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PREFACL

This handt -0k was prepared by The BDM Corporation, Joid Yale Blvdl. st ,
Albuguerque, New Mexico 8710, for thé Air torce Ncapons Laboratory {tLV),
mirtland Air Porce Base, New Mexico, under contract Feoudl-77-C-00b.  The BDM
authors wers ', AL Younu, . K. Alu\andcr. and K. J. Antinone. Mr. Robert G.
Simon (LLP) was the AbWL Project Ufficer. Althuuqh the handbook is a result
of an Air torce contract, it was reéomncnded and funded by The bDefense Nuclear
Agency. '

the emphasis on radiation eftects inclusive nudcls reflects the Tong-tern
support ot The Detense Nuclear Agency in providing analytical aend design tools
for nuciear hardened DOD éystcms.

The Bipolar Transistor chapter was based largely on 1. Getreu's Modeling
Yﬁpkpjpqurh}yqnsistér, The UJT and JRET models. were taken from J. C. Bowers
and $. R. Sedore's SCLPTRL: A Computer Program for Circuit and System Analysis.
Many other less extensively used sources are l\steq as references at the end
of appropriate chapters. ‘

This handbook is the culmination of sevural,yedré' eftort by many persoﬁs
and oryanizations in modeling of semiconductor circutts for computer-aided
analysis of radiation effects. It has been prevared as a result of confer-
ences with many analysts which revealed the need for a single authoritative
reference in the techniques for modeTing various circuit efements. Thts hand-.

book is nut a listing of models by device type: rather it illustrates the path

"to be iul!owvd in qenvrdtlnq models of the nuuessury complexity for the par-

ticular analysis at hand.,

The handbook is published i loose- leat binder fuvuut to de\]\tdtG adding
new material as it becomes available. Ihe handbook compliments and should be
uséd n conjunttfon with the TRLt (Transient Radiation tffects on tlectronics)
Handbook, DNA 14504, and the -TRLE Preferred Procedures, DNA 20C8H.
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CHAPIER 1
INTRODUCTION

A.  OVERVIEW

The purpose of this modeling handbook is to provide an organized -
abproach to the application of radiation effect inclusive semiconductor

models to problems requiring computer aided circuit analysis'and design.

~ Over the past 10 to 15 years, several inveStigators have made significant

progress in developing computer oriented models for the different semi*
conductor technologies. These models incorporate improved representa-
tions of both electrical effects and radiation effects. They are
documented in several excellent technical reports which g1ve detailed
discussion of derlvat1on and application procedures. Unfortunately, many
of these reports are not readily available to analysts who wish to apply
the models to a specific problem. Even if the analyst has access to the
reports, he is often confronted with the rather formidable task of wading
througi: the derivation in order to sift out the application informatior
for the model. This is especially distressing to the: inexperienced
analyst who may waste valuable time struggllng with mater1a1 .which 1s not
germane to his problem.

The intent of this handbook is to alleviate the two problems identi-
fied above.” First, it presents the results of several model developmenp‘

"~ programs in a single volume. Hopefully, this will be'effectiVe in dispers-

ing the results of these pregrams to a much broader community of users
than has previously been possible. No new or original material is '
presented in this document. Therefore, the aralyst who feels that addi-
tional information is required can check the references inaicated throughout
the handbook. In general, the-authors of these references have expended-
ccnswd‘qab‘e effort in giving the details of the mode develupment. The
om1ss%on ‘of these derivations from th1s handbook s1mp1y reflects the
11m1tat1ons inherent in such-a document and does not impiy that they are
not important. Investigators wishing to extend the capabilities oflanys
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model are encouraged to consult the original documentation rather than
relying or the abbreviated material presented in the handbook.

The second intent of this mocdeling handbook is to provide an orgar-
ized structure for the application of the various model:. This structure
is the only original contribution of the handbook's authors. The reader
shculd note that this dozument isvnot'designed to be read sequentially.
Cnly chapter I, the introduction, will be cf‘general interest to all
readers. The remainder of the chapters are meant to be stand-alone
sections which are oriented toward'specific technologies and their models.
A brief examinativn of the table of contents will demonstrate the basic
structure of the handbook organizatjdn. Note that the first few chapters
are qrgan1zed by techaology. These include chapters on bipolar diode:
medels, bipola} transistor models, MOS models, and miscellaneous device
technolegies (SCR, transformer, UJT, JFET). They are follcwad by a
chapter on simplified modeling of analoq and digital integrated circuits.
The simplified IC moc2'ing techniques are applicable to either kipoltar or

MOS technologies.” The final chapter precents specific example problems
ang the modeling t~chnigve2s used in their solution. The general trend of
the wodelinry handbook is from specific device models toward_more general
i€ ard subsystem models.

‘Within each ir#i..duai chapter the organization proceeds from the
besic, firsi order electrical méde}:toward the more extensive models
incaorporating radiation .ffects and second order electrical effects.
Civision within the chabters is made .according to physical phencmena
whenever possihle. The a"alyst who requrres only a gross electrvcal
representation of a part1cu!zt device to solve a problem need only con-

cult the first sectlon—of the appropriate chapter. [f gr;ater sophistv-b

cation in the model is required, subsequent sectlons must be consulted.
An attempt has beer made to apply a parallel structure in each
chapter section. :This is-accomplished by deve!opxng eight major sub-

. section headinqs 'hese include:

(1) Description
(2) Advantages
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dealing with the underlying physical phenomena.

(3)
(4)
(%)
(6)
(7)

(8)

Cautions
Characteristics
Defining 'Equations
Parameter List
Parameterization
(a) Definition
(b) Typical VYalue
(c) Meésuremewt

(d) Example (measurement & specification sheet)

Computer Exampie

~The description subsection provides a qualitative discussion of the
electrical or:radiation effect.to be discussed. The modeling handbook is

not meant to be a treatise on semiconductor physics.

However, the varia-

tions in model characteristics must be understood in terms of the physical

properties they are attempting to represent.

The descripticén subsection

is intendéd to crovide the physical context of the model without a detailed

derivation.

Appropriate references are given to technical publications

The advantages subsection presents the primary reasons for applica-
tion of the model to be discussed.

For some physical phenomena such as

reverse breakdown, there are multiple modeling technigues which may be

implemented. In such casés, the merits of the different approaches are

discussed in terms of their effect on desired results.

There should

always be some reason for the analyst's choice of a specific modeling
approach. Hopefully, a clear statement of advantages will help to direct
that choice. i ' ' A
Every ﬁodel‘has a definite rapge‘of applicapility which the anal§st
must be careful not to exceed. Knowledge of modé!-limitations is espe-
cially imporfant in computer a.ded design.. In géneral, the computer‘can
be relied bn to perform calculations accurately; however, the analyst has
tota) responsibility for thinking.

The cautions subsection has been

included to remind the analyst of .the limitations of each model and to
encourace him to think about how these limitations may affect the results,




The charactéristics subsection includes a schematic of the model
topology and a qualitative representation of the electrical response of
the model. The topology includes elements and polarities'reqyired for
proper implementation of the model. The electrical representation may
take the form of ‘an I/V plot, a voltage versus time plot, or a current
versus time plot. The unique qualities 6f the medel response are high-
lighted for emphasis. These diagrams are useful in orienting the analyst
to the mathematica! description of the model elements in the following
cubsection.

~ The defining equations subsection presents the mathematical descrip-
tion of the effect being modeled. The equations are presented without
proof or derivation. Their purpose is to demonstrate the relationship of
the various model parameters in a format which is familiar to engineers.
Implemenfation of the equations in a computer ccde often obscures the
parameteric relationship due to the necessity for eliminating singular-

‘ ities and other numerical difficulties.

The parameter list immediately follows the defining equations. It
provides a definition for all key parameters and gives the nomenclature
to be used in subsequent references. Care has been taken to insure that

. a clear, consistent nomenclature has been used througiout the handbook.

Whenever possible, this nomerclature is consistent with the nomenclature
in the technical literature.

The parameterization subsection presents techniques for assigning
numerical values to each parameter used in the model. The predictions or
simulations based on a model will never be more accurate than the data
used to parameterize the model. ‘Thus, there is no .reason to select an
elegant mode) .if there is insufficient data available for the selection
of parameter values. Edch parameter included in the parameterization
list is precisely defined and a typical value is given. The typical
value serves the purpose of allowing.the analyst to get a model running
on the cpmputer'wjth parameters that bear some relationship to reality.
It also gives him a frame of reference for judging the numerical values

" which he derives from measured or:spe;ification sheet data. Specific
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measurement schemes and data reduction procedures are recommended for
each parameter and schematic diagrams are given for equipﬁént arranqe--
ment.  Numerical examples are’provided for determining the parameter
value from measurements and from spécificgtion sheet data. Actualnphoto-

. grapH> of device response or tabularized data from the'measurémenf'échéme
are provided and reduced to the final parameter quantity. Specification‘
sheets are included and appropriate entries are selected for parameter 4
estimétes. A comparison of tne numerical values derived f?om measurement
and from the specificatibh sheet gives the analyst an indication of the
relative accuracy of the different parameterization sources. -

A code implementation subsection is included in each chapter to
provide the analyst with information on how the,basic mathematical formula-
tion of the model must be modified for incorporation in a compiter aided
circuit analysis and design (CAD) code. Five different CAD cndes have
been considered in this subsection, including SCEPTRE, NET-2, SPICEZ2,
TRAC, and CIRCUS. Theilast four of these codes have "bui}t-in“,modeis

. " which may be parameterized in various ways to yield different levels of
model complexity. Uhfortunately. the same nomenclatufe has not been us<zd
in-each of tne codes. This tends to obscure the basic similarities in’
the model capabilities. To key the different code models to the nomen-
clature and model levels addressed in the handbook, a table -is provided
which gives the entire parameter list for each model from the five.codes
and which indicates ‘those parameters to be parameterized ard those to be
defaulted. . Thus, if the analyst wishés to use the first order MOS elec-
tvical model descr{bed in this handbook with the NET-2 code, table 1vV-2
will demonstrate how he should encode the NET-2 parameter list. _

Tne code'implementation subsection also provides notes on the effect

_ of code imp!ementa(ion on the model éhaka;teriétics. The necessity for

; . ' avoiding singularities and other numerical problems‘has been noted earlier.
' ' Eliminating these problems is often done by altering their functional
forms. These altered functions may give results which are slightiy'
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different from those expected by the analyst in certain operating regions.
These modifications and their implications are called out as notes in
this subsection. ' _

The computer example is the final subsection in each of the modeling
sections. Its purpose is to demonstrate the mode! characteristics devel-
oped in the preceding material. Emphasis is placéd on using very simple
circuits which exercise an individual component model. Often "curve
tracer" programs are used to demonstrate that the modeled performance is
indeed similar to that desired and anticipated from the parameterization
procedure. This feedback from the coﬁputer to the analyst is an essen-
tial verification of model oberation which should always be required
before incorporating the mudel in a more complex.circuit.

The organization of the modeling sections discussed above is quite
modular. Hopefully, this approach will facilitate the use of the handbook
by both the novice and the expert. The novice should be able to identify
the type of effect he wisnes to represent and follow an orderly procedure
for selecting, parameterizing, and implementing an appropfiate model .on
the code available to him. The expert should be able to use the handbook
as a quick reference to refresh his memory on limitationg of various
models or to review model conversion procedurés from one code to another.
The intent of the handbook authors was to accurately reproduce the devel-

- opments made by several investigators in the field of semfconductor

modeling in an organizational format which will facilitate the applica-
tion of their results. '

B.  APPLICATION RECOMMENDATIONS

Modern cthutér aided circuif analysis and design codes and the
models which have been developed for use with them can be extremely
powerful and versatile tools for the investigation .of radiation effecis
on devices, circuits, and subsystems. HerVer, their proper application
requires attention to some general guidelines if the{r results are to be
valid and econoﬁically justifiablen A list of such guidelines undoubtedly
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would vary considerably if compiled by different authors, but hopefully

the list of statements and discussion offered below incorporates the most

important aspects of computer model usage.

(1) ODetermine why you are making a tomputer aided circuit analysis.

(2) Select an appropriate model.

(3) Xnow the difference between simﬁ]ation and prediction.
(4) Know the limitations of parameterization data.

(5) Verify the models.

(6) Understand the results.

Computer aided circuit analysis is expensive in terms of model

- parameterizaticn measurements, analyst's time, and computer rental. It

should be viewed as one of several alternative tools available for exami-

nation of radiation effects on devices, circuits, or subsystems.

Often,

sound engineering analysis procedures can be applied with justifiable,

simplifying assumptions to yield results which are as valid as any computer

. generated solution. A healthy initial response to-any analysis require-

ment is to examine ways to avoid computer aided analysis. However, there

is a significant class of problems which defy reasonable manual analysis’

~ techniques. In these problems, the variables of elements may be closely

coupled such that several respcases must be considered simultaneously.

In such cases, the expanded recordkeeping ébility of the computer

essential to the analysis. 'Also included in the class of prob]em'

requiring CAD tools are those which contain, highly nonlinear elem
elements which are driven into nonlinear modes'by radiation expos
Certainly, an exhaustive 1ist of problems requiring CAD and model
tools would consume more space than is available here. The point

‘made is that, althdugh such a list is extensive, it is a definite

of all radiation effect problems.  An analysis should never be pe

" "just to see how the circuit works." The results of such an anal

almost certain to Le misleading and will undoubtedly be expensive.
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‘Closely associated with the determination of the rationale for
computer aided apa]ysﬁs is the requirement for selecting an appropriate

moda1. Never select a sophisticated mode! when a simple model will
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suffice. - To assist in selecting an appropriate model, the analyst should
force himself to make quantitative answers to questions such as:

(1) What is the range of operating characteristics which the model

, must represent?

(2) What accuracy is acceptable? ,

(3) Are the time constants of the model comparable to thoée of the

~ circuit? .

(4) Is the device a switch or an amplifier in this application?

Numerous other questions might be added to the list, but the point
is that the analyst must make a definite series of decisions in selecting
a model. Good scientific.procedure suggests that these decisions be as
quantitative as possible and that they be doc mented. Selecting a model
_ which covers several decades of current chara:cteristics, when only a
single pbint on'the operating characteristic is required, is wasteful OT
paramterization time, analysis effort, and computer time. Furthermqre;;
it is likely to introduce errors which could have been avoided with a .
less sophisticated model. The analyst is cautioned to consider that the ‘
model may be driven over a wider range of operating characteristics in-a .
radiation simulation than that experienced under normal operating con- :
ditions. ‘ ' .

Once the decision has been reached that a computer aided analysis is
required and a model -has teen selected.'the analyst should: know Whether ,V
he is making a simulation or a prediction. The distidction between the
two is vital for the interpretation of the results. All models represent
simulations at some level of response. For example, if a transisgor
model is parameterized from curve tracer.measurements.‘then it can>0n1y
be expected to simulate those measurements when exercised by the‘compUter
analysis code. This mode] can never be correctly said to "predfct"
transistor performance. A number of simulation type transistor models
can be combipéd to predict a circuit response. However, that prediction
will only be valid so long as the simulations of the transistors are
appropriate for their operating conditions. One of the most frequent and
potentially disasterous mistakes made in computgr aided circuit'analysis, ‘
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‘model should ever be included in the circuit to be analyzed before its

is the inadvertent extrapo]atich of wmodels beyond their' range of simula-
tion validity. These mistakes are insidious because the computer code
will continue to generate reasults despite their lack of validity; only
the>COntinued attention of the analyst can prevent .this error.

As noted earlier, models can only be as accurate as the data which
go into their parameterization. However, the analyst is advised to
consider the validity of the data with respect to the goals of his anal-
ysis. Specification sheei data represent ihe minimum guaranteed electri-
cal specifications which the manufacturer will attribute to a given
bfoduct line. A few manufacturers assign those data values based on 3o
points of measured parameter distributions. Unfortunately, most do not

have a quantifiable procedure fdr setting specifications. In either

event., the values may not be consistent when applied to any given device.

The specification sheet data are important from the standpoint of representl

ing the data which the design enginee} utilized in designing the circuit.

On the other hand, measured data reflect the actual characteristics of a

device and all the data are consistent. However, they represent only a

single device/characteristics set in a distribution of devices of that

type. Depending on where that device lies in the distribution, analysis . 1
results based on its model -arameters may be conservative or nonconserva-

tive. For anaiyses which are supposed to reflect the performance of a - |

statistically significant set of circuits, the analyst should make some

~effort to establish the sensitivity of the results to variations in kéy

mode1 parameters. This should be done prior to.the interpretation of the

results. ' ' - ‘ '
Probably more time is wasted in-attempting to debug models ir the A

analysis circuit than in any other aspect of computeﬁ aided analysis.. No

operation has been verified. In this handbook, several examples are

given for curve tracer and simple pulse circuits which can be used to
verify the anticipated operation of individual models. These simple’
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programs provide inexpensive vehicles for identifying model problems
outside of the circuit to be analyzed. Time or expense spent in model
verification is never wasted. ‘ |

The final check on the results of all computer aided analysis should
be, "Does the result make sense?" There is no foreseeable substitute for
human understanding in the application of CAD. results. The analyst's
final responsibiiity is to ex;rcise his own reasoning ability. Computer
codes can produce errors as a result »f numerical difficulties or they

can simply "step over" an impartant part of the response (e.g., a photo-

“current pulse) through an inappropriate. selection of a time step. The

analyst who understands the circuit -is the last line of defense against

such errors.

Bl gt o - R o . i e ok R RIS PR PR e S e e - ———rtTL < T

.




", T e o
L S DIODES




i e s & il Sl ¥

™

gy

Rl ok o

T R T T

 Chapter

CHAPTER I
VABLE OF CONTENTS

INTRODUCTION.

B3 DIODES
A
B.

c

v
2

3

3

5

6
3.
8.
9.

10
1
12
13

o

 DIODE MODELING.

