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ABSTRACT

The improved performance of present-day semiconductor
devices 1s achieved principelly because such solid state-diffusion
techniques as the planar process permit close control of Jjunction
depths, bese width, and surface geomstry, BSut the performsnce
could be further improved if it were possible to optimise the
impurity profile in the semiconductor materiel. It is a well
known fact that the minority casrrier bsse transit time is very
much dependent on the base region impurity profile. Several
investigations have been undertaken in the past to obtain optimum

impurity profiles for minimun base transit time.

Base transit time is only one of the performsace character-
istics of the device., It 1s ressonsble to expect that other
criterion would lead to requirements for difierent base impurivy
profiles. A true index of the high frequency capability of a
transistor is provided by the parsmeter - Figure oi Merit, In
recent ycars some sttempts hsve been made to study the influence
of bese doping on figure of merit. Since tae criterion for optiaum
figure of merit includes factors other than the base transit-time
such as the total impurity content in the base and collector-base
junction capacitance, it is logical to predict that the optimum
impurity profiles which yleld minimum base trensit time may not
be suitable from the view point of schieving optimua figure of
merit. It is this expectation which motivated the present investi-
gation that deals with the effect ol base region doping distribution

on the figure of aerit of bipolar trasnsistors,



The effect of base impurity distribution on minority
carrier trensit time - a constituent component in the figure of
merit expression of the intrineic device - 15 studied in detail.
Optimus: {mpurity distributions for minimum base transit time have
been derived from two different approaches - the Field approach
end the Stored cherge approsch. The electric field approach
which has been auggeated for the first time in this investigation
is more appropriate if flelid-dependent mobility and device opera-

tion under moderate to higi injection level have to be considered.

Since most devices have graded base with impurity-density
verying two to three magnitudes ovar the base region, it is
necessary to consider the spatial varistici of the mobility and
of the diffusion coefficient, Using the different avajiigole
empirical relations of mobility dependence on doping, optimum
impurity distributions have been derived by variational method.

It is found that the optimua profile depends upon the particuler
mobility relation used, Electric field, minority cerrier profiles
and trensit time have been evaluated for different impurity

profiles,

By considering a specizal form of diatribution, it is
established that optimum impurity distributions do not necessarily
offer s unique minimum in transit-time, It is concluded that the
variational method is applicable oniy to & restricted class of
smooth distributions. Impurity distridbutions and field configu-
rations having e point of inflection, & corner or a discontinuity

are not amenable to trestment by thne variational) method.
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The above observed fact motivated an attempt to synthesisc
typical impurity distributions which may yleld low transit-times,
For the purpose of sucn 8 synthesis, a8 new technique cslled the
segmentation technique hees been adopted., Two segment distributions
have been synthesised by combining segments of stenderd disztribu-
tions. Some of these synthesised profiles are found to yield much
lower base transit-time as compared with the optimum distributions
based on variationsal method, A judicious combination of segments
of dapurity distributions wnich lesd to faster and slower carrier
transit, ylelds sn overall transit time which i3 lower than that

obtalned for optimum profiles.

It has been observed that tae aynthesised profiles ylelding
low trsnait-times have typical electric fiecld configuratians in
the base., This prompted an attempt to synthesise built-in field
configurations which will yield minimum trensit-time. Synthesis
of two and three segment field configurations has been attempted
and ths corresponding impurity distributions have been derived.
This study reveals the fact that considerable improvement in
transit time can be achieved if there is a reterding field aver a
smell portion of the base., Tmprovement in base trznsit-time upto
the extent of 20 per cent can be achieved as compared with the

optimum profiles.

A detailed study of the effect of base impurity distribution
on figure of merit indicates that optimum doping distributions
which yleld minimum bsse transit-time do not necessarily give rise
to improved figure of merit. On the conirary, some aynthesised

profiles wahich do not yield low transit-time are found to exhibit
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a8 much higher figure of merit, The best lmprovement in figure of
merit has been obtained in the case of doping distributions which
give rise to retsrding fields over s portion of the base regim.
This improvement is achieved without adversely affecting the
enitter-base junction capacitance, Such distributions exhibit
izprovement both in tresnsit-time and in figure of merit. This
conclusion is interesting ss it is contrary to the general impres-
aion that impurity profiles presenting s retarding field over a
portion of the base cause deteriorstion both in transit time and

figure of merit,

The theoretical conclusions oi this investigation should
find prsctical applicstion in the design of devices without much
difficulty., Recent attempts by some investigators have shown
that it is possible to have tailor-made impurity profiles in semi-
conductor materials, By treating the proolem of diffusion as en
optimel control problem, it is possible to obtain & best-{it
spproximation to & given profile by controlling tie ges stream
inpurity concentration. The current industrial practice restricts
the profile only to two types - complenentary error function and
Gaussisn - which is 8 serious limivation on the realisation of
improved device performance charscteristics., Once given the
physical capability of obtaining any desired impurity profile and
given the knowledge as to which profiles sre necessary for opti-
mising a particular performance characteristic, one can design
optimum devices by wsing the proper profile in tne fabrication of
the device, It is hoped that the present investigation is a

