AT2H(AUX2 MY ~1,)

+A 1A% { Al XQ( e ldi=1a)

IF(ATDMUY)Y oGie AIBS(eJy) VEBELGC=VEE{(Ms))
TF(ATBRMIY) oLTe AIRS({Mel) ) VAREHI=VAELC(Ms )
IF{ ARS(VREHI-VYRELY) oLTe 1.00-8 }GO T0 12
GO T0 11 ‘
CANT ITNUE
AUXZ (Me J)=F AP {R#AVEC My J))
\uAa(“aJ)—rAL\F/VWF(V,));

DM ) =L e5* {ORBUFCERVEF (My J)+CCHVEC My J))

VEE(15s 5)>»
5)sATEMI15s 5)0

AICSS BY TREATING VCEM AND AIBM
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VBC(15s 5)»

AUX4G (15 5

5)sAIBS(15 5)
F2(1595)

159 5) M1

T=298 DEGRZES K

AS TINDEPENDENT VARIABLES



50
40
C

c To FIND THE NNORM
FUNCTICON TO BE

C
C

AUXE (M J)=SQRT(Q{Ms J)%%#24+QRO*¥ATS* (RPXTAUF* (AUXE(MsJ)=1.0)

1 ; +TAUR* {LAUX3(MsJ) =101

OB<M3%)=A(M9J)+AUX5(MsJ)
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ATCSS UMY =ATSH(AUXE (M ) ~AUX2{Ms J))#QRO/GR (M J)—=AT3*(AUXL4(MsJ)—1W)

ATES{Ms J)==ATCSS{MsJ)=ATRS(Ms J)
RRT(Ms J)=RB+(RRAUXQRU) /QR{Ms )

VARFS({Me ) =VRF(Me J)+AIRS{Ms JI®RRT (Ms JI-AIFS(MeJ) #RE

HFFS(Me J)=ATCSS(Me J)/AIRS (M)

HFEM(Ms J)=ATCM(Ms J) /AIRM( )

FORMULATE O8JECTIVE FUNCTICN BY METHOD OF LEAST PTH APPROXIMATION

P=1UU.
LP=P
WI=1OO.
WH=1.

E1(MeJ)=(WI*ARSIVBES(MsJ)=VREM(Ms J) ) ) *xLP
Ep (M9 )= (WHXABS(HFES(Me J)=HFEM (Mo J) ) )L P

CONTINUE

CONTINUE

ERROR=0,0

DO 40U M=1.M1

IFO M otTe 9 ) J1=5
IFU M «EQe 9 ) Jl=4
IFC M «GTe 9 ) Jl=2
IFU M «GEe 13 ) Jl=2
DO 5v JU=2sJ1
ERROR=ERROR+EL (Mo J)Y+E2(Ms J)
CONTINUE

CONTINUE

MINIMIZED.

PTH=1.0/P
U=zABS{ERRCR) %*PTH
RETURN

END

OF THF ERRQOR FUNCTION

AND

U

=NORM

WHICH 1S THE

ORJECTIVE


http:TAUR*IAUX3(~�hJl-l.Ol
http:AUX~(M,Jl=SORTIO(~,J)**?+080*AIS*IPP*TAUF*I~UX6(~,Jl-l.Ol
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SUBROUTINE DATA (QOsUQDELTASNCBJSNITER)
REAL 00(13)s DELTA(13)
WRITFE(69998) 00
WRITE(659909) UDs NORJs NITER
998 FORMAT(1Xs 7(5Xs F12e¢5)s/1H0s 7(5Xs F1245)/)
999 FORMAT(EXs E12459 2(5Xs 14)//)
RETURN
END
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SUBROUTINE PTSHOIMAXsMOBJSMITERs INTDATASALPHASBRETASD

SEARCH

P TTERN
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ELTASTOLER$OO)