Dicde Equa*xan
Revarse Bias Effacts

. MNorideal Diode Equation: -
- High Injection Sifects

Ohmic Effects

Depletion Region Capauitance
Diffusion Capac1tance Effec\s :
Photocurrent Effects A
Neutron Effects

Burnout - R

Total Dose Effects '

. Cude implementation = -
. Linvit! Lumped Hodel of the Diode

REFERENCES

- Page
1i-1

11-1
- I1-2

112
k=11
11-28
11-33

- II-35

- 11-4}

.- 11-48

- 11-85

O I-67

11-74
- 11-80
- {I1-80

185
COI-97

o Ses 00 D s
o ¢ 3R R L T SRR T 44 <
A d e b T o 8

Cai
-y




CHAPTER II
DIODES

A.  INTRODUCTION

An understanding of diode medeling is fundamental to the task of
modeling any semiconductor device. This is particu]érly true in the
context of the modeling handbook since techniques for modeiing radiation
effects and other phenomenon are described in the greatest detail in
chapter II.

" An "expandable model® format is applied in this chapter. This
format supports a basic rule in modeling which is, “use the simplest
mode]l possible." The expandable model format allows a range of com-
plexity from the diode equation produced from a data sheet to diode
models which simulate I-V behavior over many decades of current.

Techniques Tor obtaining model parameters from both termincl mea-
surements and specification sneets are included. Terminal measurements
will produce accurate parameter values for specifié devices but,indfcate
nothing about the disfribqtion of device parameters unless numerous
devices are tested. The manufacturer's specification sheets yield param-
eter values which are often very inaccurate, yet they place bounds on
parameter variations which may be used for best or worst case analysis.

Some terminal measurements suggestec by the modeling handbook must
be regarded as useful only in the absence of better information. One
example of this is the terminal éstimation‘technique used to obtain
backgreund doping. The assumptions made were a.planar, one-sided, abrupt
junction. Because no junction is truly planar, the electric field at the
curved portions of th2 junction will cause the junction tc avalanche at a
lower voltage than predicted. No diffused junction is truly abrupt,
which'implies that the term "background doping" loses some or all of its
meaning in many devices. The point to be made is that the analyst should

~try to be aware of how the model attempts to simulate the physical pro-

cesses of the device, the simplifications and assumptions made, and the
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accuracy and limitations of the model chosen. It is for this reason that
discussions of the physical processes are often included.- An undefstanding
of device physics is desirable but certainly not required for the modeling
process.

When working with different computer codes, one often finds different
sets of units being applied by the code. For example, resistance may
normally be specified in ohms for one code and kilohms for another code. -
As a general rhle, any self-consistant set of units‘may e used. A
problem occurs with the default values and built-in models of circuit ’
analysis codes. Therefore, it is safer to work in the units specified by
each cohputer code. |

' Because c¢f the overwhelming scope of semiconductor device mode]ing;
many concepts, approaches, and models could not be addressed. It is for
this reasor that a bibliography is included at the end of this handbook.
Refereh;es'which croved vseful in the development of chapters are included
at the end of each chapter.

B. DIODE MODELING

1. Diode Equation

a. Description .
The foundation of all diode models is the diode equation

which relates tie diode current to diode vo’tage and may be written in
its simplest form as:

- qVD ‘
ID = IS exp \ g7 -1

b. Advantages
- The diode equatibn is implemented in almost all network -
simulation codes and is the simplest method for implementing a diode
characteristic with a minimum number of elements. Specification sheet
data may be used to parameterize the diode equatibn. The diode equation

4




~g

requires only one measured parameter and an assumed «  ~rature to define
the parameters.

.C. Cautions . ‘

The basic diode equation gives the grosc, first order I/v

characteristic. In circuits where the details of the diode respsonse are
important to prcper operation, additional model el. :zits must be included
to simulate second order and radiation effects. The nature of.these
additicnal elements is discucsed in the following sections.

d.  Characteiistics

The symbolic representation of the diode equation is shown
in figure Il-1.

The diode equation will produce the electrical character-
istic shown in figure 11-2.
’ e. Defining Equaticn

The diode equation is implementéd as 4 voltage controlled
cdrrent source defined by:

[en(32)-1 ]
ID = IS exp\ g1 -1

- f. Parameier List

ID = the diode current
IS = ‘the diode satnratiqn current
g = the magnitude of electronic charge
(1.6 x 1071
VD'= the voltage acruss element ID
K = Boltzmann’s constant (8.62,x 107> eV/°K)
T = the junction temperature in °K

~coulomb)

g. Parameterization
1) I¢

a) Definition
IS is the reverse saturation current of the
diode. 1in an ideal diode, the reverse current of a diode under several
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(a) Model Representation.
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-(b) Component Representation

Figure 11-1. Symbolic Representation of the Diode

Equation
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volts reverse bias would approach IS' For real diodes, however, leakage
and charge generation effects dominate the reverse current so lS may not
be obtained from reverse current mecasurements. . I¢ i< obtained from the
behavior of the diode in the forward operating region.

b) Typical Vaiues '

A value of lo‘lz,amperes is typical. IS is
directly proportional to the active junction area and may vary signiri-

‘]; . .
> to 10 amnaves 1S common .,

cantly between device types. A range of 10~
c) Measurement
Is,can be cometéd from e value of Voo I
at a forward biased operating point. I% should be noted that vo.y ti
I-V‘point will be accurately simulated, therefire, the [-V point. = -«'n

should be made near the operating point of the diode in the circuit. ‘Is

can then be found from the relationship:

d) Example - IN9I4

1 From Measurement

The point chosen in forward bias to be
modeled was 5 mA. From tha photographs shown in figure 11-3, the diode
voltage at 5 mA can be seen to be 690 mV. I¢ was then computed at 300°K

to be:

I, = 2 A = 1.35 x 10714 amperes

. f 0.6V
&P 50259V )
| 2 "From Data Sheets ‘
An estimate of Is-can be made from specifica-
tion sheet data. The specification sheet shown in figure 11-4 lists a

diode voltage of 0.72 V at a forward current of 5 mA. .

'
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5 MA = 4.23 x 10-15 amperes
( 0259 v) -

I
a). Definition
T is the temperature. of the junction in degrees
Kelvin., Mcdel paremeters should be obtained at the model simulation
temperature.
' b) Typical Vaiue

T is often assumed to be room temperature, which

is about 300°K. Thls assumption is valid for devices operated under Tow

‘power conditions. If power conditions within the device make this assumption
‘invalid, knowledge of the junction temperature or a higher order model

may be desired to yield.better results.
c) Measurement
When making low power measurements in climate-
controlled areas, assume T to be 300°K.
h. Imp!ementatioh Notes

Some difficulty may be encountered in the direct implehen-
tation of the diode equation in some circuit anélysis codes. This prob-
lem is usually ralated to the topology requirements of the individual
code. \ForISCEPTRE, a capacitor placed across the diode will eliminate
topology probltems The capacitor must be chosen small enough so as not
to interfere'with the diode actioh;'l picofarad has been found to be

. adequate.

i.  Computer Example

The diode equation was exercised by use of the network
ana!ysus code SCEPTRE. The forward characteristic was obtained by use of
the simulation circuit of figure 1I-5. '
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| Figure 11-5. Diode Test Circuit

The computer input listing for this run is given in flgure
I1- 6 and the simulated characteristic is shown in flgure II-7.

As expected, the 5 mA, 690 mV point used to develop the
model lies on the curve produced by the simulation.

2. Reverse Bias Effects
"a. Description
The diode equation does not inherently contain provisions
for reverse breakdown. However, the reverse breakdown effect may be
important to the analyst who is modeling reference diodes or“analyzing
any circuit where transients due to radiation effects or other sources
may drive the circyit into an operational mode outstde the or1g1na1

design boundarles
Electricail overstress produces device breakdown and pos-

" sible catastrophic failure. Reverse breakdown may take place by two

mechanisms, avalanche and tunneling. P-N junctions which break dbwn'at 8
volts or higher are considered to do so by avalanching mechanisms. - Since
the upper limit for tunneiing is about 5 volts, both phenomena a}e con-
sidered to occur in devices with breakdown between'5 V and § V. There
are three approaches to model1ng reverse b‘as effects
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10 9,300 SEC. . : - .

Figure 11-6. ‘Diode Equation Test Circuit T
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parameterize; therefore, care must be taken to insure the
well behaved.

b. Multiplication Facior

1) Advantages

The advantage of the multiplication factor approach

is that it relates better to the physical processes occurring in the

diode.
2) Cautions |
The multiplication factor ‘is screwhat difficult to

ipn e

3) Characteristics
S The topology required for the model is shown in
figure II-8. The expected I-V characteristics are shown in figuwe (1-9.

Figure II-8. T

Figqre'II-Q. I-v Charécteristics of Multiplicaiion Factor Model :

AN
N
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4) Defining Equation

5) Parameter List
BD = the breakdown voltage of the diode
"M(V) the avalanche multiplication factor
n empirical constant

6)' Parameterization

‘a) YQQ

1 Def1n1t1on
VBD is defined as that voltage at which the

reverse current increases at an almost infinite rate when voltage is
increased.

1]

2 - Typlcal Value
BD ranges from about 5 volits for a refer-

-ence diode to over 1000 volts for a high voltage rectifier.

3 Measurement :
VBD can be obta1neu from a photograph or
p]o* of the reverse [-V character1st1c 'The value of VBD can be deter-
mined by extrapolating the ftra1ght line port!on of the breakdown curve
to the voltage axis as illustrated in figure II- 10.

1I-15
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Figure 1I-10. Determining Breakdown Voltage

4 Example - 1N914
a From Measurements

‘ VBD may be determined from the photograph‘
shown in figure II-3. By extrapolating along the straight line portion
of the breakdown reglon to the vo]tage axis, VBD was found to be 150
volts. ‘ '

o From Data Sheets
The manufacturer spec1f1cat1on sheets

" shown in f1gure II-4_lists-a minimum breakdown voltage at 100 pA for the
INS12. The breakdown voltage 11sted is 100 volts.

b) Re

1 Definition - .
‘ RC models the leakage current observed when
a diode is reverse biased. RC is actua]]y voltage dependent, but assum1ng
a constant value is a reasonable approximation.
2 Typical Value
‘ ' Values of RC'vary from several kilohms to
several hundred megohms, '

11-16




.3 Measurement .
RC may be determined by obtainiﬁg several
I-V points on the diode's reverse biased characteristic. The points
shod]d-be measured at least several volts away from reverse breakdown.
RC is calculated. as:

R = AV
C Al

4  Example - IN914
- a . From Measurement

Reverse 1eakagé current was measured
by a sensitive cur-ent meter in series with the diode and then revarse
biasing the diode with a power supply. Data obtained were:

b b

-0 v © -5.4 oA

-50 V -19.0 nA
R = =10V - (50 V)

c -3.4 nA - (-19 nA)

x
]

c 2.94 x 109 ohms

§ From Data Sheets
' The manufacturer specification sheet
.shown' in figure II-4 lists maximum reverse current for the IN914 at a
reverse voliage‘of 20 volts. Since 1eakége current is usua]iy much
greater than saturation current, the following approximation will be
applied: |

-1

K




¢
]
R =D
i I
R. = -?q..\_/__
3 C -0.025 uA
3 .
1 Re = 8.0 x 10% onms
i c) 0
’ 1 Definition :

n is an experimental constant whth models
the mult\pllcatlon region of the reverse diode chara(ter1sttc
2 Typical Value
, The value of n is typically between 2 and 4
for silicon diodes. , ’
n can be determined from a point on the
reverse characteristic in the multiplication region. n can be comiputed

as:

+ -VD
R

4 Example - IN914 :
A point: taken at the knee of the breakdown
character1stvc (figure Il 3) yields: '
ID :-O 5 uA
Vo, = =140 V

i

0

[1-18
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figure TI-11.

. -4
XS aad RC are 1.35 x 10

amperes ind 2.94 x 109 ohms reépectjvely. n
may now be computed as: ‘ '

. [, _ .35 x 107" A 140/2.98 & rogg}
Y 0.5 A :
T5g (140 V/150 VY.

.n=1.45

c. Direct Simulation Approach

1) Advantages

The advantaées of the direct simulation approach are
that parameterization is straightforward and better simulation uf resis-
tance in breakdown is permitted.

2) Cautions

‘ Photocurrent and leakage current will not undergc
multiplication.

3) Characteristics

The topoloqy required for the model is shown in
s ) -

' Figure 11-11." Topology for Direct Simulation Model

' !F"vrrvw-avwfwv*“?““"””““I“~”.
., 0_ R i . . )




The expected I-V characteristics are shown in figure
II-12.

+1

e,

W

. Figure II-12. I-V Characteristics for Direct Simulation Model

4) Defining Equations

- 1y [ (52) ]
Iy = IS exp \ g7 -19- f(VD)

f(Vp)

piecewise linear table or:
LI/
= IS e D 'BD
5) Parameter List
Vgp = the preakdown voltage of the diode
0 .

empirical constant

diode leakaye current

11-20
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b) Parameterization
a) Bre:ldown Jable

The breakdown tat'e was obtained from selected
points on the reéverse characteristic. The points choser are shown i.
table Ii-1. '

TABLE ‘11-1. DIODE BREAKDOWN

W - D
-152 v . -60 mA
-151 -30
-148 -200 pA
-147 -100
-144 - -50
-140 C =25
-120 -10

- 100 \ -5

b) Electrical Analog Approdch
1 Advantageé ‘
o _ The advantage of the eleﬁtrica} analog
approach is that no analytical functions or tables are
- 2 ~ Cautions

required.

‘ The muitiplication region of the character-
istic is not accurately modeled. There is no correspondence to physical
behavior. '

3 Characteristics .
The topology required for|the model is

shown in figure 11-13.
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Figure 11-13. Topology for Electrical Analog Mode)

The shunt diode is ciamped "oft" by the
voltage source. When a reverse voltage is applied to the mbdel which
exceeds the voltage source, the shunt diode will conduct, simulating the
breakdown characteristic. The multiplication region of the character-
istic is simulated by the forward I-V behavior of the shuntﬁdicde. The
characteristic produced will be similar, as shown in figure I1-14,

d. Computer Exarples -

Two computer simulations of reverse breakdown.
were made, one by direct SImulatton and one by use of the mult.pl1catlon
faqtor. The test circuit applved for theso snmuldtlons is shown in
figure [I-15. o |

The computer listiﬁg for the direct simu!atfon test using
a piecewise linear table is given in figure [I-16. The,bfpakdown;charaCf
teristic produced is'shown in:figure 11-17. ,
, The input listing for the multiplication factor simulation
is given-iﬁ figure II-18. The output for this run is given in figure
I1-16. ‘ S 7

Three features of figure [I-19 are notewavthy First, the
rurvature of the avalanche region is much more abrupt than indicated by
the actual data. Second, the feature.included in the multiplication

I1-22
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Figure-IIrIS} Breakdown Test Circuit
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Figure II-14, -V Characteristic of Electrical Analog Model




AP SR TIR g,

oty RR o S my i

3 mnne

|

NETw)3% S1wULATILY PROGAAM

5 CEPT RE

Wl< FOSCE wEAPD:S _A3JRATDAY .= xAF 3 N
visSION C0C eode? YA )
(cre2s18 11.32.43.

03 8 LISTING OF USER FEATZaS gn!due 10 TAIS VEISTON 07 STiPt«g
SCoELY A Che) TOVIAINING THE wQaD "DOCUSENT® &S T=I FIaST C23D
IF TE INPUT Toal . .

SOWEVTER TIME ENTEATNG SITUP PMASE-

€24+ . .50 3iC.
P2 - p.3t0 sic.
19 0,300 $:iC.

t . .

JINe D= =2TasLE L(TlwE)

RH1eSe1-22100 : .
JDe2=0=D102€ ESUATIONIL 3314033451
JRecm02TR5 E iV

Ze2-C=1.E-12 . ' ‘
TUNCTIONS . . ¢

Ta3de ] ' , _ : -
Ge0el E-de-b, b8 : :
Taste 2

=122¢«60.E-3

=15'e-30.E-3

~lekhe=;00.E=6
=lele¢~-100.5-%
~leas=-50.E-06

=lele=25,.E-6 ' -
“lc¢0e-10.6-6 ’

“100e=5.E~5%

JUTPUTS e !

JlwePLOT LV U - '

«uyN {ONTRO_S . '

STIP TimE=zj,t-3"

iND

f

SYSTEM NGw ENTERING 31Wu_aTiOn Co

TOMPUTER TIVF a4t TIRelNalloN (n SETus 2eisie

‘Coa LJlee 8:CL '
P> LaN0 510,
| ) 200 Hic.

Figure LI-]G.'}Listing for Breakdown Test Circuit : o

- I1-24

il . r— e KN e g UL PRI o




ydzouddy se(nqef Aq P333tpadd se 213sp4a3004RY) czovxuw;m ..N_-uu

v
'
'
v
'
.
«
’
.
«
‘
.
v
'
.
.
.
.
.
.
.
.
’
'
.
.
.
1}
a
.
«
.

T e v ey

[E XN

v
.

‘
«

u vt e- -

Tio gotitenry,

Voo st * e

!

ROV
L EREI RER N

1 t

-

R A LN B

She Ut e,

3anby 4

lle i ea

Ahe gl -

....... I N T T TR PUIRTRN
t : t, !
: B
I
| -
. L I DL,
. 1
. t
: :
, . ol wheh g aa
1
. ).
. 1
. &
el MGmeLght-
}
. 1
- 1
- 1
: el vemdlmuce-
t
~ . ~t
1
- R N P
. H
. . 1
. - t
” H
EE BT PR DL PN
. t
1
- :
1
- . -3 AL I APENLE DY
. ' .
. ! -
. 1 I
- -~ Sa- By -
. f -
- i
. - :
- N I
. H
. A .
1 ¥ 1 '
e e ammcan e . .