peinter in this new direction of device design,

4444



vin

TASLE OF CUNTENTS

£age
CERTIFICATE 11
ACKNOWLEDGRMENT 3 114
ABSTRACT iv
LIST OF SYMBOLS xi
CHAPTER 1, INTRODUCTION 1-14
1.9 Historical synopsis
1.4 Outline of present invcstigstion
Refsronces 11
CHAPTER <o OPTINMUM IMPURITY DISTRIBUTIONS FUR
MINIMUA OGASE TRANSIT TIti= THROUGH
VARIATIQ AL METHOD 15=30
<1 Introduction 16
2¢4 Optimuan iapurity distribution for ainiuum
base transit time - Electric field
approscn 17
2+3 Optimum Smpurity distributions for
minimum base transit time - Stored
cherge appresch 23
2.4 Supmery and discussion 35
References 37
CHAPTER 3, EFFECT OF IMPURITY DISTRIBUTION ON
MINORITY CARRIER BACT TRANSIT TIME 39- 104
3.1 Introduction LO
3.2 Bassic impurity distribution in the base IR |
3.3 Built-in electric field in the base bl
3.4 Excess ainority carrier concentration
in the base L6

3.5 Minority carrier vase tronsit tiue when
mobility is constant 62



3.6

3.7

3.8

CHAPTER

bot
b2

bo3
bole

bheb
Leb
CHAPTER

5.1
5e2

503

5.4
CHAP TER

6.1
6.2
6.3

Influence of doping dependent carrier
moblility on base transit time

Special form of base impurity distri-
bution

Summary end discussion

Ref erences

L, IMPURITY DISTRIBUTIONS FOR MINIMUM
BASE TRANSIT TIME THROUSH SSGMENTA-
TION TECHNIQUE

Introduction

Synthesis oi typical base impurity
distributions

Builtein electric field in the base

Excess minority carrier concentration
in the base

Base transit time

Sumnary and discussion

5« BUILT-IN ELECTRL C FIELD CONFIGURATIONS
FOR MINIMUM BASE TRANSIT TimE THROUGH
SEGMENTATION TLCHNIQUE

Introduction

Synthesis of electric field configu-
rations « two segments

Synthesis of electric field configu-
rations - three segments

Sunmary snd discussion

6., EFFECT OF BASE IMPURITY DISTRIBUTION
ON THE FIGURE OF MERIT OF TRANSISTORS

Introduction
General expression for figure of merit

Evaluation of figure of merit for basic
lapurity distriobutions

¥

63

92
99
103

105-121
106

107
111

113
115
121

122« 146
123

123

137
146

14,7=-181
148
149

155



6.4 Evelustion of figure of merit for
impurity distributions synthesised
through segmentation technique

6.5 Evsluetion of figure of merit for
impurity distributions derived from
synthesised base region electric field
configurations

6.6 Remsrks about the validity of £
approximation

6,7 Sumcary and discussion
References

CHAPTER 7. SUMYARY, CONCLUDING REMARKS AND SCOPE
FOR FURTHER WORK

7.1 Sumnary

7.2 Concluding remarks - feasibility of
obteining general impurity distributions

7.3 Scope for further work
Ref erences

APPENDICES

Appendix.]., Derivation of the first integral

of Buler equation

Appendix-II. Evelustion of nonlinesr equstion

by Newton-Raphson method

Appendix-II. Computer program for the evalua-

tion of transit time - constant
mobility cese

Appendix-IV. Computer progrem for the evalus.

tion of transit time - doping
dependsnt mobility case

Appendix-V, Evaluation of C-B junction capaci-

tance for arbitrary impurity
distribution in the base

161

163

175
178
180

182-190
183

187

188

190
191-.210

192

193

195

200

206



OU

avg

E, B(X)

LIST OF SYadQLS

Impurity gradient at the collector junction

Linear grade constant for exponentisl doping
distribution

Lineer grade constant for arbitrsry doping
distribution

width of C-B depletion layer in the base region

Width of the C~B depletion lasyer in the collector
region

Cross-sectional area
Collector depletion-layer cspacitance
Emitter depletion-layer capacitance

Collector depletion-layer cepacitance for an
exponentisl doping distribution 1in the base

Collector depletion-layer capscitance for an
arbitrary doping distribution in the base

Carrier dififusion coefficient
Blectron diifusion coefficient
Hole diffusion coefiicient

Reference value oi D_ corresponding to the

emitter end impurity’ concentration N, in the
base

Reference value of D_ corresponding to the
¢ollector end 1mpur1%y concentratim ﬁw in the
base

Reference value of Dp corresponding to the
aversge impurity concentration in the bsse

?gf:rence value of D,, when net impurity density
oﬂ.