PURPOSF

RN
TO LOCATE A LOCAL MINIMUM OF THE SCALAR FUNCTION U. HERE L
IS A FUNCTION OF IMAX CONTROLABLE VARIABLES (VECTOR O)
THIS PROGRAM USES A DIRECT SEARCH METHODs IT ONLY REQUIRES THE
USER TO SPECIFY THE FN  Us NO INFORMATION AROUT 1TS PARTIAL ©
-RIVATIVES wITH RESPECT TO THE CONTRCLAPLS  VARIARLFS 1S REGUIRED
THE USER IS REMINDED THAT THE SEARCH WILL LOCATF 2 MININUY 0F
THE FNe U BUT IT CAMT QUARANTEZ A GLOBAL MINIMUWV
A PROVISION HAS BREFN  MADE  T0O KEEP TRACK OF THE MUMBER OF  FuM
—ION  EVALUATIONS (NCGBJ). SHOULD A SPECIFIED NUMBRER (MORJ) BE  Ex
—-EEDED  THE  SEARCH wWILL BE  STOPPED AT THIS POINT.
A CHECK IS ALSOC KEPT ON THE NUMRBER 0F ITERATIONS, IF THIS
SHOULD EXCEED A PREDETERMINED AMOUNT  THE PROGRAM WILL BE STopPF
-0 AUTOMATICALLY
DFbCPIDTL”” OF PARAMETERS
INTEGER

-1 SUBSCRIPT  TO  DENCTE  VARIABLE
IMAX TOTAL NO. OF ARTARLES TO RE  OPTIMIZED ( LESS  THAMN -
NORBJ INDEX TO RECORD THE NO. OF FUNCTICON EVALUATIONDS
MOB MAX  NOe. COF FUNCTION EVALUATIONS
NITFR INDEX TO RFCLORD  THFE NO. OF ITERATIONS
MITER MAX NOeo C ITERATIONS
INTDATA USED TO SIGNIFY IF INTERMEDIATE DATA 1S5 REQUIRED
REAL
U OBJECTIVE FNe WHICH IS TC RE  MINIMIZED (SCALAR )
uo VALUE OF QRUECTIVE AT A BASE  POINT
TEVDU CURRENT  BFST ALUE  0oF U USED  IN SUBROUTINE  EXPLOR !
ALPHA ACCELFRATION FACTCR FOR  THE PATTE”\—wFV
BETA REDUCTION FACLTOR TO0  INCREASE RESOLUTIO 'S MINe IS

APPROCHED
o) VECTORY IN N-DIMENSIONAL SPACE
00 1) V’CTOP L“CATIQM OF A  BASC=POINT
DELTA(T) NCREMENTAL  CHANGE  INVARIARLE  O(I)  ( USED INM  EXPLOR
TOLER(T) REQUIRFD  RESCLUTION TO  SPECIFY THE QO(I) VALUE AT THE
1\ In TP\H' »

STEPO(T) INxT\RE)IATE PARAVETER  USED 70 CALC. A& PATTERR=-¥OVE
pApA“cTEoc SPECIFIED aY THE USER
333 3 5E 36 3638 S 3 ot €3 % 3RS R K N RS
TMAX (LESS  THAN 20 )
MR J (TYPICALLY 1UC-2802)
MITFER (TYDICALLLY YCORJ/{2%IMaX) )
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INTDATA (=0 NO INTERMEDIATE RESULTS REQUIRED )

' (=1 IMTERMEDIATE RESULTS ARE REQUIRED )

ALPHA (USUALLY 1400 )

BETA (USUALLY 0.10 )

DELTA(T) (DEPFADS N  THE SCALING OF THF PROBLFM )

TOLFR(T) (DFPENRS  ON  THF RFQUIRMENTS ©F THF  USFR )

ST(1) (LOCATION OF THE STARTING POINT FOR THF SEARCH )
SUBROUTINES SUPPLIED BY THE USER
K 30 30 I L S0 L S S 3 S K S L ST ¢

SUBRCUTINE 0OBJECT (0sU)
THIS SURROUTINF SPECIFIES THE SCALAR  FUNCTIONTO BE MINIMIZED.
U IS A FUNCTION OF THE CONTROLLASLE VARIARLES VECTOR O

SUBROUTINE DATA (0D0sUDsDELTASNORJISINITER )