11-25




A‘HLS PAGE

1S BESE QUALITY PRAGTL

Cen Ml 'Mbwmwc - '

RO

S CePTIE
alx FCRCE wERPONS
VERSTON (DT 440502
62sc2/148 15.30435%,

JAEDNET Y - waF 3 aM
Q778

TO A LISTING UF LB FERATUKIY V1D
SURFLY & Lan( LONTelwiNG THE w33 D02
2F TeE INPOUT i1

COMPUTER FIwt ENTERIND 5 TLP PraSE -

(>a 373
e 3.300
9 0.300

JIRCUIT LESLWIFTION

ILEIMENTS

JINWC=1=Ta3Ls 1(T1Ive)

REL2Sel-2=100

1Ne2=03010U E EQUATION(].335-14433,51)
IR =03y (1401 306 )
Te2-0=1.FE~1¢

RC2=-022.94¢ v

JETINED PaA~AMETERS

1¢

N TwDog SEMUCKTION #R03Ram

T41s

U “u

Ve ST DY

A3

0F STEST L
T8 Fl<ST CasD

,=vv-x?(l./(l.-nvxvl(.Q°°J~4=?'(anl»aﬁllso.))*vl.ua):l

TUNCTIONS

TasLy 1

0e0a), €~ 3--5.:-6 .
AUTPUTS '
JINe LT v o) )

2UN CONTROLS
STOF TlmE=z).E-

IN)

o
L
Z

SYSTImM NOw ENTERING 31V AT

COwPUTe® Tiug AT T:IRafees

8T10N OF SETuP >n‘5.-
('Y 1.203 5:IC.
g 2.)00 5:C,
1o 3,700 5:iC. -
Figure 11-18.| Reverse Breakdown Simulation ,

1

.
wiymm&“*¢«u

1-26




’ J033e4 uoiresiidiyny

tas gy’

1
: t
1
. ot
f~-
- H
i
. 1
:
e
i
!
!
)
1--
i t
'
Lt
'
- >
g -
. H
s
- b
i
B
) ?
IES
t
t
¢
(-
. '
v
. t
t-n
: «
{
1
I
s
t
1
1
¢

tuetyiyey

3 Fronuntea
Iusanantae

! t i (

' t [ T .

30 asn £q uopyeinuig

ivs
Tae :,.:w.r.
TR

i t

LAXRLIS RN

uMopyeasg “gi-1J aunbry . _ ,

2L fugdeta

i 4,

- ' - e .

LLTRT YA

creerecany

- H

h . »t\,kvlol

R A N

[XENT YT

e i (.~

5.‘:39.7 ) R
LT T AN

She Yyrnn ra

N .«:r,.. 1.

Sre juaputte

R VL




e g ne

© vt T

¥ T w o

formula to prevent a singuiarity when VBD = VD has also limited breakdown
current to less than 0.5 mA. Such limiting can occur if the proper
selection of ‘limiting constants is not made. Finally, the slope of the
brezkdown characteristic is negative. This result may arise if a bulk
resistance term is not included.

3. Nonideal Diode Equaticn
"~ a. Description | , '
. The analyst who wishes to correctly simulate diode perfor-
mance over several decades of current quickly notes that the ideal diode
équation>is not sufficient because most diodes do not have an ideal’
characteristic. The reason for this deviation from the ideal is a reflec-
tion of the efficiency of the diode as an emitter of minority.carriers.
A semilog plot of VD over 'a wide range of ID will identify

‘,tHe region of nonideal behavior. Such a plot is demonstrated in figure

11-20.
The nonideal reglon can be modeled as an emission constant

in the d.ode equation.

b. Ad»antage

The inclusion of an emission constant perm1ts accurate
simulation of diode I-V c¢haracteristics over several decades of current.
c. Cautions } '
The inclusion of an emission constant Qenera11y requires
some source of experimental data to determine the value of the emission

. constant. Distinctions must be ‘made between var1at10ns in M and the

change in I-V characteristics due to 1ow and h1gh injection effects.
d. Characteristics

The 'inclusion of ‘an emission. constant w111 produce an I-V
character1st1c which dev1ates from the "ideal .as 111ustrated in f1gure
I1-21. ' '

e. Defining Equation -

o a2
ID = ;S exp\ wy /- 1

[1-28
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zn(ID)

2n (ID)

OHMIC REGION

HIGH INJECTION REGION

NONIDEAL REGION
qn/KT.
ae D

gV /2KT
e D '

lu

7 .
./ NONIDEAL DIODE
/,/’ SLOPE = q/MKT

Figure II-21. 1-V Characteristics Using an £mission Constant
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f. Parameterization (M)
1) Definition
Tte constant M is the factor by which the junction

voltage and dynamic resistance are larger than the ideal values given-
using qVD/KT.
2) Typical Vaiue
. M equals 1 for the ideal case, but typicilly 1ies
between 1 ana 2. ' '
' 3) Measurement A ‘

M can be found by identifying the nonideal line
segment from a plot of Zn(ID) as a function of VD' A be§t fit to several
points will yield the most acceptable value of M. Two points on the
nonideal line segment will identify M as:

Q(Vz - V]).
s G576 94 8
2' 1
A new corresponding value for IS must now be computed from one point on
the line as: ' '
I 1
1 = 0

4) Example - IN914
‘The I-V data assembled for determination of the dc
parameters are listed in table II-2.

A plot of the<c data on a semilog plot produces
figure 11-22, Region 1 appears to be the nonideal region, regjon 2 is
the -high injection region, and region 3 is the ohmic region.

[1-30
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TABLE [1-2.

<

—

10
40
100
400

10
40
80
100
200
300
400
500
600
7600

LA

11-31

MEASURED 1-V CHARACTERISTICS OF 1NUT4

'

.304 volts
.373
.A16
.481
21
.585
.628
.694
.742
.843
.02
.929
.999
.13
.16
.27
.33
.36
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. equation,

Fhooswnq 10 uA and 1 mA as represertative of the
~ nonideal line segment ylelds

- o628 v - 0.1 V) N
M=o 025 T AT A 1.78

A new value of IS must now be computed as:

I = 10 pA = 1.21 x 1072 amperes -
0. d41b .
exp [(U‘T’§§7(T"7§)]

4. Hioh Injection Effects
a. Description
As the current through a diode increases, the injected

carriers become approximately equal to the carrier concentration of the
lightly doped side of the junction.

This leads to the buildup of a
retarding potential and is manifested as a change in the I-V charac-
teristic.

High injection may be modeled as a modification (o the diode
b. - Advantages
Modeling of diode characteristics is permitted over an

even larger number of current decades than is possible with the nonidea)
diode model.

c. Cautions

Additional reliance on experimental data is required.
Additional parameterizatior effort is also needed.

d. Characteristics

Addition of the high, 1nJect1on modlfwcatlons to the diode .
wtil produce the character1stlc shown in figure 11-23.
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HIGH INJECTION REGION

- -

~

NONIDEAL REGION

b

~ Figure I11-23. Inclusion of High Injection

e. Defining Equation

j Is[éxp (QVp/MKT) - l] , ; o o
D™ T+ exp(qu/ZMKT)

f. Parameterization
1) Definition ‘
, , The parameter.¢ models the deviation from the ideal
diode I-V characteristic due to high injection. High injection effects

_are scmetimes difficult to observé and may be obscured by the effects of
“ohmic resistance.

2) Typical Value -
A typical value of ¢ is 10
3)  Measurement ' o

6.

, ng(lb)_ver;ué VD is plotted over a wide range of'
diode current values. High injection occurs at the point where ID changes
from being proportional .o exp (qVD/HKT) to approximately proportional to
£Xp (qVD/ZMKT). The parameter & dgscribes the high current asymptote of -
the loq(ID) versus Vy graph as: o

11-34.
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L | QVD(nigh leve])].

ID(ﬁigh level) = - exp 2 WKT

@

Choosing an operating point in high injection will yield'an ID(high
Tevel) and a VD(hiqh level).

- 4)  Example - INOI4

‘To determine if high injection or bulk resistance

effect: account for the slope of line 2, the two constants will be deter-
mined. If slope 2 (fiqure 11-22) is approximately aVy/2MKT, then high
injection effects probably acccunt for line 2. Choosing two points from
each line, : -

; _n mA - ¢n ) A
slope V= o v-osmy C2h3

Y _fn B0 mA - ¢n 40 mA _
slope 2 = gy v=o@iv - 7

slope by g»
slope 2 e

which is close enough to 2 to justify the assumption that above 0.78 V,
high injection effects occur. & can now be calculated.

Wy =9 . . -
- 1 x 102 6.902 V
B0 mA = e e [WWWW]

6 =268 x 10

(52 ]

~ Ohmic Effects’
a. - Dascription | |
At the highest injection léVels.'the éﬁmic properties of
the semiconductor material may contribute siqnifit&ntiy to the -V char-

acteristics of the diode. This resistive term could theoretically be




F’W e

Mswmw oy

calculated from knowledge of the material resistivity, the device area,
and the width of the semiconductor material between the junction and the

ohmic contact as:

- L.
R =53

‘ However, the resistive term may be more eaéi]y and reliably calculated

from the I-V characteristic if appropriate care is taken in istinguich-
ing ohmic and high injection effects.
b.  Advantages
The additicn of bulk resistance yields the most complete
and accurate, model over all regions of forward biased diode oparatisn.
c. Cautions - '
Reqivires an additional electrical element and access to
experimental data to determine value.
d. Characteristics

Bulk resistance is modeled by inclusion of a discrete
series resistor.as shown by figure II-24. '
Ky

+' -
— (Ao
BN

Figure 11-24. "Modeling Bulk Resistance .

Inclusion of bulk resistance to the complete nonideal
diode mode! will yield the characteristic of figure 1I-25.
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OHMIC REGION

W s avm——n apom

'NONIDEAL REGION

=n (ID)

YD

Figure 11-25. Inclusion of Bulk Resistance -

e. Parameterization (RB)

1} Definition

RB is the serres ohmic res1stance of the diode.
2) Typical Value
A typicat value for R,

) is 1] ohm
3) Measurement -

B may be determined from two poxnts in.the ohmxc
region of the dlode as:

. -V - (XMKT/q) an(1,/1;) )
= v .
8 N I]
’ B ‘ ’
where:
X =1, if the diode is not ip high 1nJectvon‘
X =2

, if the diode is in high 7n7ectran

11-37.
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f.  Examples - IN914 |
The two points in the ohmic region chosen for analysis

are:

% I
1.13 V 300 mA
1.27 500
R. = [(1.27 V-1.13V) - (2)(1.78)(0.0:55) 2n ( «. . ".'3u0 mA)
B ' {500 mA - 300 -A) .
RB = 0.464 ohms

g. Computer Example .
The simulated I-V characteristic of the 1N914 diode model
was produced to allow comparison with expérimental data. The simulated

"test circuit applied is iliustrated in figure II-26. Nonideal, high

injection, and ohmic effects were included in the model.
G 0 -1 Amp

Figure 1I-26. Wide Current Range Model Test Circuit |

The input listing for this run is shown in f1gure 11- 27
The results of this run were plotted in flgure 11-28. Satisfactory .
simulation results were obtained over 5 decades of currenf. '

11-38
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6. Depletion Region Capacitance
a. Description ,I :

The existence of a depletion regicn in the vicinity of the -
metalurgical junction of the diode gives rise to an effective parallel
plate capacitance. This capacitance is usually referred to as the junc-
tion capacitance. Increasing the reverse bias across the junction has
the effect of providing a greater separation between the “plates? of the

- capacitor and lowering the capacitance. This phenomena is modeled as a

voltage variable capacitance in parallel with the diode current generator.
b. Advantages _
The addition of the depletion (or transition) capacitor
will "improve ‘the model accuracy in any analysis where the transient

_characteristics are important. As noted earlier, many codes require a

capacitive element in parali2] with the dicde current generator in order.
to make the voltage across the diode a state variable. A small constant
capacitance will satisfy this requirement, but a voltage variable capaci-
tance requires no additional elements and very little additional mathe-.

‘matical complexity.

c. Cautions ,
- Time-consuming capacitance measurements must be made with
a capacitance bridge to develop the capacitance models.
d. Characteristics - ‘ ‘ _
The diode topology required for the addition of depletion
capacitance is given in figure i1-29. ‘

— O
——AAA—
R .
.
CT o

-Figure 1I-29. Diode Topology for Incluston
of Depletion Capacitance
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A typical plot of depletion capacitance as a function of diode

bias is shown in figure 11-30.

Cr
/

d

———/
REVERSE BIAS | FORWARD BIAS

o ‘ *'p

Figure 11-30. Capacitance Versus_Bias

e. Defining Equation

_ 10

Co = o
T . m
(i-n)
Y
f. Parameter List

'CT, = value of depletion capacitance

L

the value of the diode junction capacitance
at Vp = 0 - . o
¢ = the junction barrier potential o
m = the junction capacitance gradient factor

g. Parameterization (Crgs Ws M

‘1) Definition

: CTO’ Y, and m are the thr. paramgtebs that describe
this junction capacitance due to the fixed charge in the junction:depletion
‘region. Cy, is the value of C; at V = 0, ¢ is the built-in barrier

potential, and m is the capacitance gradient factor.

L 11442
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2) Typical Value

CTO is typically on the order of G.3 pF/m11
junction area. The barrier potential ¢ is usuaily about D.6 V. The
constant m will usually be between 0.333 (graded junction) and 0.5 (step
junction) but may be much less for gold doped junctions.

‘ | 3) Measurement

The junction capacitance can be obtained as a func-
tion of‘voltage by means of a bridge such as the Boonton medel 75 or the
Hewlett-Packard 4271. .

A method of reducing the data by graphical techniques
is to make an initial guess for ¢ and then plot the resultant value of CT
as a function of (¢ - V ) on log-log graph paper. If a straight line
results, the chosen va]ues are assumed to be correct. If the line is not
straight, a new guess is made for ¢ and a new plot is made. If the curve
is concave in a downward direction, decrease .

Another techn1que is to piot (CT) as a function
of VD' Plotting 1/C and 1/C are good starting points since a stra1ght ,
Tine result will establish the junction as linearly graded or abruptly
discontinuous, respectively. When a straight line is obtained, ¢ is
determined by extrapolating the line to the VD axis. '

4) Example - 1NS14

C-v data obtained in the reverse biased region are
shown in table II-3.

'TABLE II-3.. JUNCTION CAPACITANCE VERSUS REVERSE BIAS

° b

1.365 pF 0 wvolts
1,350 -0.5 |
1.354 -0.8

1.342° -1.0

1.336 -1.5

1.325 - -2.5

11-43




Plotting 1./C2 and 1/C3 as a function of VD yiélds the
plots shown in figures II-31 and II-32, respectively. Tha similar ctirves
indicate that the junction grading ccefficient does not lie between 0.5
and 0.333 as predicted by simple theory. However, this result is not
sunbrising since the IN914 is go!d doped. To find the grading coeffi-
cient, a different graphical technigue will be applied for exampie pur-
poses. ' ‘ '

The first guess for the plot is ¢-= 0.6 ¥. The resulting
‘'values for the piot are shown in table II-4. The resultant plot is
illustrated in figure II-33. Since this plot forms a reasonahly straight
line, ¢ is assumed to be 0.6 V and no other values of § need be tried.

The value of -m is the inverse SIope of th2 line plotted in figure TL -3
. and is: ‘

_m - log 1.365 pF - log 1.325 pr
log 0

5 - .
6V - Tog 3.7V °.08

TABLE II-4. ALTERNATE CAPACITANCE DETERMINA{ION

1.365 pF ' ' 0.6 volts
1.350 1.1

1.345 1.4

1.382 . 1.6

1.336 2.1
135" ' 3.1

. CTO can be calcu]ated from the capac1tance formu]a and a
singla raw data point as:

i1-4a
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.74

.64

Figure 11-31. 1/¢% Versus v,
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0.0181
R 1 - (-1 V) .
Crp @71V =1.382 pF [ ey ]

1.37 ¢F
The experimental vaiue of CTO (VD = 0 V) was 1.365 pF.
h. Implementation Nutes '
Direct implementation ~f the depletion capacitance equa-
tion will result in a singu]arity if V =y, TJo avoid this singularity, .,
a typical capacitance equatlon will 11m1t the term V /w to some value

less than unity through application of the AMINI funct1on - Limiting the
capacitance by-this means will have littie affect on simulation results
for the following reasons:
(1) Diffusion capacitance. in the forward region will dominate over
depletion capacitance. ‘
(2) The depletion approximation used to develop the capacitance
equation looses its validity as VD approaches P. ' -
7. Diffusion Capac1tance Effects

a. Description

When the diode is forward biased, excess rinority charge

carriers are in transit throughout the semiccnductor material. These
carriers can be thought of a: a chcrge stored in the volume of semicon-
ductor material and modeled as a charge stored in a capacitive element.
This capacitance is usually referred to as the diffusion capac1tan'e and '
is pruporglonal to the diode current. o o ' ' ' D
b.  Advantages , . ‘ ‘ '
For transient analysis, the diffusion capacitance is
essential 11 modeling diode storage tine. " ' - '
‘c. Cautions : ’ . ' '
Parameter1;ation of the diffasion capacitance generally
requires access to sophisticated pulsed measurement facilities or speci~
fication sheet data for storage. time.
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4. Characteristics :
the topoicgy required for the modeling ot charge storage
effects is given in figure [[-34.

Figure 11-34. Compiete Charge Storage Diode Model

e. Defining Equa(iOH

\
C. = 1 tC? Iy * 15) ' .
0 KT |

f. Parameterization (tcs)

1) Definition

‘ .tcs.'the charge storage factor, is related to the
time required tor all charges sgored in the semiconductor volume to be
dissipated. This constant will be a function of minority carrier life-
time, diffusion velocity, and other parameters which describe charge

s(oraget,

2)  Typical Value . _
A typical value of the charge storage factor is ?0
ns. Values from 0.1 ns to 1 psS are common.