Electric field in the bsse region, caused by
impurity density distribution

Electric field in the bese side of C-B depletion
layer



X1

B. - Blectric field in the collector side of
< tie C-B depletion layer

I - A function

f; - Unity current gain fregquency
fmax -= Maximum frequency of oscillation
F - Figure of merit

F! «- Modified figure of merit

2

Figure of Merit of trsnsistors

FM{exp) -~ Figure of Merit of a transistor heving exponen-
tisl doping in the base

FM(N) - Figure of Merit of a trsnsistor having any
arbitrary impurity distribution N(x) in the

base
hea -= Common emitter forward current transfer ratio
| - d.c, emitter current
Ip ~- Hole current in the bsse
“n - Elesctron current in the base
Jp -~ Hole current density
n -=- Electron current density
k -~ Relative dielectric coustant of semiconductor
K -— Boltzuann's constant
n - Electron concentration

N.N(x), =~ Impurity density distribution in the base
N{X) region

NI,Ni;xJ-- Impurity density distribution in region-I of
the base for two and three segment distributions

N1y -« Impurity density distribution in region-IX of

NII(x) the base for two and three segment distributions

NIII' == Impurity density distributicn in region-III of
the base for three segment distributions

Nppp{X)

No - Impurity density at emitter end of the bass



N -
w
NB -
N‘ -
N2 -
Nexpr =~
Naxp(x}
Ny o Ny k) =
NasNpeg ==
N - -
%4
Nd -
Pyp(x) =~
P1 - -
P2 -
q - -
Q' Nty
l’b' - -

r'c -
8 -
tB -

' wpt

Impurity density at collector end of the bsse
Impurity density at X = s in the bese
Impurity density at X = P4 in the base
Impurity density at X = P, in the base
Exponential doping distribution in the

base

Arbitrary doping distribuvion in the base
Reference impurity density in the base

Surface conceutration of impurities for projected
hyperbolic distridbution in region-lIl of the base

Surface concentration of impurities for projected
Gaussisn distribution in regionell of base

Background impurity concentration in the
collector

Excess minority carrier hole concCentration in
the base

X-coordinate of the first intersection point in
the base for three segment impurity distributions

X-coordinate of the second intersection point in
tae base for thres segment impurity distributions

Charge of an electron
Totel stored charge in the base
Base resistance

Base resistence whon exponential doping 4s
assumed in base

Base reslstance wnen sny arbitrary doping is
sssumd in base

Collector series resistance

Xecoordinate of the intersection point in the
base for two segment distributions

Minority carrier bese transit time

Collector charging time



X/

Collector depletion layer transit time

Emitter time constamt

Emitter to collector delay time

Base transit time of a uniform bsse transistor
Base transit times of a uniform base transistor

having constent dopings corresponding to N,,N,
end sverage impurity concentration in the base

Base transit time when base is exponentially
doped

dase transit time when arbitrary doping is
used in base

Tempersture in degrees Kelvin

A function of X

Velocity of minority carriers in base
Scetter limited velocity of cerriers

A function of X

Voltage drop at the L,H.,S, of the C-B
depletion layer

Voltaze drop et the R,H.3, of the C-B
depletion layer

Totel voltege drop across tne C=B depletion
layer

Electrical bose width
Position in the base region
Junction depth

C-8 depletion lasyer thickness
Normalised distance (x/W)
y-85aceé Coordinate

A dimensionless parameter

A parsmeter used in complementery error function
distribution



A parameter used in Marshak's optimum
distribution

Permittivity of free space
Bese electric field parsmeter
Electric field psrametecrs of region-I,

JI and III 4in the bsse for two and three
segment impurity distributions

Electric field perameter corresponding to
hyperbolic distribution in region-II of the
base

Parasneter in Sugano and Koshiga's functional
definition of doping dependent mobility and
diffusion coefficient

Electron mobllity

Hole mobility

Maxinun velue of mobility

Miniouw velue of mobilivy

Net charge density

2N

XV



CHAPTER 1

INTRODUBCTION

1.1 HISTORICAL SINOPSIS

1.2 OUTLINE OF PRESENT INVESTIGATION

REFERENCES



CHAPTER 1

INTRODUCTION

1.1 HISTORICAL SYNOPSIS

3ince the invention of trensistor by Bardeen and Brattain
in 1946, attempts have been regularly made to incresse its
frequency capabilities. 1In the csse of alloy transistors, the
main frequency limitation comes into pley due to the basse-
width, Hence the normal procedure used to increase the high
frequency range of such transistors is to reduce the bgse-width,
However, the decrease in the bpse-width also incresses the base
resistsnce and this increasse in bsse resistenee proves detri-
mental for high frequency operation. 1In order to bring the
base resistence to its originsl value, the base resistivity is
decreased. This in turn causes ah ihcresse in the collector
transition cepacitance and a decrease in the collector-base
breakdown voltege, A more serious limitation occurs due to the
phenomenon oi 'Punchethrough', As the base width of tae
transistor is decreased, the collector depletion layer occu-
pies whole of the base region, for a relatively low collector-
. base junction voitsge csusing 8 short between emitter to
collector., This process of improving the high frequency
behaviour by decreesing base width and base reeistivity has
been followed for the conventional low-frequency alloy

transistors.