THIS PROGRAM  SHOULD CONSIST 0oF ONE WRITE STATEMENT  WITH ITS AS.
~CIATED FORMAT DESCRIPTION. IT INSTRUCTS THE CoMpuTERr To  PRINT ‘
-T RESULTS. NOTE THE SAME  FORMAT IS USED FOR  INTERMEDIATE  DATA
AND THE FINAL RESULTS, ANY OF THE PARAMETERS DECLARED IN THE
-RGUEMENT LIST MAY B8E SPECIFIED IN THE WRITE STATEMENT

INTEGER T IMAX
REAL DFLTAL2UY sTOLFR(2U) 90 {(20)s00(20)sSTEPA(20)

SET THE "ITERATION AND FUNCTION EVALUATICN COUNTERS TO  ZERO

m

NOBJ=0
NITER=0

A BASE PCINT HAS BEenN DEFINED  CO. IM ORDER TO EVALUATE L)
THE 00 INFORMATION MUST BE TRANSFFRED TO O

1 DO 2 I=1.IMAX
2 0(I)=C0otlI)

FVALUATE THE ORJFCTIVE FUNCTION AT THIS LNCATION

CALL OBJECT ( 0sU )
uo = U

PRINT 0OUT RASE  POINT DATA

[

IFCINTDATA «EQe 1) ZALL  DATA (Q0sUDsDELTASNOBJSNITER )
CHECK THE nNOe  COF  FUNMCTION  FVALUATIONS  AND  ITERATIONS
NCBJ=MOBJ+1

IF(NOSY «GTe MOBU)Y GO TGO 85

NITER=NITER+1

[FIMNITER «GTe ~ITFR)Y 2 T0o a0

EXPLOR U TA FIMD THE  MIM  IN  THE ENVIRONS 0F N

CALL  EXPLOE  (TUAXsWwnnJe nigsNFLTASD s TEVPY)
IF(NORY GWGTe ¥0RG) 50 TO 85
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AN N
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13
14

N
[

22
23

30

31

CHECK ; TO SEE IF THERE HAS BEEN A REDUCTION IN THE OR
IF(TEWPU LT UCY GO To 20
!

NO  IMPROVEMENT 50 CHECK IF STEP SIZE IS SMALLFR THAN

L=0

DO 14 =19+ IMAX

IFC ABS(DELTALI)) LT TOLER(TI) ) L=L+1
IF(L «FQe IMAX) GO To 70

REDUCE THE STEP SIZE TO IMPROVE THE RESOLUTION

DO 15 I=1sIMAX
DELTACI)=DELTA(I)*BETA
GO T0 1

IF  THERE HAS BFEN A REDUCTION IN U TRY T0 EXPLOIT TH
BY UP-DATING THE DIRECTION INFORMATION (SIGN COF DFELTA )
HOPEFULLY THIS WILL REDUCE NOe OF FALSE MOVES (FUNCTINN

-N  EVALUATIONS )

DO 22 I=1,.IMAX
IF(AlI) «GTe and(1
IF(O(I) o«LEe 0O(1I
Go To 23
DELTA(IY==DELTALL)
CONTINUE

} ¢ AND o DELTA(T) 4GTe 0&U ) GG TO ?2

Up  DATE THE VALUE nF BASE POINT OO0 anND  THE ASSOCIATED
THE  ORJUECTIVE  FUNCTION THEN  NMAKE A PATTERN  MOVE

UD=TENPU

o0 21 I=1+IMAX
STEPO(I)=0(1)-001(1}
oolIy=0(1)
OlI1=0C{T1Y+ALP
NITFR=NITFR+1
IFCINTDATA oFQe1)  CALL DATA (O0sUOsDELTASNORISNITER )
IFINTTFR oGTe MITFR) o To  ad

HA%XSTEPO ()