11-49
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3)  Measurement

t(s can be found by applicatiun of the expression

(0N ..
tes = (?ﬁr) CrRg
where F is the intrinsic diode cutoff frequency. Knowing tne storage
time, t.e frequency parameter F (required in the previous equaticr) is
calculated from: : -

en {1+ IF/IR)

b
an i

F =

IF = the diode i1orward current
IR = the diode reverse current
t_ = the diode storage time

" Specification sheets often contain the necessary
information to calculate F. A test configuration similar to the one
‘shown in figure 1[-35 can be used to obtain diode storage time exneri-
mentally. The power supply'is adjusted tu obtain the desired forward
test current. The pulse generator is then adjusted to obtain the desired
reverse recovery current. The storage time is the time from the begin-
ning of the reverse current transition to the time when the reverse

"current begins to decay'touard its dc value. An example of a typical
measurement waveform is shown in figbre 11-36. ' '
4)  Example - IN9I4 \
. The reverse recovery time information given by Luma-
; trbn'(figure 11-4) is in a form that can be applied directly. Assuming
that the reverse recovery time is approximately equal to storage time,




AMMETER

TO SAMP' ING
SCOFE

Figure I1-35. Diode Storage Time Test Circuit

‘ © STORAGE TIME *

|

DIODE CURRENT ‘ I

' SIGNAL VOLTAGE ,

Figure 11-36. Diode Storage Timejugvefbrm
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- (1 + 10 TA/N0 mA) 7.
F = n \gin§7 = }.38‘x 107 hertz

tcs can now be found as-

|
2n (1,38 x 10! Hz)

H

.t'CS:

9. Computer Exambles-

1.15 x IO-B seconds

~ To verify the charge storage features of the 'diode model,

a simulated storage time circuit was encoded The diode frequency param-

- eter may be computed from the simulat~d storage time.

This frequency

paraméter may be compared to the frequency paramneter used to develop the

mode'.

The storage time test circuit was simulated by use of the

SPTCE computer code. The storage time test circuit is
figure 11-37. The input listing for this run is given

iltustrated in
in figure 11-38.

The test circuit output is listed in figure 11-39. The ouiput parameter

is the voltage at node 6 which is designated by asterisks. 'This voltage

is across 50 ohms; therefore, the diode current i3 known.

Rl . 3

2 AAA—

. ®

Figure .11-37.
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The digde forward current, IF' is about:

0.5V

I.r-=—§0—-§=10mA

The diode transient reverse cur:ent, IQ , is about:

. 0.5V _
"7 oww T 0m™

The storage time can be seen to be about 8 ns. 7The frequency parameter,
F, can now be calculated as:

gn (1 + 12 mA/10 mA)
2n (8 ns)

-
il

ft

F 13.8 MHz

The experimental frequency parameter used to develop the diode model is
also 13.8 MHz. ' '
8. /hotocurrent £ffects
a. Description -
A P-N dicde junction exposed to a pulse of ionizing-radi-

ation will produce a photocurrent due to the interaction betweer .he
junction and'tng hole-election pairs produced by the radiation. The
amplitude of the phoiocurrent isvproportiodal to the dose rate of the
radiation exposure and to the volume of the semiconductor contributing
hole-electron pairs to the conduction process.. , ,

A convenient unit of ionizing radiation is the rad. One
rad deposits 100 ergs of energy in 1 gram of the irhadiaied material. ' In
silicon, 1 rad produces 4 x )0‘3 hole-electron pairs/cm3, This éonstant
is the generation rate for silicon.

v The.dfode photocurrent consists of two components. [he
prompt component consists of electron-hole pairs generated within the
depletion volL@e at the metallurgicalljunction. Carriars produced in

[1-55




this voiume are immediately swept cut by the high electric field which

‘exists in this region. Nonequilibrium minority carriers produced in the
quasineutral region bordering the depletion rcgion may be swept across
the junction it the carriers can reach the depletion region edge before
recombining. The average distance minority carriers travel before recom-
bination is called the diffusion length. The delayed photocurreat compo-
nent will consist ot generated minority carriers produced within one
aiffu.ion length of the depletion regiu.y edge. A time delay occurs due
to the finite time required for the minority carriers to reach the deple-
tion region. " '

A complication arises in that the behavior of minority
carrier electrons differs irom minority carrier holes. The photocurrent
expressions presented make the simplifying assumption that only one type
of minority carrier dominateé the photoresponse.

The phvsical parameters ra2quired to predict photocurvent
are best determined from knowledge of the device material and geometry.
Since such information is not normally available, methods for estimating
physical parameters from terminal measurements are given, 'Such tech-

'niques must be regurded as only "hast guesses" to be made in the absence
of other sources of information. '
b. ' dvaniages )

Evaluation of the photocurrent expres jons allows the
detavled predlctvon of photoresponse for complex electronic c1rcu1ts
Exper1mental photOCurrent inclusion allows a qulck and 91mple method of '
transient response analysus

c. Cattions , .

For dose rates greater than } x 10° rad (Si)/sec, phot6~
cur-ent amplitudes do not necessarily scale linearly with'increésing doce
rage. Theretore, experimental data are usually necessary to accurateiy

.‘model photoresponse in this reqion. Also, the diffusion component of -
photocurrent is highly:dépendept on minority carrier lifetire. Since
lifetime is difficult to determine, purely theoretical pradictions of’
photocurrent amplitude and decay times are rot reliable at any dose rate.

S6
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d. Characteristics

The placement of the photocurrent generator in tie diode
model is illustrated in figure I-40.

v ‘
D .R
+ - B
H—»@———ww—-
'
—ANA— R
|l C,
1 .
——%

IDP

Figure 11-40. Phctocurrent Inclusive Diode

e. Defiring Equations

" Four descriptions of the photocurrent geﬁesator are con-
sidered: ‘ ‘ ‘. . '

(@D) Pjecewise linear tabfe describiﬁg photocurrent from experi-
mental data. Tnis method has the advantage of accuracy and
ease of implementation. The hain‘disadvantage is the lack of
fJexibility. : .

(2) Wirth and Rogers (ref. 1;-2) have pérformed an evaluation of
photocurrent for a rectangular pulse width with the following
result. ‘ ‘

o P Ip‘;(t) = yq gA -[w + L erf'(‘ur)"-.] u(e)
‘ 'y : ‘
£ ' /L.‘ t |\ o I
_ o WL ferf\-——t—-E uct - tp)"

#

R k .
" 11e57




(3) For nonrectangular radiation pulses, the photocurrent can be
predicted more accurately if a convolution integral is used to
relate the time dependent rate of radiation exposure to the

photocurrent production..

I =c¢cyp | W <¥(t))+ L J‘ | exp(i) AV2 ge-a)dn ]

PP P v [t t

(4) Examination of the ploté of the Wirth and Rogers equation
revezls that the photocurrent waveshapes can often be estimated

0

as a doubte exponential. This expression is:

p=1 1
J PP exp

;ﬁmm[“'tnz)’_?]{ exp
T

“Avax [(t'tm)’o]
™R

£, Parameter List

Ipp = the diode photocurrent
W

effective depletion region width

L = diffusion length
T =  minority carrier lifetime
y(t) = time dependent radiation pulse
Yyp =  peak value of radiation puise .
C = ~ an'empirically determined scaling factor ref]ectiﬁg
"material and geometric constants
g = generation rate in silicon’
tp = radiation pulse width
u(t) = unit step ,
tD2 = radiation pulse termination time
L ‘time constant for waveform falling edge.
tyy = - radiation pulse initiation vime
Tq = time constant for waveform rising edge
A = dummy variable for integration

t = time




g. Parameterization
1) W
a) Definiticn
W is the width of the depletion region at the
metallurgical junction. The value of W is voitage dependent, but a

constant approximation may be used.
b) Typical Value
A typical value for W is 1 x 10-4

¢) Measurement ,
4 W can be estimated from the values of the break-
down of the junction. By making the assumption that the junétion is
abrupt and p]anar, W at the breakdown voltage méy'be estimated as:

b
"= 2 £ VBD
v -3/2
BD
2.72 x 1012
£ = The perm1tt1v1ty of . the material (1.04 x 10 "12 c/cm

for silicon)
The depletion width at zero bias can now be calculated as:

Wygp

W E
N
- m

The dépletidn.width at any bias can now bé estimated as:

. v.\m
—w . _D
W= MU 1 "

i
i
i
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d) .Example - 1N914 '
The ‘breakdown voltage of the INS14 being modeled

is 150 volts. The width of the depletion region at this bias is:

-12 *
w=| 2.0.08 x 107" F/em) (150 V)

(i.s x 10719 c)(xso/z.zz .10

12) -3/

= -4 ; "
W= 894 x10 " cmat Vg,

-4 -
o= 894x10 e 509107 cn

0 L (150) 0.0781
1'" 0%

2) 1
a) Definition
t is the lifetime of the predominant minority
carrier produced by ionizing radiation.
' b) Typical Value .

‘ A typical value of t is 10 nanoseconds. A range
of 0.1 ns to 1 s is common. - ‘
¢) - Measurement ,
An approximation for t is the charge storagé
discussed earlier.. . ' '
' d) Example - IN914 ‘ .
. The value of .o obtained for the IN914 from
data sheets was 1.15 x 10”8 seconds. Therefore, the estimate of t is
1.15 x 10°8 seconds. | ‘

factor, tcs’
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a) Definition
L 15 the diffusion length of the predom1nant

minority carrier. It is the averaae distance a carrier will d‘ffuse
before recombining.

b) Typical Value

A typica! value for L is 10 ym. The maximum
value of L is of the order of 1 cm in undoped silicon. Minimum values
are less than f pm.

c) Measurement Ny
3 L can be determined from the expression
L VDt
where [ is the cafrier diffusion constart. At room temperature the
electron diffusion constant varies from ‘approximately 30 cm /sec to 35
cmz/sec. depending on the doping level. The corresponding hale diffusion
constants are 12 and 11. Because the variations of Dn and D_ are small
in the range of interest, they may be chosen as constants. If it is not
known whliether electrons or holes are the predohiuant minarity car-ier,
several facts may help:

(1) The substrate material into which the diffusion was made gen-
erally determines the preduminant minority carrier. The domi-
nant carriers will be electrons if the substrate is P-type, or
holes lf N-type.

(2) Planar process diodes are generally produced using N-type
substrates

d) Examglg - 1N914
) Since no details about the |N914 substrate ave
readily available, an N-type substrate will be assumed. A diffusion

~ constant of 12 cm’/sec will be chosen. L can now be solved for as:
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L= 12 an/sec)(1.15 x 10°8) e

L=3.7i x 15°% cn

4) ¢
a) Definition
C is an empiricaliy determired con:tant which
scales the value of predicted photocurrent to correcpond to actial observed
levels.

b) Typical Value

The theoretical value uf C is 6.46 x 10-6 times
the area (cmz) of the diode.

c) Measurement
If radiation data are not available,

C:Aqgo ' . ' -
If radiation data are available,

App (steady state)
c—

(W+ L) Q (steady state)

d) Example - IN914

Experimental photocurrent data from measunements
for a IN914 are shown in table I1-5.
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TABLE 11-5  MEASURFD PHOTOCURRENTS FOR.?N914'

o
i 16 x 10"
1.59 x 10"
1.h7 x 10"
2.03 x 10"
2.53 x 1"
2.50 x 10"

‘pp
100 mA
100 mA
80 mA
120 mA
100 mA
100 mA

W at -60 V is:

i i 0.018]
W =809 x 10 4[1 - iﬁ§g—¥%]

W=879x 107" cm

Applying the approximation

C:_EE.___.
y (W+ L)

yields the results shown in table I1-6.

TABLE II1-6. DETERMINATION Of‘C ,

1.16
1.59
1.67
2.03
2.53
2.50

o ooxX _ox O X. X X

]0" '

10"
10"
iO"
]0.‘.
10"

¢

6.90 x 1070
503 x 10719
3.83x 19710
BT
4.73 x 10
3.16 x 10710
3.20 x 10710
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C=a.48x0 0

The theoretical‘value for C is:

C=(1.6 x 1079 c)a x 10'3/rad)(1.25 x 1074 cm)

c=8.26x 1010

5 tpp e gy Tp

a) Defirition

tDl and'rR are, rgspectively. the radiation
pulse initiation time and the time constant for the rising ecge of the
photocurrent. Similariy. tDZ and T are the pulse termination time and
the time constant for the ralling edge.
'b)  Measurement
tDZ; T tD]' and T Cin bé found by gxamination
of the phetocurrent waveform as illustrated by figure 11-41.

T-.

4

i
]
)
t
!
i
ot
1
’
)
!
}
f

0

- .

D2

— ]

— p—

Figurg'll;dl. Photocurrent Waveform -
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The rise- and falltime constants may be estimated

by recalling that an exponential reaches 98 percent of the steady state
value in four time constants. '

h.

Implementation Notes

'The error function may be apprdximated by using the follow-

ing expansion of erf,

where:

table.

w o o ¢,
LV

| -4
erf X =1 - (1 +BX + BXC + BX3 # 34x4)

error < 2.5 x 10

1.

1 2 3

0.278394
0.250388
0.000973
0.078108

-4

A subroutine which implements the convolution integra]i
photocurreht solution is very useful for photocurrent predictidnq.
Subroutine PPC (ref. 11-3), shown in figure 11-42, may be used to compute
a photocurrent waveform for input into a circuit analysis code as{a

Computer Example

The PPC subroutine was applied to pred1ct the photoresponse '

of a diode exposed to a peak dose rate of 1.16 x- lolo.rad (ISi)/sec »
. (estimated by dosimetry). The test was made at zero volts bias and the ‘

ionizing waveform was estimzted to be as in figure 1I-43.
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Figure 11-43. Ionizing Waveform

The computer listing for the prediction is given in figure
I1-44. the results of this progras are plotted in figure 11-45. A
comparison with the actual test, figure 11-46, shows agreement withir 50
percent. The predicted peak photocurrent was about 8 mA- the -xperi-
mental peak photocurﬁent (at a current probe response of 5 mV/mA} was
14.3 mA. | ' -
9. Neutron Effects
a.. Description

~ Displacement damage produced by neutron irradiation destcoys
~the crystalline'stnucture of the semiconductor altering the eicctridal
behavior of the material. there is a tendency for the crystalline struc-
ture to reorder itself under the influence of“time, temperatufe.'énd
bias. Hence, the fluence depehdent elactirical characteristics tend to
recover (anneal) toward their preifradiation ievel under the influence of
time and *emperature. This process tends to occur more rapidly at short
times after exposure (rapid anrealing) if éur?ent densities are high.
The analyst should determine if short term, post exposure prédictions or
: iongér term problems are to be considered. .

The neutron flux is the number of particles per secnnd
passing through a sphere of unit cross-sectional area. For a normal
beam, the sphere would recuce to planar area of unity. Fluence is the
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time integral of flux and has units of neutuons/cm?. " ihe amount of
~damage produced by a neutren exposure is also a function of the energy
spectrum of the neutruns The moreling procedures discusseu here ass$ume
that the analyst has been provided with the equnvalent neutron fluence in
terms of neutrons w.th energies or 1 MeV. _

The three major effects of neutron damage an semxconductor
devices are: ‘

(1) Increased density of recumbination centers resulting in a
decrease in mincrity carrier lifetime and increased generation
currents. '

(2) A carrier removal etfec* which effectively “counter-dopes" the
semiconductor, resulting in mere 'ightiv doped regions. This
in turn causes the equilibrium majority carrier concentration
to decrease and the equilibrium minority carrier concentrat1on
to 1ncrea>e

(3N Moblluty decreases due to the increased damage

The effect of this damage will be to 1ncrease the diode
leakage, em1551on constant, and bulk resistivity. For taose diodes
having extremely low breakduwn voltages, where the breakdown ic the
result of bqnd-to'band tunneling, the introduction of ‘auditional
generatin-recombination centers can lower the brrakdswn voitage. Diodes
with higt breakdown voltages may exhibit ‘carrier removal effects which

result in FESlSthlty increases. ~ Minority carrier lifetime degradation |

may result in a decrease in the diffusion capacitance of di odes which
originally had long stcrage times. To.model these effects, variatlons
may be required in values for IS' c CD' and M.

b. dvantage

Inclusicn of neutron damaqe effects on mode! parameters

permits the analyst to predict circuit deqradat1on as a result-of neutron
exposure '

c. Cautions

Experimental data are the most reliable source of neutron |

deqgradation information. However, neutron irradiation facilities are not
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available to most.ana]ysts; The CRIC data base (ref. II-4) provides post
exposure characteristics of seme device types. It should be used as the
second most desirable source of data. Neutron degradation theory is
generally quite sophisticated. However, some knowledge of pfeirradiation
minority carrierllifetime (t) is generally required in order to apply the
theory. Sincc t is difficult to determine, the results of theoretica’

predictions should only be considered approximations.

d. Characteristics ,
‘ The topology required for the neutron susceptible diode is
illustrated in fiqure 11-47. ' ) ,
' » A typical pre- and postirradiation diode characteristic is
illustrated in figure 1I-48. ‘
e. Defining Equations

For recombination rate-per carrier:

There are no exact values of k. However, typicai values are 4 x 10-6 to
6 x 10°® cm?/n-s for P-type silicon and 6 x 107° to 9 x 10°® en/n-s for -
N-type silicon. ' :

For impurity concentration:

Cw N
N=N, - G

dN/d$ is the carrier removal rate and usually lies between 1.5 and 3.0

~ carriers/n-cm for P-type silicon and 1.0 and 4 carriers/n-cm for N-type

silicon. ‘
Ott.or relevant expressions are:

=%-;+.E_

A=

T
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Figure 11-47,. Topolagy for Neutron Susceptible Diade
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wnich is obviously related to the 1ecombination rate, and

RS

Mobility changes are'usually insignificant relative to other effects.
10.  Burnout
~a. Description
A nuclear event produces large amounts of electromagnetic

" energy which may be coupled to an electronic circuit. The large tran-

. sient voltages and currents produced by the EMP (electromagnetic pulse)
may prodﬁce catastrophic failure of semiconductor devices by destructive
heating of the above device. Junctions usually fail while being'pulsed
in the reverse biased mode due to the higher power dissipations possible.
This implies that 'reverse breakdown must be included in the model if an

_EMP assessment of the circuit is to. be made.