To avoid the limitations on ovsse resistivity and bese

width, which affect the C-B breaskdown voltage, it is necessary



to modify the physicel structure of the trsnsistor from the
simple uniform-bese model. One such asttempt was made by
Esrly1 in the introduction of PNIP, or intrinsic-bsse
transistor, The other wmajor attempt was the gradea base or
drift transistor descrived by Kromer<., The frequency
charscteristics of these structures were much improved. The
PNIP structure proved cumbersome when actuali fabrication was
taken up. The introduction of I-layer was a problem. On
the other hand, with the advent of solid-state diffusion
tecnniqueSB, the non-uniform impurity distribution required
in the graded base transistor was obtained 83 s byproduct.
The non-uniform impurity distribution introduccs a built-in
electric field in the base region. This electric field
effectively decreases the vase transit time of the injected
minority carriers snd provides an incresse in the cut-off

frequency for a given base thickness,

In drift transistors, tue impurity concentration in the
base is meximum at the emitter end, and decreases towards the
collector end. The lower concentration at tne collector end
reduces the collector capacitance and increases the C-3 break-
down voltage, while the higher concentration 8% the emitter
end results in a higher value of emitter transition cspacitence.
The incresse in capacitance sffects the high frequency perfor-
mance in two principal ways: it lowers input impedance snd it
robs current from the injecting emitter, The higher concen-
tration at the emitter end simulteneously leeds to a smaller
base resistance and the problem of punch-through is virtuslly

eliminated.



As o result of the mutual effects of these various
factors, there is sn optimum frequency of operation for a
particular trensistor design. There are two high-freguency
figures of merit which have received wide acceptance snd
usage for describing the hi:.h frequency performence capabi-

X

lities of transistors, These are f,, the freguency at

which magnitude of hf. = 1, ana f the maximua

max’
frequency of osciilation, Both these quantities characte-
rising the high frequency caspabilities of trinsistors possess

the following properties,

1, These quantities describe only the properties of the
tronsistor and do not depend on the psrsmeters of the

circuit elements external to the transistor.

2. They have 8 sufficiently cleer physical significance

and can be measured with ease,

The characteristic frequency fT is defined as the
frequency at which the common emitter snort-ciruit, forward
current trznsfer-ratio hfe equseis unity. It is related to

the reciprocal of the emitter to collector delay time ¢ by

oc
[
the following expression”
1
)
. -
The maximum frequency of oscillation, £ .., is the highest

freguency at which the transiator can be made to ogscillate.
The maximum available power gain (MAG) is unity at this
frequency. The methematical relation describing L 136'8
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where rb' end Cc are t.ue base resistance and collector

capacitance, respectively.

The efifect of base impurity distribution on the figure

of merit hes been studied in the psst. Moll and Rossg, and

Fedotovw for the first Wi me initisted such & study. Msathe-
matical relations for bsese trrnsit time, ohmic bese resis-

tance, etc,, were derived for any arbitrary bese ifimpurity

distribution., Tanenbsum and Thomau11, and Lee'? reported the

formation snd snaslysis of 8 high-frequency diffused bsae

1 studied the frequency characteristics

14

trensistor, Fedotow
of junction transistors. Armstrong ~ presented the procedure
of cslculating current gain for transistors hsving an arbitrery
impurity distribution in tne base region, Kennedy and

Murley15'16

published the cslculations of injection and base
transport chargcteristics of a diffused transistor, Beun and
Tummers’v described the behaviour of alloy transistors with
increasing frequency. The authors concluded that thres
principael factors limit the frequency range of 2 traasis tor:
{1) the cheracteristic freqency 2D/w2, where D equals the
minority carrier diffusion constant in the bsse snd w equals
the electrical bese width, (2) the capacitance of the collector

Junction, {3) the internal bsse resistence,

4
In an excellent study, Varﬂerin'a defined the base trsnsit
time on the basis of satored cherge method of tr:nsistor anslysis,