FIND THE VALUF OF THE ORJECTIVFE FUNCTION AT  THIS NEw

CALL  OBJECT (0si))
NOBJ=NOBJ+1
[IFINCBY «GTe MOBRU) GO TO 85

REFORE  COMPARIMG U

REGION OF 0o

AITH UD FXPLOR N T GFT mEST VALUF

CALL FXPLOR (THMAX S MOAJ e NORJ DT =L TAYDsU e TELPU)
IFIMNOBY oGTe MQEJ) Gﬂ o 25
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Je

FNe

U

SPECIFIED
TOLERANCE IF S0 STop IF  NOT REDUCE INCREMENT SIZE

15

D

oo

VALUE

INT
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U
NOT

THAN  THF
PATTERN

1S
IF

LESS
THE

IF(TEMPU T0

GO To

LT,
1

Uuo) Ge

S

BEEN
15

THERE
TAIL

HA AN

THE NEW

DO 4V 1I=1sIMAX

IF( DIM{o(IYs0O(I )

CONTINUE

GO To 1

WRITE(6s71)

FORMAT(1H1s10

TRX 94 S H#FH KRR

GO T0 U

80 WRITE(6981) NITER

81 FORMATI(//s1vXs%¥PROGRAM
1ED NITER=%s1¢4 )
GO TO 90 .

85 WRITE(6s+86)

Re FORMAT(// /914 Xs

1EXCFEDED NOR Y

CALL DATA (D0sUQ

37

«G

T,
40

70
71

108 J
LPROGRAM
*eld)

30 DE

RETURN

FIND
EACH

THE

MINTMUN
~ORDINATE
Gonp 1T
CO-OPDINATE
EACH ©F THE

AT
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e
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-
Ho

REAL (PU)eDFLTA(DD) »
TEMPU:

Do s I=
2 0(1)=A85

CALL 0B
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TEMPUY) an 70
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G50
ol T4 elal
Y =ARZ (D
OBJECT

METVED

wn

TEMPU
6 CONTINUE
10 RETURN
END

VALUE
MOVE

SToPED
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TRIES
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AT
HAS
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IMPROVEMENT

PT.
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APPENDIX C

Comparison of the Measured with the Simulated ®%_ and o, versus IBM

F R

151



Measured, Simulated a

0.998
0.988

0.978

0.968

0.958

0.948

0.938

0.928

0.918

0.908

F

—————— Measured

—— Simulated

1 Ioy(A) e
Simulated Measured
5.0x1o"8 0.9571 0.9082
1 1.0x10"7  0.9616  0.9315
/// 2.0x10"7  0.9658 0.9494
+ ' 5.0x1077  0.9709  0.9645
/// 1.0x10%  0.974%  0.9716
' 2.0x10'5 0.9774 0.9763
T /// 5.0x1o‘6 0.9809 0.9805
' 1.0x107°  0.9829 0.9828
/ 4.0x107  0.9856  0.9854
6.0x10™>  0.9861  0.9857
/ 1.2x10™*  0.9865  0.9863
i // 5.0x10"%  0.9861  0.9862
L/
' - . t e :
5x10°8 1077 1076 | 107 1074 10~
gy (&)
. Figure C-1 Comparison of the Measured with the Simulated & versus IBM at VCE =2V,
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Measured, Simulated o

0.52
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001‘!‘

0.40
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0.24
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0.16

R
+ — _ T ~
/
L eeem Measured
Simulated -
e
1 - Toy(A) “r
/// Simulated Measured
/// 5.0x1o'8 0.4337 0.1667
| 1.0x10"7  0.4409  0,2308
/// 2.0x10"7  0.4481 0.2593
///‘ 5.0x107  0.4574 0.3243
T 1.0x10~%  0.4643 0.3631
//’ 2.0x10"%  0.4711 0.4012
4 //’ 5.0x1o"6 0.4798 0.4413
/// 1.0x10~°  0,4862  0.4709
. 5.0x10"°  0.4984%  0.5116
T 4 6.0x10>  0.5019  0.5161
/ 1.2x10"%  0.5075  0.5257
1 // 5.0x107" 0,5185 0.5010
5x10” 1077 1070 107> 1074 10”
; BM(A)
Figure C-2 Comparison of the Measured with the Simulated GR versus I at Vv s -2V,
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