» Electrical overstress may produce a failure of a forward
biased junction. Becarise of the lower voltage drops associated with a
forward biased junction, much higher current levels are required to fail
a forward biased juncticn as opposed to a reverse biased junction.
Because of the high current levels, voltage drops along the bulk regions
of the diode become important. Forward bias failures can be predictéd in
a similar manner as reverse biased failures if the general form of the
Wunsch expression is applied. It has been obsarved that the Wunsch
cqnstédt for the forward region is roughly 10 times the Wunsch constant
for the reverse region.

’ ' “Metallization failures may becdme important for MOS inte-
grated circuits and other circuits which utilize narrow metallization due
to low power requirements. The failure is due -to the destructive ohmic,
hecting of the Metallizatign interconnects. 'Often, the failure wilj
occur at an oxide step on the circuit because of thin films which form at
the step. Metallization failure has been observed after device destruc-
tion when the junction shorts due to heating. If overstress test data
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are not available to indicate the nature of the failure mode of a device,
metallization failure should not be considered a likely occurrence unless
'MOS or low power integrated circuits are being considered.

Two procedures are established for mcdeling junction
burnout. One is based on the average power delivered to a junction and
is suitable for rectangular overstress pulses. The other procedure is
based on a thermal analogy mode: and is suitable for any waveshape.

' | The most straightforward procedure for modeling tha failure
characterlstlcs is to:
(1) Monitor the current and voltage for the devicé of interest
(2) Compute an aVerage power.
(3) Compare the calculated power to the calculated failure thresh-

old given by P = Kw t ~1/2 ,

where: .
P = failure power
Kw = Jevice damage constant (Wunsch constant)
t = overstress pulse width

The thermal analog circuit allows the prediction of burn-
out from codes which have no subroutine capalility. The one dimensional
lumped element for heat flow is shown in figure II1-49. "Since junction
power is the knowp thermal qﬁantity, the electrical analogy of the hea*
source should be a current source. When the temperature (voltage) of the
aﬁalog circuit rises above some failure temperature, a simulated devicg
failure occurs. |
' The literature suggests several possible failure temper-
ature- cr1ter1a one of which the intrinsic temperature, is that tempera-
ture at which the intrinsic carrier concentrdtlon becomes °qual to the
semicon ductor doping density.

- b. Advantago

A power monitoring suorout1ne or thermal analon allows the

analyst to examine tbe pos<1b11}ty of device fa1'ure
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c. Cautions
Knowledge of the damége constant, K, is required for the
device to be anaiyzed. Tor the thermal analog circuit, knowledge of the
device failure temperature is needed. Inclusicn of a power monitoring

subroutine or thermal analog will increase the complexity of an analysis.

d. Characteristics

A typical waveform of a device subjected to a destructive

step voltage is illustrated in figure 11-50.
e. Defining Equations

. .-1/2
PragL = K b

f. ‘Parameterization (Kw)

1) Definition
Kw,{s the constant which relates the power required
to fail a diode to the time the power is appliad.
2) Typical Value A
A typifai value of K is 0.1 watt-sec
of Kw depends on deviqe'area and fabrication detgils.
3) Measurement

]/2. The value

K can be determined by applying rectangular vollage
pulses to reverse biased diodes. The puise i2ngth should be varied
between 10u ns and 100 ps. The pulse amplitude is gradually increased

unti! the device does not meet its specifications. K s then calculated
as: ‘ ' '

K=1v vVt

wheré:’ .
1 = the failure current level
V = the failure voltage level

the failure time
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Figure 11-50. Device Failure Waveforms
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At least six devices should be tested at 3 pulse widths to obtain an
average value of X . '
4) Example - IN914
~ The Wunsch constant for the IN914 was -obtained through
puclished experimental results. The experimental valuss of Kw obtained

were:
7.2 x IO‘Z’watt-sec% '
] %

3.6 x 10‘2 watt-sec%]

2.1 x 107" watt-sec

Rw = 0.126 watt-sec?®

g. Implementation Notes ' ' |

The average power model for detécting semiconductor damage
is contained in the FORTRAN subroutine FBURN. . FBURN is included in the
computer example of the following section. |

' hi  Computer E<ample

As an example of the implementation of a'power monitoring
subroutire, FBURN, the IN914 diode model was subjected to 0.3 amp; reverse
bias as ‘shown in figure I1-51. ‘Since the breakdown voltage was 150 volts
and the K for this test was 0.126 watt-secg. the failure time shodld.
be: ' h

-2

[ad
i

.

{(0.3 AY(150 V)/0.126 watt-sec*]

T~
i

7.84 ps -

RN 8]

SpRperprrereue Lo




] ‘ 100 .. 2
VMA ’

/r 0.3 amp

.
o

Figure II-51. Burnout Simulation Circuit

The listing for this test, including FBURN is given in
figure [1-52. The failure flag produced by FBURN is shown in flgure
1i-53. The fallure time lndlcated by FBURN is 7 us.

11, Total Dose Effects
The ~_cumulated ionizing dose damages semiconductor surfaces.

The ionizing radiation produces positive charge within the oxide at the

- semiconductor surface. The number of surface energy states is increased.
The total dose erfect on planar diodes is to produce a junction leakage
term which may be large relative to the initial leakage but usually less.
~ than 100 nA.

l 12. (Code Implementation

Circuit analysis computer codes differ in nomenclature and
details of model formulation. The purpose of this section is 'to present
a table which will allow the analyst to convert the modeling handbook
oarameters to a foram acceptable, to several network analysis codes.

The computer programs chosen are codes which hhve'found much'
| utility as teols to study the radiation response of electronic circuits
and systems. These cudes are CIRCUS 2 2, TRAC, SCEPTRE, NET-2, and SPICE.

Fo.umn one of the conversion taole, table II-7, contains the
symbols of model parameters as developed by the mod21ing handbook and the
units used to form a consistent set The follow1nq columns list the.
equivalent parameter for a computer code. The symoology ‘ani preferred
units of the code are given. The last colJmh is a list of typiral,
conservative parametar vafues which may be applied in the event of an
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c TRANSTENT ~AS vOT STARTED, ' .

[4 OR TIME EXCESDS VALID INTEEVAL FOR PzK/SURT(T),
20 OLOP(ID) = ¢,
oLOT(ID) = Tg
OLDE(ID) = o,

PFaAlL = o,
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FAURN = ¢,
RE TunN - ,
30 PHINT 300 , .
STop -

100 FORMAT (B(/)ei0K401) 20y IS.SNedFAILUKE TIME TOELTL 715K,
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END :
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incemplete data set. When utilizing a default value, a "units" conver-
sion may ve required to maintain a consistent set of parameters within a ‘ -
given coda.

3. Linvill Lumpad Model of The Diode

a.. Introduction : .
The Linvill lumpea model is presented in this section to
intrédbce the analyst to an aliernate aop{oach to the modeling process.
The Linvill lumper modet uses element. toat represent actual oh}sical
processes to aescribe the diode. The previous dicue models trcat only ﬁ
the terminal behavior of the device. :§
' “The Linvill moae! allows creater insight into the physical i
processes oécurrinq in the diode. A disadvantage of the Lirviil 'umped ?
model i< the inability to directlv obtain the values of the Linvilli
elements.l For this reasorn, Linv.Il model i5 a more appropriate tool for f
aralyses considering the .eifect cf material nr fabrication variations on
device and circuit oarformanze.  The inte;actlnn between radiation effects
at the besic maperial,levél cnd their manifestation in the electrical
behavior: of the diode is easily simulated by the mocel. The Tol.owing
presentation contains poth electrical effects and radistion eifects in
the LinvilllterminoJogy. ' :
The Lirvill model provides great flexibility in nodeling
-material variations in the diode structure and aemonstrating the result
of these variaticns on terminal performance. For'example, diode~ con-
structed witih an epitaiial layer can have both the characteristirs .f the
epitaxiul layer and the substrate included individually by the incorﬁora-
tion of appropriate elements in the model. ' _
_ Only tha NET-2 circuit analysis code has Linvill elements
which may be utilized directly in the construction of a'Linvill"umped
model. The model cannot be used directly in any other crde addressed in
the handbook. ' '
b. Basic Concepts
* Consider the dicde shown in the schematic of figure T[-54
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Figuré'II-54. Diode Structure

A slice of material AX is shown in the substrate material.
ihis .slice forms a volume AX-A where A is the area of the diod». A
fundamental equation of semiconduc;or_physics,'the continuity equation '
describes the processes occurring within a semiconductor volume as:

(1) The flow of minority carriers into the volume. o e
(2) The flow of minority carriers out of the volume.

(3) " The recombinatior. of carriers within the volume. o

{4) The generation of carriers in the volume. '

(5) The storage of minority carriers in the volume.

The usual procedure is to make the vclumes approaci zero
and then contend with fhe resulting partial différentia] equaticns,

The Linvill model leaves the volumes finite. The volumes
are usually formed by siicing the device parallel to the junction region
so that the problem is one dimansional. The achracy vérsus'sfmplicity
trade<off is made in determining the thickness and pumber of slices.

The Linvill elements are functions of the minority carrier
concentrations in the region (holes it N-type, eiectrons if P-type).

Each element represents a portion of the centinuit: equation. Di ffusance
represents the movement of carriers when a carrier gralient is formed.
Storance represents chafge flowing into a volume but not leaving the
volume. Combinance represents the loss of minority carriers through

e
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“vecombination. Driftance represents carrier wction produced by an elec-
tric field. The deiining equations ¢f the linvill elements are given in
figure I1-55, The element symbols are used without the p-n subsrripts
when the material type is undefined. '

, The "slices" of 3 semiconductor are represented by Linvil}
lumps.  These lumps are valid only in quasineutral regions; that is,
where no depletion cxists. The Linvill elenents represent the physical
‘processes occurring in the lumps. A Linvill lump is shown in figure
[1-56. The current flow through the Linvill elements depends only oa the
value ot minority carrier concentratior at the minority carrier node as
defined in 7igure Il-55.

The junction region nodel is illustrated by figure I1-57.
The minority éarrier concentrations at the depletion boundaries are
defined as. a function of the voltage across t.e junction and the equil-
ibrium minority carrier coﬁcentrations npc'and Pro The P-N juqction
model defines th~ boundary conditions for minority carrier concentrations
and all dioae «v "1t +s @ consequence of the charge at the junction.

c. Drode Modeling

The choice of the number and placement of the lumps for a
diode is a matter of judgment. Only as few Jumps as are required for '
correct results to a problem should be used. Some general rules are
available. ' ,

Diodes in wnich one side is heavily doped cumpared to Lhe
other side may be modeled by including lumps on only the tightly doped'
side. This simplification requires the assumption that minority carrier
injection intc the heavily dopea side is insignificant. Tn the simplest
form only one lump may be used. This model will be a&equate for only the
dc or slow behaviqk of the diode. .Two lumps would prcduce a better
simulation of the transient behavior. Often the "slices” of the two lump
model are given differant widths. Typical values are L/2 and 31./2 where
L.is the diffusion length. The tvo lump model will predict 1 more accurate
storage ;ime but will yield significant errors in predf;ting the ratio of
reverse to forward currert. For better results, more Jumps are needed.

- 11-87




Han

|| R

Yudn T Hdn (pa(t) - Pb(t))

where
HdN = the diffusance elemert
‘P = minority carrier hole concentration
i = current
i
SN %
F{t) Ommremmaiiom :} —0 .
iey = 5, P
SN N dt
where :
SN = the storance element . ' '
' h
' Hew ; .
B2 —— {] l }.._..._...__c
e = Hen P(t) , ‘ S
where ‘ » ' \
Hey = the combinance element

Dy |

(¢

Ty = By (Py(t) - py(e)) o —

where

{
1
|
R ’ ‘ . 1 !
DN = the driftance element :

Figure I1-65.° Linvill Lumped Elements for N and P Material '
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Na(t)o——-a-—{!} — —o h(t)

i = . ’..’l'.'
Trgp = Hap (N {t) 2 N (£))

" where Hy

p the diffusance elerent

=
[l

= minority carrier electron concentration

where

Sp = the storance element

o

Tuep = "ep M(E)

where
HCP = the combinance cleﬁent
‘ | ' DP o “' '
N, (t) - | | - Npft)
—>—||> °

pp = Dp(N,(£) + N, (t))

where DP = the driftance element

| Figure II-55. Linvill Lumped E]ements.fnrvNﬂdnd P Material (Concluded)
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For the case where neither side of the junction is heavily doped, lumps
are required on each side of the junction.

d. Inclusion of Radiation Efrects

The Linvill Tumps will represent the physical changes
induced by radiatien. lonizing radiation will produce an additional term
for Lhe charge generation current element which will be:

'Ig =my Hc +yq 9 AX A

where:

3
"

o the equilibrium minority carrier concentration
g, = the generation rate

AX = the width of the "slice*
A = the area of the "slice"
Hc = the value of the combinance element

A current generator across the Linvill junction is required to model the .
prompt component. This current generator will have the value:

Ip = yq g, WA
where W 'is the depletion fegion width. .

.  Neutron damage will alter the val‘es‘of the LI.vill ele-
ments. Carrier removal effects will alter the eguilibrium va.ues of
minority concentrations. The increased number o recombination sites
nroduced by radiation-induced displacement may drastically aiter the
value of the combinance element. “And finally, m bilfty changas will
. affect the values -of the diffusance and driftance elements. lhe radia-

tion sections of this chapter indicate some of the quantative changes |
which occur to the physfcal behavior of semicondyctor material. The

Linvili alterations of the Linvill element values must reflect these
changes.
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To illustrate the implementation of a”Linvill diode by a
circuit analysis code, ¢ Linvill model of the IN914 was developed by use
of estimation techniques. This example is illustrated in the next section.

e. Example Linvill Liode Model |

1) Description _

The Linvill Tumped model 'ses e]ehents that rep: asent
actual physical processes to describe the diode. Neutron, photocurrent,
'.and failure effects may be simulated.

2)  Advantages
The Linvill model gives greater insight into the

nature of semiconductor devices.
3) Cautions ,
| The one lump model presented does nﬁt model second
“order effects. - Transient behavior is not adequately modeled. The Lin-
vill elements cannot be determined directiy from terminral m.asurements. '
4) Characteristics - _
The radiation inclusive one Jump model for the N9 14
is illustrated in figure 1I-58. ' :

gd

Figure 11-58. One Lumb Model - A i
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5) Defining tquations

YQ g AW

u

e

Igd ='yq g AL

6)  Parameter List
N M . .
M = the minority carrier concentration within

the lightly doped region at the boundary of
the junction regivio

0 = the equilibrium minority carrier concen-
tration within the lxghtly doped side of
the junction

= the' magnitude of the electronic charge

= the valtage applied to the junction region

% Boltzmann's constint

temperaturg in °K

= the storance element

= the combinance element

= the junction capacitance ' ,

¥ whotocurrent produced by generated carrlers
in depletion region :

iqd = phatocurrent . ‘produced by carrters gcnerated

- within one diffusion Iength of the depletion

. region edge

= carrier generation rate

junction area

= depletion width

= diffusion length

L -
LA o) VI~ o < o
H

"gx

(

™ ¥ >»
it
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7) Bérameterization

a)  m,

. ' vmg:is the minority carrier concentration within
"~ the lightly doped'regiOn'of a one-sided diode. If the N side is 1ightly
doped, m, equats p_ .- If the P side of a diode is lightly doped, m, is

equal to npo m can be deLerm1ned as:

3
o
M
iz o=
ol TR

. S P A W TR TOCH, S T T T e e oy sy

where. NL is the’ dop]ng concentratlon on tie Tichtly dopeu side. {nrr~s4
ponding equatlons are:

zZl o
c|—-r\>

5 .

2
<
i

Y

‘where ND and'NA‘ére the doping concentrations in the N and P regions,
respectively, and ny is the intrinsic carrier concentration.

o If the doping 'profiles are known, p . and hpo can be
estimated directly. If no dopinq information is avavlabTe then m can
be ostimated from measurements and used to calculate S. and HC‘ but infor-
mation about which minorvty carrier 1s be|ng dealt with will be unknown

L' the doping on the light side of a diode, can be estimated as (one- sxded

abrupt junction):

\-3/2
Vgp

N, =] ——
b \272 leotrz_
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m, is now calzulated for silicen at room temperature to be:

20

2.1 x 10
m T ——
0 NL

b)

=0

Definition
Cj”is a nonlinear, voltage-dependent capac-
itor which is associated with the depletion region of a diode.

2 Typical Value

Cj varies yith bias voltage and is typically
on the order of 0.3 pF/mil2 of junction area.
i 3 Measurement ‘
. Cj can be determined and éharacteyized by
th> methods, developed in'chapter 11.B.6.
c) EE
Hc is the value of the combinance element
in the one-lump model ‘presented. The compinance elemert represents the
reccmbination on nenequilibrium minority charge carriers.
2 Typical Valgg
Vaiues of He vary widely. A typical value
16 pdn ' '
' .3 Measurement

of HC is 1 x 10

HC can be determined from the reverse
saturation current of the diode, IS. lg is firsi determined using'tﬁe
measurement scheme developed in chapter 11.B.3. HC can now be calculated
as: ‘

—
w

)
o
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IN914 mode!, he is: h , a

d)

- {un

Definition
S 1s the value of the storance element in

The storince element represents minority
charge storage in the neutral, lightly doped side of the diode.

“

2 Typical Value

the one lump model presented.

| | Values of the storance element may vary
widely. A typical value for S is 1 x 10°2% ¢cm-c.

3 Measurement.
S can be calculated from t. values e

values can be determ1ned by the method expla1ned in chapter 11. B 7. S
can then be calculated from

8) Evample - IN9!4

a) L

_Since dopinq profiles of the I1N914 are not
readily ava11able mo was, estimated usiiy the measured breakdown voltage
and assuming the IN914 s/ a well-behaved, one-sided junction.:

breakdown voltage was thep measured at a reverse current of 10 pA as 150

volts. m, vws'then}ca]culated as:

2.1 x 1089

‘ 4, 3
m - - = 8.6 x 107 /cm
A 159 V ‘\ 372 : :
2.72 x 101¢
b) M.