Through & qualitative high frequency trsnsit analysis, it was



shown by him that shorter base transit time can result {f
retarding field impurity distributions are used in the base.
The decrease in transit time is due to the possibility of
reducing base thickness for such diatributions. Kawamura19
caiculated the current gain for & douole diffused transistor
having retarding field over a portion of the whole Lase width,
It was shown that the current gain cen fall by 15 to 20 of
its original value dus to the presence of the retardng field
in the base, Shagurin‘o studied the effect of retarding field

on the transport properties of doublie diffusea transistors,

In order to achieve Smaller base trasnsit time in drift
transistors, the emitter end impurity concentration should be
kept high, but this high value of impurity concentration
affects the minority carrier mobility, The influence of doping
dependent mobility on the f{requency properties of transistors
was studied by Sugano and K03h158‘1. Pritchar'cl“.2 and BealezB.
Toe impurity distribution in the base was sssumed to be
exponential for this study. Das and aoothroydzk. and
Bootnroyd and Trofimenkoffzs determined the physical parameteors
of diffusion and drift transistors, For drift structures,
single and double diffused structures were assumed., The
variation of mobillty with doping density was also considered

p. 3

in this study. Later on, Thomss and Boothroyd“ continued

this study. A new model for the base impurity distribution was
investigated and the physical parameters of the device were
deterained by using the proposed model. Yansi, et 51.27

presented a new trestment in which the uniform-bsae transistor
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was treated as the limiting case of the graded-base transistor.
Based on this approach, they proved the vslidity of stored
charge definition of base transit time. AsnarZ® provided e
new definition for the base trenait time based on the simul-
taneous effect ot dif.usion, drift and recombination in the
base, Tads and !aa\mai‘e9 atteapted to investigate the cnarge
control analysls of transistor cut-oii frequency with a
general approsch and verified thst the conventionsl method
of calculating fT from base trensit time was valid, Both
Varnerin's end Ashzr’s transit time definitions were cone
sidered by hiin., The effect of emitter barrier cepacitance on

f, of drift trsnaistor was studied by Mseda, Imei and

30

T

Furumoto” . The same suthors in asnother paper31 obteined

the high frequency figure of nerit F a fT/rb' Co {from the
expression of aveilable power gain, This figure of merit
indicates that the performance of trinsistors is independent
of the circuit conditions. In another paper by llaeda, Imai

and Furumoto‘32

y the design considerations of base impurity
distribution for high-irequency figure of merit of transistors
were diacussed. A new form oi figure of wmerit F' a fT/rb'
woe investigated, The dase iwpurity distributions were
conceived in such a way that collector capacitance did not
affect the figure of merit, It was found tnat under certsin
conditions the retarding field gives a maximum value for the

figure of merit F?.

33

Bogachev”~ and Hat;hath derived optimum impurity distri-

butiona for minimum base transit time by making use of the



method of calculus of veristions., The minority carrier
mobility was assumed to vary with doping densjty, Bogachev
obteined & hyperbolic distribution while imarshak derived
snother distribution function., When carrier wobility was
constent, exponentisl distribution was observed t0 be optimum

for ninimum base transit tim333'35.

1.2 QUTLIWE OF PRESENT INVESTIGATION

Previous investigastions outliined sbove indicate that the
minority cerrier bsse transit time is very much dependent on
the base region impurity distribution, The distridbution c¢an
be optimised to yleld minimum transit tinme. Base transit time
is but one of the performance chsracteristics of the transistor,
It is ressonable to expect that optimisation of other perfor-
mance characteristics like the figure of merit would lesd to
different impurity distributions, It is this expectation which

has motivated the present investigation reported here.

The msjor objective of tiie present investigsation is to
study the effect of different impurity distributions on the
minority carrier transiy timetr%he figure ol merit of transis.
tors, and thereby arrive at sn optimum doping distribution
which significantly improves the above parsmeters., The
snalysis is confined to a one dimensionsl pen-p junction
tramsistor operating 8t low injection levels, but the results
sre equslly valid for 8n ne-p-n transistor operating under same
conditions, The computed results of transit time end figure

of merit are presented in s normalised manner.



In Chapter £, the method of deducing optimum doping
distributions for minimum bese trinsit time through variationsl
method is discussed., Two approacnes - the BElectric field
spproach and the Stored cnarge approsch - are used for this
purpose, For different empirical relations oi doping dependent
mobility, optimun Impurity distributions are derived. It is
found that under the assuwiaption of constant mobility, botin the
approaches yield identicel distribution functions for minimu:

pese transit ti.ae.

Chapter 3 is devoted to the evalustion of built-in
electric field, minority carrier profiles and bese trensit
time for different impurity distributions, Both constant and
doping dependent mobility and diffusion coefficient ere
conaidered, Different empiricsl relations of mobility ere
discussed. The doping dependent mobility sffects tne depen-
dence of base transit time on the fleld factor in an interesting
manner., 7This has slso been studled in detail. A specisl form
of oase doping distribution is alsc synthesised. The evaluated
results of transit time in this case lead to the conclusion
toat the optimun impurity distributions do not necessarily
yield a unique minimuam in base trensit time. It 1s pointed out
that the variational method of deducing optimum impurity distri-
butions for minimun transit time is restricted to s clgss of

smooth curves,

A new technique called the segmentation technique is usod
to synthesise impurity distributions having a corner or a point

of inflection, This is done in Chspter 4. Computations of
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built-in electric field, excess carrier concentration and

base trznsit time sre carried out for the synthesised profiles,
It 1s shown that & judicious combination of faster and slower
segments of impurity distributions can yleld lower values of
tronsit timea as compered with those obtained in the cese of

optimumn distributions.

In Chapter 5, en attempt has been nade Lo synthesise
two segunentv ond three segnent builitein slectric field
configurations through segmentation technigue. The corres-
ponding impurity distributions are also derived and celculations
of minority carrier concentration and base transit time are
made, It is observed that low velues of transit time sre
obtained for impurity distributions which present s retsrding
field over » smsll portion of the base, The influence of

mobility varigtion on transit time is also studied,

The normalised figure of merit is defined in Chapter 6.
The effact of different basa impurity distributions on this
figure of aerit is studied in detail and it is found thsat a
significant improvement in figure of merit is possible if the
Lupurity distributions providing retarding field over a small
portion oi the whole vase are used. It is 2lso observed tuat
an optimum distribution which leads to & minimun in tronsit
tioe does not necesaarily give rise t an luprovement in the

figure of merit.

Chepter 7 conteins the summery, concluding remarks sbout
the practical feasibility of obteining genersl impurity distri-
butions and scope for f{urther work,

R S0 S 0 8 8 ¢ §
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CiiieR 2

OPTIMUM IMPURITY DISTRIBUTIONS FOR MAININMUM
3ASE_TRANSIT TIMT THEQUGH VARIATJQNAL MITHOD

2«1 INTRODUCTIOWN

Tas transit time of the current cerrisrs tresversing the
bsse region is an lumportent factor in limiting the irequency
beheviour of Junction transistors, In this chapter, the
method of deducing optimum doping distributions for minimum
base trensit time throuzh calculus of variations is discussed,
Two approaches are sugzested for this purpose. One focusses
ettention on the optirum electric field configuration while
the other concentraves ok optliwum impuricvy distribution based
on storcd charge approach. Appiyilg the electric ifield
approach, optisum doping distribution function is gbtalned
for the case of constant mobility, From the stored chsrge
approach, optimum impurity distributions ere derived for both
constant end doping dependent mobility. At low injection
levels of device operation, optimum impurity distribution
functicns obtained from both the appronpches are found to be
identical, It is suggested thet the electric field apprcach
of finding optimur distributicn for minlmum bsss trensit time
will be more pertinent when field dependent cerrier wobility
in the base and device operation under moderste injsction

levels are to bs considersd.,
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2ec QPTIAUsM TAPURITY DISTRISUTION FOH MININMUL BASE

[RANSIT TIME - ELECTR C FIELD APrROACH

|_1|.f'\

e kol ntroduction

The motivation for edopting the electric field approsach
to edstablish optimum Impurity distributions is derived from

the base transit time definition of ioll sand Ross1. According

to this, the base transit time tB is
W
t dx
tg = ) Vlxj & e (2.1)
o

where v(x) 1is the velocity of the cerriers in the base and
W 1is the base width, But v(x) 1s releted to the minority
carrier concentration p 1in the n-type bsse of 8 pen.p

transistor through the following relation,

Jp - qpvix) o {242)

Substituting eqne. <2 in egn. 2.1, we obtain for bese

transit time

p dx oo (243)

0 w~ ¥

-

222 Dasic Relations

In order to obtain tae minority carrier concentration
end base transit time as a function of electric field, the

following current transport equation is used,

p Jp |
Jp--qFEOQﬂpPE ve (2o4)



18

Since the base width 1is small in practical transistors,
recombination in the base region c¢sn be neglected, Under this
assumption the current transport aqi. <4 is transformed to

the following differential equetion in p

J., W

E.-dru.pe Egﬁ; « o (<5)

In the above equation normalised distance X « X/w i3 used.

Substituting p a8 e product of two functions U and V,

i.e.,
p = UV oo (2,6)

eqn. 2.5 can be written as
N J., ¥
v[ﬁ-ﬂ.‘r].uﬂ.aﬂa;.o e ()

Tha function U should be detzrmined in such 3 way that the

coefiicient of V in eqn, 2.7 is zero, 1.e.,

ﬁ-ﬂ EU =0 eo (2.8)

This equation has & general solution of the form

& ) B &
U= c‘] ® e (dcg)

where c1 i3 a constant,

On sybstituting U from egn. 2,9 into eqn, 2,7 and

solving for V, the following reletion ts obtained



-qW/kT Y E(x) @
e s draC, L (2010

where c‘ is tae cunstant of iantegratioa,

Substituting eqns. 2.9 and <.10 in eqn. 2.0 and using
the boundary condition that the hole density is zero at X « 1,
the minority cerrier concentration as s function of electric

field is obtained ss fol}owa.
) )
. =-qW/KT § E(X) dx
\ e

) L] dx
O
J W X
P‘# { .0 (2-11)
P e--q'ff/KT \ B(X) ax
[#]