’C for the IN914 diode can now be determined

from a calculatéd value of IS and m . Fcr the value of 15 used in the

"11-96
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121 x 1072 A

14
M. = = 1.41 x 10
g6 x 10%/cm
c) §
S is determined fromch and tcs as
- ' - ’ - -
= (115 x 1078 sec) (1.41 x 107'%) = 1.62 x 1072 em-C

f. Example Comnuter Simulations
1) forward Craracteristic of Linvill Ciode

The Linvi'l IN914 diode was exeicised through its forward
characteristic to allow comparison with other theoretical and actual
data. The network used to test the Linvill diode is illustrated in
figure 11-59. The NET-2 input listing is given in figure‘II-GO{ The
simulated characteristic is plotted a'ong with the actual characteristic
in fiyura [1-6). Excellent agreemeni is obtained.

' 2) Transient Response of IN914 Mcdel

The Linvill diode model was put'through the same storage
time test as wis the standard diode mo.del. As expected, the waveform
produced was nearly identical. The NET-2 listing fer this run is given
in. figure I1-62. The output plot is given in figure 1I-63. All storage
tize parameters (forvard'curfent. reverse current, storage tiae) compare
very closely to those of t'» standard diode model (figure 1I-39).

'C.  REFERENCES
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- Téxas‘Instruments 1570 Catalog.
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0-1 rA LINVILL DIODE (189:4)

S -

O

{a) Forward Characteristic
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I1

0-1 mA
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HC1
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(b) Expanded- View of Test Circuit

Figure 11-59. Linvill Diode Test Circuit .
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CHAPTEP 111
BIPOLAR TRANSISTORS

A.  INTRODUCTION

Bipolar'junction transistor models are the best represented category

of modeis and also the most diverse. The three basic transistor modeling

approaches considered in this chapter are the Ebers-Moll mode]

Gumme1l-Poon
model, and Linvill lumped model. '

An "expandable model" formet is app]ied in this chapter to allow the
analyst to develop the simplest model required for the problem under
consideration.. The expansions occur in four steps:

(1) Basic Transistor Modeling

(2) The Addition of Ohmic and Charge Storage _lements

(3) Modeling of Beta Variations '

(4) Modeling Higher Order Effects

The transistcr models presented in this chapter represent a summary
_of the essential features of Modeling The Bipolar Transistor by Ian Getreu

(reference 1).

Userrs interested in more than a superficial treatment of
transistor models are referred to this book.

~ The user should always be aware of the limitations of the model
being used. Transistor modeis are usually based on describing eqﬁations
vh1ch require numerous simplifications and assumptions for their develop-
mgnt.
of the physical processes which occur in a transistor. Such an-under-
standing will va;tly simpiify the modeling pfocess. Discuss%ons of physica1
phenohenon in this handbook need not be understood to develop a model
but are merely intended to clafify the reacons for moJel development.
A transistor model will only be as accurate as the parameters which

describe it. Judgment must be exercised ¢.ncerning which source of
parameter information to use.

Data sheet information 1s~genéfa11y~very
conservative yet it places bounds on the parameters of a device type.

Minimum beta information from data sheets will yield a worst case value
for neutron hardness assessments but will represent a Tower bourd for

I11-1
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secondary photocurrent production. Measurements will yield accurat~
values for the device being measuréd, but will not indicate the uistri-
bution of parameters over the whole device type. The probliem of choosing
parameter values now becomes statistical in nature and may be treated as
such if sufficient information can be obtained. Radiation effects simu-
lation often requires knowledge of material physical properties. This
chapter includes techpiques for eétimating these properties from terminal
measurements on transistors. These techniques are often based on far
reaching assumptions and should be appliéd only in the absence of better
data. Again, a physical understanding of the problem will give the
.analyst insight into the usefulness of a given estimation technfque.

8.  TRANSISTOR MODELING

1. Basic Transistor Model
a. Description
The most widely used basic transistor model was originally
proposed by Ebers and Moll. It is a nonlinear, large signal dc model
which modeis the fundamental current gain properties of transistors.

b. .Advantages

The basic transistor model may be quickly and easily
parameterized. Manufacturer specification sheets are often all that is
required to develop useful models. It will perform first crder dc anal-
yses with minimum computer time. . | |

' ¢. Cautions
The basic trahsistpr mode ) Simulates'only first order dc
- effects. Therefore, it cannot simulate frequency effects.or any of'tﬁe
sacond order transistor'charaéteristics covered by latter sections.
'd.  Characteristics

Two versions of the basic transistor model are t.e tfar:port
"version and the injeétion version. The two are m-thematically identical,
différing only in the choiée of reference currents. The injectiun vers.,on
is shqwn.in'figure I1I-1. | |

T11-2
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Figure II1-1. Injection Yarsion

. The transport version of the basic transistor moce) is shown in
figure I11-2.

C c
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Figure 111-2. Trar'port‘Vefsion
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Th2 *ransport version is preferabic for the following ieasons:
(1) Both reference currents can be completely détermined i‘ a '
single quantity, {., is known. ,
(2) In practice, transport reference currents are linear over many
decades on a semilog plot. |
(3) For more complex models, diffusion capacitance is more easily
specified.‘
An example of the transport version will be given in this chapter. 8oth
versions of the basic transistor mcdel bﬁoduce an ideal characteristic
illustrated in figure III-3.

c
3oy : Ig=41
: \[:_ Ig=31
| p=21

B 1 Ig=1

I(8,+1)
R A k:
4(1+1) / = “Is’4i

Figure III-3. Model Characteristic

e. Defining Equations

For the injection version:
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For the transport versicn:
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ICC = reference collector source current
;EC'= reference emitter source current

I. = transistor saturation current
' 19 coulombs)

= Beltzmann's constant (8.62 x 10-5 eV/°K)

2 = magnitude of electronic charge (1.60 x 10
) ,
T = temperature of device in °K
VBE = base to e:'tter voltage
VBC = tase to collector voltage
ap = forward large current common base gain

ap = inverse large current common base gain

g. Parameters to pe Found
. IS, o, ay, T
h. . Parameterization
1) ag

a) Definition

oaf is the ratio of the dc collector current to
the dc emitter current when the transistor is in the normal active region
(collector-base reverse biqsed. base-emitter fbéward biased) and the base
is grdunded. Although ap typically varies with collector currert, for
most applications a constant value may be assumed. '
o b) Tynical value '

A typical valie for'ag is 0.99.
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c) Measurement 4
ap can be determined from the relationship:

whgre-ﬁf is the ratio of the dc colloctor current to the dc base current
-hea the transistor is in the normal active region and the emitter is
grounded.- .
The appropriate constant value of BF can be
determ1ned by biasing the transistor to a desired operating point and
'then dividing the collector current by the base current. Current gain
information may also be obtained from manufacturer specification sheet
data. .
d) Example - 2N2222A

1 From Measurement
| ap was determined from the curve tracer
photograph shown in figure I7I-4. The point to be modeled was chosen as
CE = 10 V and IC = 5 mA. The *race most closely corresponding to the
chosen p01ot is 1 = 4(5 pA) = 20 pA. At VCE~= 10 V, this base drive
produces a collector current of 5.6 mA. ‘

4.6 mA/20 pA = 230

P

230/(1 + 230) = 0.99567

i

%

. Cther ope.at1ng points whlch could have been chosen are shown in table
CTII-Y, :
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TABLE III-1. ALTERNATE OPERATING POINTS r}
's : :
5 JA 240
10 240 ,
15 230 ; !
< 249 - ;%
25 . 240 - : _ =
- 30 o240 ]
35 . 251 A :
40 259 ' g
45 249 .
0 256 :
2 From Data Sheets }
‘The manufacturer spec1f1catlon sheet p. = b
eters are listed in flgure I1I-5. From the "On Characteristics’ sect:on i

dc current gain () for the 2N2222A is specifiad as a minimum of 50 at ! A P

o

= 1 mA and a minimum of 75 at 1C = 10 wA  The "Selection Guide” puts'dc“- | | ;

current gain betwecn 100 ard 300 at IC = 150 mA. The data sheets therefore : :

provide useful ‘information for worst case simulations, but fail te provide :

an accurate esiimation of current cain for a given device. . ' §
) a |

a) . Cefinition

) ap, the inverse a, is the ratio of the dc emitter
current to dc collector current when' the transistor is in the inverse
“cperating region (collectcr-base furward brased, base-emitter reve;se

b ased), and the base is grounded. ' '

b)  Jypical Value

A tyoical value of ry is Q.5.
q)»‘_Measurement
ap can be measured with the same fechnlque as
ag, but with the emitter and collector leads lnterrhanqed
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22185, AS, 22195, AS, n2221, Asiscom
2222, 4, 5581, 5582
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*ELECTRICAL CHARACTERISTICS 174 < 25°C uniens atherwim noted?

Characiormue LSvn..l l Man I Max [ Ut ]
OFF C'HARACTEMISTICS
Cotiertur £ mutter Ureghdown Voltage BVceo Vdc
i, - 10 mAS 1g - 0 Non A Suttin 30
) '
2 Sultia INSSBT INGSEY 40
Collector Bease Bress suwn Voitege 8vcgo Vac
fic - 10 sAoc, 1g - O ! Non & “utfi 60 - '
A Suttix. INHSBY.INS582 %
Emurter Gane Breskoown Voliage ' 8Vegao o
g « 10 uAdc ‘¢ - O Non A Suttin $0 i
A Suftia. INS581 IN5582 60
Zotiector Cutott Current ice nAde
IVCE 80 Vik Vg pigin * 30 vao) A Suttin ZNSH8Y. 2NS582 1
Cottes tor Cutott Current ¢80 uhAdc
iVeg - SOV 1g O Non A Suftis oot
tveg 60V g - U A Suftes INGSBT INSS82 001
Mes SO Vac 1y O Ta - 150°C) Non /& Suthx , 190
Ve 6OV g O Ta + 15090 A Suf'ie. INSS81T INSER2 10
S,
€ morter Curoft Corrent ’ lgag nAdc
iveg 30Vdc Ic- O ASuttin INSHE8Y INSLB2 ! 0
| €8
Base Cutof! Corrent iy, nAdc
(Vee 6OV vepiom 30V A Sutfia 20
H 1T
D¢ Current Gain . heE .
He Ot mAdc Veg © 10 Vac! ININBA NI A INSSEH I *
INIIGA IN2I22.A 2NSE2 Y 2%
e - 10 mAde Vo 10 vao) INZ2TE A IN222TA ONS58Y »
IN221Q A IN2222.A INSSB? 50
'ue 10mAd vep - 10 v INZ21B.AIN2221. A INSRAYEY) ¥ )
. IN221GA INZ272A INSLS2U T ™
e 10 mAdc. Vg * 10 vde Ta v 959C) INZIBA IN2221A INSSAY 1%
2N22VIA IN2222A INSSE2? » [
U 150 maac Ve * 10 Vel IN22TB.A INTIV1A INLSBY 40 120
YOIN2219 A IN2222.A INS582 tno o0 ,
W- I50mAde Vg - 10 VacHt) 2 INIRAINDIIIA CNSSEY B
IN2219A IND272A INSS582 50
g .
e - 500 mAdc. vy » 10 Vool MNINGININY F. '
NI IN2222 . © 0
Z2298A IN 22T 1A INSSEY » !
L IN2219A 2N2272A INSARY 40
Lollector Emitter Saturetinn voltagel 1) VCE (ot ] Ve
g+ 150 ;mude ig ¢ 'S mAdc) . Non A Suthx o4’ )
' A Suffia, 2NSSET INSSE? f [ ]
(- S00mAdc tg 50 mAdk) Non A Sufte ts
A Suffin, 2NSSE1 2NS382 10
P —
Bosr £ m ttor Saturation Voitegel 1) Vg tsatl | v
g * 150 mAdc. Ig - 15 mA) Non A Suths L8 o6 20
A Suffix, 2N5581 INGSE2 o6 V2
fic * 500 mAde. [y * %0 mAde) Non A Suftia 28 .
oo A Suthu INSLEL INSSE? 20

* indicaies JEDRC Registered Luts

F%gure‘III-S.

f
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CELECTRICAL CHARACTERISTICS (Cont: wed?
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UE = 10mAS V(g » 10V - 3 QRN INJ2IBA INCIITA INSSBY . 0 ro
IN2ZIDA INZI2IA INSKE) 13 ars,
Output Agmatiance . . . :A“' wihos
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2N2218S,AS, 2N2219S,AS, 2N2221 A, 2N2222,A, 2N5581, 2N5582 (contnued)

FIGURE 1 - NOTWIALIZED OC CURRENT QAN
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FIGUAE 2 - COLLECTO TCHARACTERISTICE IN SATUR.. t 7 MIGION

Lva-n» «{ - Thes graph shows the eftect of base cutrent on colector curremt §,
v,:‘t (current gow ol the edge of saturstion) 13 the curremt gom of the

cg COLLECTOR ENNTTER vOLTAGE YOLTD

ot 1 valt. and A, (forcect gam) is the ratio of 1, /L i 8 Corcust

EXAMPLE For type "T12219. et nuuhnnm('-)nm'
saturation at a temperature of 7 C and & coltector cyrre ! of
150 mA

MM“I 150 mA an cverdvivg factor of ot lerst 2 8
4 TOgur ot to derve the 1ransistor wilt it the satur athon regwn From
Frgure 1 it s 100n that A, @ | volt 13 approvimately 082 of A, @ ' .
woits Uising the gu. s s1teed memmum gow ! 100 w |50 mA shd
10V RN 62 3o sebstituting + 2lues 1 the cverdeive squation
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2N2218S,AS, 2N2219S,AS, 2N2221,A, 2N2222 A, 2N5581, 285582 (cortinued) '
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2N2218S,AS, 2N2213S AS, 2N2221,A, 2N2222,A, ZN5581, 2N5582 (continues:

SWITCHING TIME CHARACTERISTICS

FIGUAE 11 - TURN-ON Tig ) PIGURE 12 - CHARGE DATA
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. 2N2213$ AS, 2N2219$ AS, 2N2221,A, 2N2222 A, 2NS581, 2N5582 {continued;

FiGURE 18 - CURRENY Gain BANOWIOTH PROOUCT AND
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2N221'8_S,AS; 2N2219S AS, 2N2221,A, 2N2222 A, 2NS5581, INS58. \ untinued)
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d) | Evample - 2N2222A
The curve tracer photograph presented in figure
111-6 shows the inverse characteristic of . 2N2222A transistor. The

point chosen {0 model was IE = 4 mA and VEC = 2 V. The neares* corre-
sponding point is:

T

{
VEC =2V, ]E = 4.4 mAf 13 = 5(?00’pA) = 50D pA
.ﬁ] - 4.4 EA = 8.8 : |

- t.8 - ‘
QI = TT—:~§TBS = 0.498
3)

....s' [T IRpRere SURSTEEEEN

Ig

—

a) Definition

[¢ ¥s the transistor saturation current. % is
defined by ti.e reciprocity relation: '

-

vy v T

-
ol

v —- -

b) Typical Value

IS is proportional to the emitter-base junction
area and may vary s.gr

vificantly between device types. A typical value is
1716 amperes. ' '

o b -

c)  Measurement o

| | ‘Is.can be found by measuring ic ai'vac = Vg

This cannot be done by shorting the base to collector. Gne method is to

display collector current versus collector-emitter volt.ge at a constant
value of base'emittér voltaqeﬂ ;S is then the measured value of Ic
dividedlby the value of exp (qVBE/KT). The information required to
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compute IS (Ic at VCE = VBE) may be available in the manufacturer specifi- A
cation sheets. _ _
d) Example - 2N2222A ~ ' :f
1 From Measurement , :
l¢ was btained from the photograph shown ‘
in figure I11-7. ' o , "
. D
‘ ' i
YeE T VBE = 0.6 volt : 1
IC =.0'38 mA | : | | :
g = O.SBGwe =3.30 x 107" amperes !
exp 7 , : ‘4
. v g
2 From Data Sheets k
IS can be obtained from the manufacturer i
5 .cification sheets sho.'* in fiqure T1I-5. The "On" voltage plot yields f
a point where Yge = Vep = o volt. At this point, " = 4.0 mA. '
. | \ i
Ig = 43QTme =7.33x 10718 amperes ’ ~ ;
exp —preyy - , /]
. ﬁ
oI . o )
See discussion of T in chapter 11.3.1. A

=

2. Modeling Breakdown
a. De:~riplion ' ‘ .

An important characteristic of transistor models is their
behavior in an elecirical overstress environment. Even Jefore the onset
of breakdown, the zullector multiplication effects sériously_aiter the

et i e et v e
aath e de o

bahavior of the transistor.
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b. Advantiges
Addition of the breakdewn characteristic to the transistor
model improves <imulation accuracy ot the medel. Inclusic~ of the break-
down characteristic will allow the prediction of transistor failure by
overheat ag. '
~ c. Cautions '

. Model complexit, and simulation time will 1ncrease with
the inclusion of the breakdwn characteristic.

d. Characteristics

_Breakdown can be simulated with Lhe inclusion qf the two
current generators shown in figure 111-8.

'6E
NPN , PND

Figure II1-8. Inclusion of Breakdown

The characteriscic produced when the bhreakdown generators are inciuded is
shown in figure I111-9.

Vee

Figure [11-9. Avalanche Breakdown
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e. Defining Equations

!

_ i
Mo = — N

) -(VQQ_ \ c

(I

. ]
Mg = -

C
\J: .L
: ( BE__)
®Veno

f Parameterization (BVCBO' BY§§?‘ NC‘ NE)

D) Uefinition :
BV‘SO is thc collector-to-bas: breakdown voltage

BVEBO is the eritter-to-base breakdown voltag°

NC and NE are the con-
‘stants .

.nch model the wult1pl1ratlon regivn of the collector-base and
base-emitter junctions, respectively.

2) zgvcal Yalues

BV.BO and BVEBO may vary from les: than 5 volts to

_over 2000 vo'ts. Jc and NE are typically between 2 and 4 for silicon

devices.