The base transit time is obtained by substitutin: eqn.
2.11 for p 1in egn. 2.3. In tne case of coustant mobility,

the expression is given by

X
1
~qW/KT s B(x) dX
' g o o . di
'42 { X di .
“ -F’ ) . ®e (4.1‘)
0

X
~qw/KT ( B{X} dX
e )

0

2.2.3 Conditinn for Minimum Transit Time

If the double integrsl in tha above relation is trans-

formed to the funectional

) £{x,y,y) dx, . (2.13)
(2]

the electric field distribution EB{X) which will minimise this
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integral can be determined from the Euler-Lagrange equation

35-%%%-00 o (20115)

where y = y(x) denotes the derivative (dy/dx).

Let us define

X
: -qW/kT 4 B(X) @
y o - ; <] o) » dx. L (do"s)
i
Then M
-qW/LT ) B(X) di
Yy = e Q XS (cﬁ.lﬁ)
Therefore,
tu 1 0-1 1 .
2o yly) @ ey & o (2.17)
W /Dp o S
To obtain the extremising functiorn E{X)}, Euler-lLegrange

aquation can be used. In the present case, the integramd func-

vion £ 48 explicitly independent of the varisble X, Hence,

a particularly simple firat order Fuler-Lagrange equation
r'e:en.it.‘l.t::s;"";l (Appendix~ I). The equation is

£~y —%— =C .o (2.18)

where C 1s an arvitrary constant.

This form of the Euler-Lagrange® equation is invariasbLy

used to derive optimum distribution function N{(X) €from both

the electric field end the stored charge approasches,
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2e2sh Optimum Electric Field for Minimum Transit Time

Applying the first order Tula-Lagrange relstion
obtained in eqn, 2,18 to the functional of eqn. 2,17, the
optimun electric field configuration E{X) can be determined.

Solving eqn. 2.18, we obtain

X
- QW/KT ;, E(X) dx
y o ‘ e ) ‘2. 19)

Differentiation of y w.r.t. X yields

X
- QW/KT é E(X) dX

nlo

y B e = @ (- %‘% E) e (2.20)

Equating this to eqgn. 2.16, the following expression for
electric field is obtsined

E{X) -%.% ) (2-21J

The ccnstant 2/C can be obtslned with the help of the
boundary conditions., This is deferred t4ll section 2.2.6.

2¢2.5 Electric Field as s Function of Impurity Concentration
in Bgsse B—

The current transport equstion for the base region
majority carriers in e one dimensional pe-n-p transistor is

dn

If the injection efflciency is assuwed to be nesr unity, the

majority cerrier current will be zero. Hencs,

1
s.-'{%;ﬂ oo (2023)
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But the assumption of space cherge neutrality requires tanat

nuﬂq-p .y ‘d.dﬂ

where N represents the donor concemkration in the base,

Substitution of eqn. Z.24 in eqn., 2.23 yields

KT 1@ kx4 TR
g Nd& ~ Tq 1. ﬁ ax

Ew -

LY (4.25)

p/N represents the injection factor.

At low injection levels, p/N becomes negligible as
compsred with 1 and the above equation for electric field

truncates to ylield thne following:

8-'&0§% 0 (4’3026)

where X = x/W
Thus it is clear that at low injection, the electric
field is a co.isequence ol doping disuiribution in the basse,

Hence it is termed es tne buillt-in electric field.

2.2.6 Derivetion of Optimum Impurity Distribution at
Low Injection

The optimur impurity distribution function N(X) can

be derived by combining the bsse region electric field
expressions obteined in sections 2,2.4 and 2.2.5, Equating
the two expressions for field given by eqns., 2,21 and 2,26

and integrating we get

InNe-£X,c, oo (2027)

where L, 1s a constant of integration,
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Applying the following bounasry conditions

N =N at AL = 0
o

ve (<ag8)
N = “'ﬂ at X » 1
We obtain
_qx
N(I) - NO e e (2029)
and
E(K) - g‘}:” rl v (2'30)

N
wnere n (= 1n Ef) is the eloctric field parameter and is
a measure of the strength of the built-in electric field in

tne base,

Eqn., 249 shows tnet it is the exponential doping
distribution which offers wminimun base transit time in the
cese ol constant mooility. Tne resulting eiectric fileld is
constant throughout the base regicn for tnis impurity distria

bution (.qn. 2030’.

1a04 IMPURITY DISInIBUTIONS FQh MIMIMU.i BASE
RANSIT 1IME - STORED CHARGE APPROIACH

2.3

2.3.1 Introduction

In the previous section, Moll and Ross's classical
definition of base transit time was discussed. An sltogether
new approsch - electric field spproach - was introduced and
used to obtain optimum {mpurity distribution for minimum base
transit time for the case of constant mobility. In this

b

section, Varnerin's” stored charge definition of base trsnsit

time is elucidated and with the help o1 this stored charge
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approach, optimwn impurity distributions for minimum base
trensit t.me are derived {or bouh constant and doping depen-

dent carrier mobility.