2}  Measurement

BV gy and NC may be determined with the aid of B¥r g0

B\LEO is the maximum voltage in the common-emitter configuration with the
base lead open. BVCBO is the maximum vo.tage in the common-base configur-:-

tion with the emitter lead open Né may be determzned through use of the
express1on ‘

BVEBO and | VE may be determined in a simile: manner through use of BVEBO‘
Bv ECO® and BI ' '

11-22.
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3) Example 2N2222°

a) From Measurement

BVCB“ was de*~rmined from the photcgraph shuwn
in ficure I11-10. The hreakdown voltage can be seen to be 102 vclts.

From the Iy = 0 trace siown in figure I11-4,
BVCEO was found to be 29 volts, NC may now be calculated as:

Tne oho’oqraph.shown infigure IT1-11 allows
determfnatiqn of BVeso: This voltage can oe se 1 to be 8.4 volts.
F.gure 111-6 yields a BVECO ¢ 7.7 volts.

b) rrom Data Sh-ets

The man factuver spe.ification sheets (figure
[11-5) list a ma¢/min B or 100-300, a minimum BVCFO of 40 volts, and a
@1n1mun of gVCBO of 75 volts. Choosing fp = 200,

Ne = 1WLSR =g
log (557
g. Example Lomputeir Run

. .To-simultaneously obtain the chayactefistic of t.e examb?e
basic transiétor model and the avalancre,brewkdown characteristiz, the
general purpose transistor model was made to pfoduce a "curve tracer"
chafacteristic. The model '1as exercised by SCEPTRE. "An Incremental base
curkent was produced using the RERUN feature. The test circuit i< demecn-
strated in fiqure Q=12 The input listinq_for_this run is given in
figure 11[-13. The results fiom this run were plotied to g%ve figure JT11-14.
These regu'ts may be compared to Lhe pho;nqrabh shown in figure [{1-4.

111-03
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3. Addition of Charge Storage Elements and Ohmic Resistanre ' éf
a. Description : ' : -
The addition of ohmic resistance, diffusion capacitance,
and depletion capacitance to the basic transistor model forhs what may be
described as the general purpose transistor model. The general purpose
transistor model islthe model ccmmonly included in mogel libraries and in
the internal transistor models of circﬂiL analysis codes.

b. Advantages

g - e 3e o
ks Aotk ’

The general purpose transistpr mode! may be applied to
transient analyses. The model represents a good compromise between rf
accuracy, ease of parameterization, speed, and useful results. %
. Cautions : ;;
A large amount of time is required to :evélop the extra if
parameters required for the general purpose transistor model. Scphiéti' iy
cated electronic measurement equipment is also ~equired. »
d. Characteristics -

" The placement of the parasitic capacitors and fgsistors is ¥
"shown in figure I1I-15. '

c
"¢
o >
. C, iL: e
B e BASIC
o— TRANSISTUR
ry N MODEL.
b B'E' c C. -uL_ .
L e IETT
+ vy
£
* Figure 111-15. Inclusion of Parasitic Element (NPN)
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The effect of ré on the model characteristic is illustra*ed

in figure 1i1-16.

Ie WITHOUT

b

UITH r!
¢

e "CE

Figure 111-16. Effect of re

The effect of ré and ré on the model characteristic i;
illustrated in figure I1I-17.
- : ,/.,,__HITHOUT ry AND g

A

~— HITH r! AMD r?
. e

- in (1)

-
Ve
Figure 111-17. Effect of rg and ré’
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.

~The fepletion capacitors model the stcred charge associated ;i

with the junction transition regions {see chapter II). The variations of }q
the.e apacitors with voltage is illustraied in figure III-18. The .
diffusion cdpacitors model the stored charge in the collector, base, and i
emitter regions which must be rimoved during switching. Tne minority 4

charge distribution before and after switchﬁng is illustrated ir figure E;

I11-19. In the figure, all the charge represented by the difference in | %;

the shaded areas between.the two biases must be removed during the charge Eé
in bias. This mobile charge, therefore, is also stored charge. "
e. Cefining Equativns |

¢ = _.__...(.‘.J_?_g_._._._
JL Mg
VBIEI
j-
“E
C.
- JCu
JC m

Coc = o7 g (g * 1g)

'f.  Parameterization
ool
a) Definition .
- vy is 3 constant valued resistor which models-
the resistance between the emitter region and the emitter terminal.
' ~'b)  Typical Va.ue
A'typicalkvalue_of re is 1 ohm.

11131
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(b) In Ihverse Operating hode -

.figure 11.-19.  inority Charge Distribution ina.
o . Biased Transistor
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é) Measurement

" The value of ré can be determined by obtaining
tne base current as a function of collector-emitter veoltage for a tran-
sistor with an open-circuited ccllector. This test configure.ioa is
illustrated in figure III 20. The straight Tine portion of the curve is
1/ré. The Tow current "flyback" effect is caused by ciie decrease of
irverse a at low currents. The slope should be determined as closely as
possible to the flyback region. '

Figure 111;20. Setup to Measure ré

d) Example = 2N2222A , )
‘  ré was obtzined from the phqtograph‘showt in
figure T11-21. AV of the straight line portion of this curve is about 20
mV, ind Al is qhout'co mA. L ‘ '

_20mV _ . :
ryo= g = 0-250

I11-33
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2) zé

a) Definition

',l

c models the resistance betwee . “he catlector

region and the collector terminal. ré ic actually a current dependent

resistor, out is usally modeled as a constant valued vesistor.
b) Typical Value

A typicail value of ré is 10 ohms.
¢) Measurement

ré'may be obtained frrm a curve tracer photo-

\ ) s . . , £ 1 v 1
graph at low values of VCE' The two limitina values of re ave Teoar and .

) . . Y
TeNOTMAL - These resistance values are obtained from the transicter

characteristic as illustrited in figure III-22. The réNORMﬂL Tine is
drawn through the "knees" of the characteristic. The chuice of ré depends

or how the trarsistor is biased. Gererally, a single value of r'! petween.

c
réSAT and réJORMAL is chosen.

SLOPE = ;T-’-~
CHORMAL

= Vee

Figure 1i1-22. Method of Determining r. -

[1r-3




d) Exampie - ZN2222A
1 From heasurcment

ré was determined from the curve trazer

photograph shown in figure I11-23. réSAT is approximately:

100 mV - S0 mV
4 mA-1mA

= 16.7 ohms

réﬁORMAL’ the inverse of the slope of the line passing through the knees,
1s about:

200 mV_ - 150 mV
45mA - 0.5mA

= 12.5 ohms

rc was chosen to be the average of the two res1stance values, rounued to

15 ohms.
2 From Data Saeeis

o1
‘¢
specification sheets by application of:

may be estimated from the manufacturer

o~ Veesm -0z v

r
‘c Ic

where 0.2 V is a typlcar value of ideal sat raticn voltige allowing the
ohmic voltage drop to be estimated. Ic thould be the highest current
available on the data shees.

3) “ré

a} Definition

) . b
and the base terminal, r6 varies with “he operating noint of the tran-

models the res1>tance between the base region

. sister but is getera]ly glven a constant value..
L) Iyp cal Value

A typical valueffor'rg islloo ohms.

11-36
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c) Measurement

. ré is a difficult parameter to measure:because
it is modeied as a lumped constant resistance although it is actuaily a
distributed variable resistance. The value obtained for ré depends
strongly on the measurement technique used as well as the transistor's
operating conditions. Some measurement techn1que€ are discussed be’ow.

1 Pulse Measurement Method

' This was the rethod-applied for the example
determination of ré.» The test circuit required is shown e iy .re 111-24.

The current pulse applied to .the base causes the devi.e tojturn_off. The
voltage across ré drops to zero while the tase capacitance keeps the ‘

junction potential, VBE' constant. ry €an then be determined by:

AVBE
r, =
b I pulse generator

when'the voltage drop no lcnger appears. vertical on an oscii]oscope

trace, the constant-resistance model f¢: p is no longer valid. Adjust-

ing the time base of the osciliusco.: until this condition is reached

.gives some indication of the switching times at which the simple ré mode!

is not ‘adequate.
2 Noise Measureren® Tacnniqu~
. This techri g is 4ifficult for those who
do not have experlence with nuiLe mp's-"nfn* .
_ IT Dorganr saise s assumed to be negli-
gible, ré»can be estimated as: :

Pz Vi2 o]
b afy - 2 [
‘where: _
Af = the bandwidth of the measurement
g = calculation from the known collector current
7. e Lo
Vi® = the transistor's equivalent .irput mean square voltage

\;
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The magnitude ot Vi2 is determined trom:

., |

.2 _ Vo©
Vi€ =

2

where: .
Vo2 = the measured nutput aean square noise voltage from the test
system ’ '
G = the voltaqge gain from the test dovice 6 ae o L o v tem
output ' '

This measurement is performed with an ac -hort 1 L' between =+ tr
sistor's base and emitter. Also, Voz must be r.:d an a true rms it
meter.

3 dc Measurement Technique

A plot ot log (IB) versus Vm (VBC =)
over a wide 1ange of currencs yields a straight line which begins to
become nonlinear at the higher currents. The voltage deviation from the
straight line is: = '

This effect is considered in greater detail in section B.4 of this chap-
ter. Knowing the more easily obtainabie parameters ré. IB' and IC '(IE 2

I * 1g). 7y may be obtained. . ' -

b i
4 tstimation From Data Sheets

ry may be estimated from the manufacturer

specification sheets as:

{11-40 . /‘
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where 0.6 V represents a diode voltaqe'dyop and 18 is the higihest available
base current on the data sheets.
- d) Example - 2NJ222A
1 frcr Measurement

, v, Was dete.'mined usjng the setup of figure
111-24. A current prcbe of 50 mV/mA was usad to obtain base current.

Vee was set to 10 V, RL was 100 ©, and a Schottky barrier diode (IN6263) |
acted as the cilamping diode. The result obtained is shown ir the photo-
graph presented in figure [11-25. The top trace iis from the current
probe and corresponds to 10 mV/div. The bottom trace is VBE and corre-
sponds to 20 mV/div. IB is a positive pulse from ground. Therefore:

_ 1N
IB = 10 mv (-5—6—m-v) = 0.2 mA
m .

AV is the rabid voltage decline at the end of the current pulse.

A = 20 my
o= 0 2 60 ohms

" T 0.2 mA

2 Fro. Data Sheets: .
N The data sheets,shown in figure [II-5 list
a Vgggar of 2.0 V max at a base current of 50-mA.

. _ 207 -0.6V

Y‘b = ~Wﬁr— —' 28 Oth

',IlI-G\
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“is reversc biased.

4) Cl'ov d‘! "j

a) Definiticn
Cio' y, and m are the three parameters which
describe the transistion capacitance associated with the coliector-base
junction or the base-emitter junction.
and voltage dependent.

.The two capacitors are nonlinear

'b)  Iypical Value

A typical value of Cjo, ¢, and m are 10 pF, 0.6
/
V, and 0.5, respectively. / '

c) Measurenent /

cJeo‘ e, and ma are determined by cépacitance
measurements between the base terminal and the emitter terminal with the

collector terminal open. The voltage VB'E‘ is adjusted so the junction

CJ -y ”c' and m. are determined by capacitance
measurement between the base terminal and tha collector terminal with the

emitter terminal open. Aqgain, the junction should not be forward biased.

fhe data obtained shouid be reduced using the
graphical techniques discussed in chapter [1.B.6."

It may be necessary to subtract out a constant

capac1tance from the measured value. This extra capacitance term is

usually around 0.5 pF and is the stray capac1tance aasocvated with the
tranS\stor package (C ).

d)  Example 2N2222A

1 | Ej_o‘ wE‘ Me o From Measurement

Base-emitter capacitance measurements with .
a Boonton 700A capac1tance bridge -at different bias values produced the
data shown in table 111-2.

11183




the ‘initial guess for (
in table I11-3.

TABLE 111-2. EXPERIME

v

o
~0.1
-0.2
-0.3
-0.5
-0.7
-1.0
-2.0
-3.0

-5

TABLE 111-3.

(4-V)

G.6 v
0.7

0.8

0.9
1
1.3
1.6
2.6
36

5.6

Yo

volts

The iritial quess for
K'is,O.S pF.

Cie

1 22.682

21.55
20.66
19.9]
18.68
17.7¢9
16.53
14.00
12.48
10. 56

NTAL EMITTER CAPACITANCE VALUES

¥ is 0.6 volt, -and
The data redyce to the values shown

REVUCED EMITTER CAPACITANCE DATA

(< - C)
meas X

22.12 pF
21.05
20.15
194
18.18
17.20
16.03
13.50
11.98
10.06

C{11-ag
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‘ (figure 1II-5).plot Ci
- junction capacitance.

The results are plotted in figure I11-26.
The résulting line is straight enough to be considered an adequate fit.

The value of -m is the inverse siope of the line and can be calculated
from two points as:- ‘

.

-p = 109 22.12 pF - log 11.98 pf
: Tog 0.6 V- Tog 3.6V

+0.347

3
1}

indicating a nearly perfect linear doping gradient.

C*eo can be calculated from the capacitance
formula and a srnq]e raw data point. as:

' m
/ v E
. =c¢. |1 - BE
jeo jt wE
Choosing the 1.0 v pb}nt.
" 0.342
ey (1.0 V) ‘
cjeo 16.53 pF [1 - ]- B

' c-jeo

it

23.12 pF

this 6omparés'favorab1y to the measured value of C

jeo which is 22.62 pF.
2 From Data Sheets '

_ The specification sheets for the 2N2222A
and C ob 95 2 function 'of bias. cib is the emitter

Jeo wE' and me can be found by taking data off
of this curve and reduc1nq the data as done prev1ously

‘va data from
the plot are shown be low. ' ‘ '
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Ve “E
0.1V , 25 pf
-0.5 20
-1.5 15
Assuming ¢ = 0.6 V and CK 0,
¢ -V) | (€ ¢
0.7 V 25 pF
1V 20 pF
2.1V 15 pF

Again, a straight line results indicating a correct choice of y (figure
[11-27). '

25 pF - log 15 pF - oy
03 0.7V -Jog 2.7V~ - 0f465

which is the m value for a junction with a nearTy abrupt doping gradient.
This value disagrees to the measurea value in terms of how the doping
profilve will look. -

S - 0.40Y |
a o Ciop = 25 pr[lrf-%-lrvl] = 26.86 pF

. which is about 4 pt higher than the measured value.

3 ci;o’ w,, m. From Measurement

o g Y F S

Base-collector capacitance. measurements
S , with a Boonton 700A capacwtance bridge at different blas values produced
the data shown in table II1-4.

o h e, v
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TABLE 111-4. EXPERIMENTAL BASE-COLLeCTOR CAPACITANCE VALUES

8 tic
0o Vv 10.78 pF
-0.1 10.1%
-0.2 9.65
-0.3 9.24 ' ,
-0.5 8.61 ' ,
-0.7 8.12
-1.0 7.57
-2.0 6.46
-3.0 5.82
-5.0 5.05
- -7.0 . 4.59
-10.0 4.18
-20.0 417
-30.0 3.28

The jnitial guess for.y is 0.6 volt
and the initial guess for C, is 0.5 pf. The data now reduce to the
values shown in table III-5.

TABLe TII-5  RECUCED BASE-COLLECTOR CAPACITANCE VALUE

- ' (c - C)

|~

-

1
-
p g

ro

— .
ONOCOWN ~ et OO OO

OO NAND DT WO ® D
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, The results are plotted in figure
111-23. Tre data seem to form a straight line excent for one point which
v , m3y be a bad data point.

- | _10g 9.55 pF - log 2.883 pf

M g 0TV - Teg o6V - 0.3
10.32
' = (0.7 V)
EER [‘ “TEV
Cieo = 12.36 pF

The measured value of Cjco‘ which acpeared to e a bad point, was 10.28

pF.

4 cja’ Yoo Fo From D;ta Sheets

, The specification sheets given in

5 - . . : 3 . - .
f]gufe ITI-5 contain a plot of cob which corresponds to ch' Cjeo‘ W
and m_ can be found by tiking data off of this curve and reducing the

data as indicated previousiy. Cob data from the plot are shown belcw.

C.

e Cic
-0.10 V C17 pt
. =0.25: : 15
-0.50 ' 13
-1.25 10
-8.00 o .6

-15.00 - 5

| Assuminqlw = 0.6 Vand C, = 0,

ll ,'50
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(ry) | Cneas = &
0.70 Vv 17 pf
0.85 !
1.10 13
1.85 10
8.60 )
15,60 5
The plot cf these data is shown in vigure I[1-29. A definite corcave
curve is obtained indicating that a smaller vaiue of e should be tried.
i Assuming ¢ = 0.2 V and CK = Q. '

#rd NI, R ST A T A cerwaw e N

(v -V) (Cmeas ) CK)
0.30 v 17 pF
0.45 15
070 13
1.45 10
i : o 8.20 6
: | - 15.20 5

log 17 pf - log'6 pf _

CJco 15 pF [

. P IR A

IR O T g L o e

“N\M

L

1og 0.3V - Toy B.Z V

The values of ¢, m, and C

= -0.315

T0.315

The resulting plot, which is a straight line, is shown fn_figure [11-30.

- s&gﬁlGZIJ;-- | .': 17.04 pF

JC
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Ve = g.6 V
m= 0320
= o/
cjco 12.36 pf
5) 1

aj) Definition
‘ -IF is the tota! transit gimé. 1 is used to
model the charge stored in the transistor when the base-emitter junction
is forward tiased. The element used to model the stored charge is the
diffusion capacitor Cor- \ '
b) Typical Vaiue _
A t&picallvalue of e is 0.1 nanoseconds.
c) Measurement A
rr'may ba letermined from fT‘ the transistor‘q
un.ty-gain frequency. fT i5 the fiequency at which the cor=on emitter,
zero load, small signal current gain .ex‘rapolates to unity.
. f! varies wjth collector current. In a r2gion
where fT varies little with IC‘ f3 is given by:

T = ) - f. r!
F o ?T “JC e
When f, varies strongl§ witthc. plot 1/-fT as a function of I/IC and

antrapélate the straight line portion of the liug to I/IC = 0. -The
frequency value cbtained is fA‘ T is now found as:

-

A | N
F 7% (Tg) “Cic Wgrgrd me

r. is 3150 equal to:

JI1-5%
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where tr is the coliector current risetime.

: Some teCuniques of determiqing fT are:

(1) An fT meter. .

(2) Small signal measurement. The test setup for this method is

shown ins figure I11-31. The transistor is biased to the desired
operating boint. The frequency is increased incrementally

' uptil B detreases to BO/Z. The'frequency at which this occurs

is f,. From the one pole rolloff transistor model, fT'will be:

B

It is important that the iipedance in the collector circuit be
as small as possible. 1¢ the collector circuit resistance is
not zero, the following correction must be applied:

]
- n

L Sl avsi

j¢ RcoLLecTor?

Figure I11-31. Small Signal Measurement

TMLAS
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(3) S-parameter measurement.

- determined from S-parameter measuremeats.
given frequency is:

|512
1521

u~1

[a%]

Again, fo is given by:

fT = BO f'B

>
1}

o low fregquency B

-
it

B fatg= 50/2

d) Example - 2N2222A

1 From Measurement

Bo as-a function of frequency can be

The value of Bo at a

' Tp was measurad using the small signal test

configuration illustrated in figure III-32.

Current probes were used to

monitor base current and ccllector current. VCC and the variable resis-
tor were used to obtain the desired value of bias. The dat: obtained are

shown in table III-6. The resulf

s are plotted in figure II1I-33.

CcT!

Figure 111-32.| Determinat’on of T

.u-———l}

O VCC
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TAGLE I1I-6. MEASURED FREQUENCY RESPONSE

[Raa

kHz

MHz

30.
60.
100.

w
O 0 0O 0O 0O OO0 U o O O o O

B, .

ﬁ:——_ =

N2

o

.08
.10

.10
.10
.10

1
i

10
1C

0O O O O O C O O O o O

.09
12
12

[ = ]

16

g

“This occurs at abeut 950 kHz.

fr = (163)(950 kHz)

10

mA

.08 .

13.
16.
15.
.00
.40
.00
.00
.00
.20
.54
18
14
14

c o0 00 —~N B DO

(]

00 mA
00
20

162.
160.
152.
140.
104.

80.

40.

—_— e N OO N

The -3 dB frequency occurs where:

115. 26

155 MHz

Cjc at (4V - 0.6V} =5.8pF
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= 9.54 x 107'? seconds

2 From Data Sheets
The manufacturer specification sheets

-'(figure I111-5) plot fT versus collector current. Fron'the fT curves at

et R R LI TR DU

Ay S i g e [

i

F&m-rnwmyn,. -
——

i = 10 mA:

renormAL = 12- 52 . ,

C.. at 20 V= 4.5 pF

[
'fT (at VCB 200V, IC =10 mA) = 230 MHz

Y e - (45 PP2.5 )

6.36 x 10°'9 seconas

Tf

6) th
a) Definition,
: TR is the total reverse trans1t time. $ is
used-to model the stored charge when the collector-base: Junct10n is

' forward biased. - The element which models this stored charge is the

diffusion capac1tance CDc
- b)  Typical Va]ue
A typ)cal value of L is 10 ns.
c) Measurement '
Iy Br is much greater than un1ty, g’ may be

: obta1ned by the same method as Tes but with the cellactor and emitter

JIT1-60




i
|

e e e T oo ags S LW Y AR TR TN LT TN

terminals interchanged. If By is less than unity, Tg may be calculated

from Toare the saturation delay time constant, as:
[}

] RS Y} | -
N PRy R
R "SAT g o F

rSA"in turn is determined from tes the transistors saturation delay time

by

where:

—
1

Igp the forward base current
IBR = the reverse base current
‘Athe forwand collectur current

o
-
1

A test circuit for obtaining the necessary values is given in figure
111-34.

— Ipr

—_—IB‘R

) e -
1
1

Figure I1I-34. Measuring Saturation Time
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d) Example - 2N2222A
1 From Measurement ,

, Since sR'is significantly greater than
unity in the 2N2222A the snall signal setup used to measure Tp was also
utilized to measure Tp- The data obtained for this measurement are shown
in table III-7. The results are plotted in figure III-35.

TABLE III-7. REVERSE FREQUENCY RESPONSE

IE = 1 mA dc
Vee . = 4.5_v
£ I Te LY
100.0 kHz ©0.08 mA 0.51 mA 6.38
150.0 0.10 0.61 ' 6.10
300.0 0.10 0.44 4.40
600.0 0.10 0.28 ' 2 80
1.0 MHz - 0.10 0.18 ' 1.80
1.5 0.10. 0.13 1.30
3.0 0.10 0.07 0.70
The -3 dB paint is:
p=82 =453

S

This| corresponds id about the 300 kHz point.

fr = (6 4)(200 khz) = 1.92 MHz

tR.= ZR"TTTQ%_Mﬂif | 8.2? x.]O'8 seconds
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2 Frem Data Sheets
o can be found from storage tire infor-

mation. The manufacturer specification sheats (figure III-5) give storage

. ‘time data for the 2N222z2A. From this data,

-1
- o ‘ N 15 mA‘ + 15 nA I
Toar = (&5 HS)l £n [(150 nATTEIY F TS'TA}

Tear = 3.55 x }0-7 seconds

, (16 )(6 4 _
Tp = (3:55 x 10'7) TE 771 5.36 x 10
' (7—1) )J
Tg = 5.69 x 1078 seconds

g. LComputer Example

To verify the yalidity of the charge storage mecdeling
portions of the general purpose transistor model, the 2N2222A model was
placed in a transient test circuit described by the manufacturer speci-
fication sheets. The simqléted circuit used to teét the transient
response of the 2N2222A transistor model is illustrate” in. fiqure ITI-36.

The SCEPTRE llst1ng wh1cn simulated the transient test is
g ven in figure 111-37.. Three olovs retultlnq from this input are shown
in figure [1I-38. These three plots represent the pulse gewerator voltage,
collector current and the collector voltage, respect1ve]y

The delay t1me is the time required for collector current '

to begin to respond to the base inout pulse The pred1ct»d delay tiie

can be seen to be about 4 ns. The spec1f1cat1on sheets for the 2N2222A
list a maximum delay time of 10 ns.

The simulated collector risetime is about 20 ns. The
specification sheets allew a risetim? of no-more than 25 ns
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“The test circuit shown in figure I1I-36 is not the same
circuit applied by the data sheets for storage and falltime; however, a
comparison will be made. Storage time is the time required for the col-

" lector current to begin to turn off in response to a cutoff in base

drive. The simulated sturage time is about 68 ns. The maximum allowable
storage time for the 2N2222A is 225 ns. . '

The simulated collector current falltime is about 125 ns.
The falltime required in the specification sheets is 1es§ than 60 ns.

4. ModelingﬁVaFiab]e Beta
a. Description _ »

The most important second order effects in transistors are
variations.jn B. The two variations considered in this section are B as
a function of collector current and B as a function of collectqr-base"
voltage. These two variations may be treated togethar.

B variations produced by changes in coilector current
occur in three ranges. In region 1, low injection, B falls off with
decreasing base current due to the dominance of charge recombination at
low currents. In regionlz, the constant B region, current gain reaches
i.3 maximum value. In region 3, the high injection region, the minority
Cafrier,concentration approaches the doping density, the net result being
an increase in the conductance of the base and a falloff in B.

4 B variations produced by increases in the collector-base
voltage are caused by the modulation of the base width.  -In the normal
operating region, an increase in VBC wi]] increaﬁe the depletion width\at
this ‘junction. The increasing depletion width cuts into the base and

~ decreases the effective width of the base. More injected carriers suc-
" ceed in crossing the smaller base, and B increares.: '

b. Advantages -

' Inclusion of variable R effects wili yield greater accuracy
in simulation. ' '
' c. Cautions: ,
Addition of variable B effects are often unnecessary. The
. model produced‘is complex and difficult to paraméterize.. Computatfon

111-70

ﬁ;a“;f;



L

goa e v e e 7 e

W e

d. Characteristics

" 1) Empirical Descripticn

One method of modeling variable current gain is to
describe B as an analytical funciion which is “"fitted" to the cbserved
gain variations. An alternate approach is to describs current gain as a
function of Ic or VBC through the use of piecewise linear tables.

: 2) Internal Model Des;r1gtlon

Internal models of circuit analysis codes often are
fixed in how B variations may oe described. For example, computer pro-

-grams such as SLIC and SINC use parameters called BFMAX' ICMAX’ BFLOW’

ICLOW’ BCEC’ and VCE to describe variable B. The significance of these
Larameters is illustrated in f1gure ITI-39.

The Gummel-Poor. transistor model parameters which
incorporate variable B are described in figure III-40.

3) Modification of Ebers=Moll Madel
The Ebers-Moll model may be modified to resemble the

. Gurmme!-Poon model in its description tc incorporate variable B. Two

extra e]emenfs are required along with the modification of the defining

. equations. The modified Ebers-Ma11 model is shown in f1gure IT1-41.

" 4) Defining Equations
For the modified Ebers-Mnl1,¢bdel:

- -

) | Wgc \ _,
Tei = Cg 1o (O) Jexp Loy —)

L™ i
: - / qVBE b
. - : L hahal - .
. o o o Ié (0) qVBE
_ Icc (modified) = — VAR exp(—KT-) -1

-7
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For the Gummel-Poon modei:
. 15(0) Wge\ ]
I (modified) = QE——— exp ‘KT_} ] |
_ S BE BE \_+ I
IB = ﬁF -jexp (—KT—) -1 +C IS(O) exp (N———ELK 1 |
0 = 3 ( \/Q1 + 4Q2)
" Q B B
1T Ty -
' IS(O) qVBE ' I (0) Q
Q=B = | o w) J l_e"p
where B is the base push-out factor (see reference 11i- 2) B may oe
i approxlmated by un1ty
? The empirical analytic exprassions app‘1ed in NET-2
te model variable current gain are:
; B =B, (A, + AV + AVE + AV
f F f\ " 2B * "3VBE 4"BE
- 2 3

| By =B8i\B Bz"ca * ByVeg * BoVeg

e. Param:terization C, 'NEL’ ]
1 1)  Definition ' '
; . Cou Neys and 6 define the variation of Br with I

They are defined 1n terms of plots of ¢n (IC, I,) varsus ”B g for VB e
] = 0. This plot is illustrated in f1gure III- 42 Cz and NEL descr1be the
i Tow injection component of IB which descv1bes the falloff in BF for low
3 currents. The .parameter 0 models the falloff in p due to h1gh 1n3ect1on
u ) :
f’:
¥ -
f
]
3
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Figure III-42. Example Data Plot

2) Typical Values . , o ,
"~ Typical values for CZ‘ NEL‘ and 8 are 1000, 2, and
1078, respectively. ‘ : ‘ : c
- 3) Measurement ,
Ic ang IB must be measured over a wide range of VBE ‘
values. . The data are then graphed on a semilog plot. This plot must now °
be corrected for the voltage drops across re and r To accomp11sh this,
first 1dent1fy the ideal line segment for base current Extrapolate this
line out to the high c"rrent and voltage region. Assume that any devi-
ation from the ideal base current line is due to (I8 6 + IEr ). Subtract
this voltage from the. IC tine. Th1s_proce5§ is illustrated in figure .
111-43 ' ‘
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If the corrected IC lies to the left of the ideal IC
“curve, back correct the corrected Ic line by the amount AVn, where AVm is
the maximum voltage deviation to the left of the ideal 1. tine. This

"over correction" may be caused by current crowding effects. Extrapola-
tion of the various asvmptotes to the Vge = 0V axis will.yield C,, Ng

‘6 and IS as 1]Iu<~rated by figure III-42. !
4) - Examples - 2N2222A*
' a) From Measurement

C2’ NEL' and 6 were determ1ned using the test
confwgurat1on of figure III-44. In this figure, V represents alhigh
1nput impedance voltmeter and I represents a current meter. Data
obtained 1sing the configuration are shown in table 11I-8.

[ 4

“‘;f". ) §

Figure 111-44. Tast Conf .guration

l .
‘I\\ .
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TOBLE I11-8. MEASURED B VARIATICNS

FORWARD ACTIVE REGION

Vge = Vee | Ig I
0.562 V 1 A 0.055 wA
0.582 2 0.135
0.594 S 0.222
0.615 6 0.519
0.629 - 10 0.942
0.649 | 20 ~ 2.000
0561 | 30 3.200

0681 60 7.200
0683 100 12.000
0.706 . 200 24200
0.718 | 300 e 39,500
0.734 600 ~ 85.000
0.744 ' 1mA 130. 000
0.767 , 2 192,000
0.787 3 - 240,000
0 6

.220

370. 000

"NOTE:  Due to the failure of the device which was used in earlier examples, a
new device was chosen yielding a composite mode! for the remaining secticns.

, The plotted data with the necessary correccions
are shown in figure I1T1-45. The following steps were deviﬁed to identify
the straight line segments. ' N S
) - Lines of slope q/KT were fit'to the I and iy
data. At the point where high current B falloff was observed, a line of
slope a/2KT was constructed. ‘ ' ‘ '

Ic(0) can be seen o be 3 x 10-14'awperés.

I.(u)
SV -8
%5 6 x 10
_ G

3 x 10 —i
g =3X10 =510

6 x 10 3

(1177

e Ay My e
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CURREHT, amps

. 4 b et +- +
3.0 .91 5 NF .01 7.0e-m 9.0€ .01
va‘ volts

Figure 111-45 lt and 1, a5 a Function of V.
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describe B as a function of IC‘ or B

The low I, asymptote is not clearl, visible.
However, an asymptote was constructed for illustrative purposes,

. -15
C, Ig = 2x 10
-15
2 x 10 -2
¢, - &X 2 6.67 x 10
2 3,10

Fal
o
o
o
1
i
,_'
"
=<
T
N L3
oy
2
)
;1.
i

il
(98]
(Gl
wun
~J

-

- | -
NE' Y O it) = 1,085
I. (®)
; =3 x 10 16
M
-14
x5
B Z e~ = 100
FH 3 X ‘0 (B9

b) From Data Sheets
. Manufacturer dev1ce specxf;ca'lcn sheets often
give B versus IC data. These data may be used dircctly for models which.
M CZ‘ NEL‘ and 0 may be extract~d
from thic 1nformat\op The f§ versus IL'datg tor the ZN22225 Lransistor
are inciuded 1n figure 111-%..
5) ¢

a: Neuo %
3) Detinition
, These three parameters define the variation of )
ﬂ with IE and are anaiogous 1o “;M' CZ' £l and 0, respect‘vely. with
BE replaced by JBC‘ IC replaced by I[. VBC replaced by VR&' and 3,
replaced by ”R‘ ' -

1170

I e v




b) prfcal values
| typical values of C4, NCL' and B are 1, 2, and
1 x !0'6, respectively. ' ’
c) Measurement
The BR versus IE parameters are obtained by the
same method used with the SF versus Ic parameters, except the emitter and
collector terminals are interchanged.
d)  Example - 2N2222A
Cqs N |+ and 6p were determined with the same

test configuration as figure 111-44, but with tne coliector and emitter
teads cf the trarsistor interchanged. ‘The data obtained are shown in
table II1-9. The plotted data are shown in figure I11-46. -

TABLE I11-9. MEASURED INVERSE a VARIATIOMS
INVERSE ACTIVL REGION

e T S

=V

N
KL e Ay S o T 2 5

: Vec = Vec Ip | Ig
i 0.355 'V 0.01 aA 0.050 mh
‘ 0.576 0.72 0.120
0.5¢8 0.03 . ' 0.200
0.610 0.06 : 16.455
0.626 0.10 - 0.840
n.6A7 029 1.800
' 0.662 G.30 2.950 ‘
0.679 0.60 6.220
0.695 1,00 } 10. 000
0.718 2.00 18.200
.0.726 300 ¢+ - 26.200
0.747 6.00 50. 000
0.7€2. 10.90 72.400
10.790 30.00 - 140. 000
r - -4
S (0) =3~»10 amperes
I, (0) .
S—=2x08
1i1-80
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_ -6
Ay = 1.5 x 10
- _ -13
€, Ig (0) =2 x 10
Cy = 6.67
_ 13
_ _ (2n 0.6 mA - fn 2 x 10713 A)
Slope = NE[QKT = 069V -0
= 32.1
1 .
Ne = Eyoomey T 2
I. (0) i
._S_._._l :]x]()]s
Prm
By = 30
6) Vy Vg

a) Definition
VA and VB are the [arly voltage and the inverse

~ Early voltage, respectively. The definition of the Early voltage is

illustrated by figure I11-47.

Iha. ORV

8a- OR Vgea
Iga OR Vgeq

c 4 ' '
»= Tgp OR Vgeo
gy OR Vgey
A .
=
////// —
&=
v Vee
-V

Figure 111-47.  Definition of Early Voltage
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b)

, value of VB is 10 volts.

c)

constant VBE at VC[ = VBE is defined as dop-
illustrated in figure I11-48.

Typical Values
A typical value of Va is 100 volts.

A typical

Measurement S

The slopc of IC as a function of VCE for a
The definition of gOA

~ The correspunding siope in the invers~

region is defined as gyy s illustrated in figure III-49.

90A and gog are given as:

I. (J)
_ c
%0 = VT VR 7Vg)
E (0)
Jog = (T AN,

‘ VA and VB can

I (0) T

now be solved for as follows:

v (©) - a5 905 Vae Ve -
A7 T 00n rc (0) + g4 goaTBE

IR (0) " 90A Y8 VBE Ve
B 908 e (92 * Sna 9pp Vae

If only VA is dasired
I (@
90

may be used.

[ gt Sl
am T ey

the approximation
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0)  feem o oo o o |
' - :\\\\\_ SLOPE = g5,

1 - -

Vee = Vpe Vee

. Ficure 111-48. Definition of g5, -

Vec = Ve, - VeC

Figure I11-49. Definition of gy,

1