According to Vernerin, the base transit time is the
ratio of total minority carrier storea charge Q° in the

bese to the emltter current Ie, i.@.,

t'ﬂ U"f_ o ‘40311

The total stored charge in the base is given by
W

Qg =a A | pdx .o (2.32)

Assumning unity injection efficiency, I. - Ip.

Hence, the base transit tims can be expressed as

W
t'd.%é ()p ax oo (2.33)
P o

2.3.2 Basic Relations

The general expressiona relating minority carrier concen
&
tration p and the base transibhugg to an arbitrary impuri ty

distribution N <¢an be obtained as follows.

The hole current transport eqn. <.4 28sumes the following

form if the electric field E 1is substituted from eqn. 2,260.
d
Jp-- qu (ﬁ’.ﬂéﬂp) es (2-3‘#)

This relstion trsnsforms to the following first-order linear

differentisl equation in p if base recombination is neglected.



dp  dN/ax Ip
aﬁo—'NLp-QE—b;so o-(doBf‘]

This equation can be solved, subject to the boundary condition

that tne hole concentration is zero at W, to yield

1

g N(X) dX

J, W
P b
p = q D N . “.30)
P

The bese transit time ty is obtained by substituting

eqn. 2.36 into eqn. 2.33 ac
1

| M) ax
2 ; X
o

when mobility cennot be sssumed to be independent of doping,

the above expression modifies to the following form
1
(N
1T )0 (&
v o858 (&8 ; )
: M ) T(x) d.. oo (<a38)
o

dl

In all the above relations, N(X} 4s an srbitrsry impurity

distribution in the base.

4¢3.3 Optimum Impurity Distribution for Miniium Transit
Tine - Constant lobiliity Case

The double integral in the transit time relation 2,37
c¢on be reduced to the functional form discussed in section

2+2.3. Let us introduce

y == % N(X) dX vo (2:39)

P e -

Then



y = N{X) .o (2.40)

Therefore eqn. <,37 can be reduced teo the functicnal

1
t ot -
—— e - Ly

: fly.y) di ee (lolet
Wd/Dp oY )

O\-"—'-.

o]

Since £ is not an explicit function of x, the following
first dintegral of the Euler-Lagrange equation is used for

obtaining N(X}.
f - ; _9-1"'-- C o (dqhz)
oy

{This condition has been discussed in Section 2.2.3 and is

given in Appendix I).

Equation 2,42 can be solved to yleld the extremising

function N(X). Applying the boundary conditions,

N-No at X = Q

i LI (20‘03)
N = N“ at A = 1
the following result 1s derived for N(X).
=11 A
N(K) - N @ v (eld)

\
where n=1n N /N,
Ny = Impurdty concentration at tne emitter end
of the base

N, = Impurity concentration at the collector
end of the bhase,

Thus it is established thet in the ¢s3e of constant mobility
both the spproaches of deriving optimm fmpurity distribution
yield sn identical impurity distribution function N(X) in the
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base and this distribution function is exponential in nature.
This 1s due to the fact thet at low injection, both the

approscnes are equivelent to each other.

2.3.4 QOptimuwun Impurity Distribution for Minimum Transit-
Tine - Doping dependent Mobiiity Csse

When the ¢arrier mobility cannot be assumed to be
independent of doping density in the base region, the transit
time relstion 2.38 1s applicable, It is iwperative to note
thet the spatial varisetion of diffusion cocefiicient or
mobility 18 a consequence of their dependence on impurity
concentration, 3ince the impurity concentration veries in the
base region, the diffusion coefficient should 8lso vsry. 1In
this case also, 1t is possible to reduce the transit time to
the functional form discussea earlier. Hence the condition

2.2 can be used to derive the extremising function N(X) 4in

these €ase6s,

In the following sections, aifferent empirical relations
for doping dependent mobility are used and corresponding optimum

impurity distributions are derived.

Sugano snd Koshiga's Mobility Relation’

This relation of mobility is based on mesgsurements
conducted by Prince6 on actusl asamples of semiconductor
materials such as silicon snd germenium. Sugano snd Koshiga
derived this expression to study the effect of doping dependent
mobiiity on the cut-off frequency of transistors, Lster on,

Boothroyd and Trofimenko£f7 hove alao used ft, The expresaion



for diffusion coefficient is given by

-2

N
R HK

where D, 18 the difiusion coefiicient for the reference
materisl of impurity concentration N and € is s positive

fractionsl index.

To obtain optimum impurity concentration for minimum
base trensit time, the following expression for diffusion

coefficient i3 used,.

N-.25
D =D, (§)
o
where Do is the diffusion coefficient corresponding to No,
the emitter end impurity concentrstion in the bese, € for

silicon is sssumed to be 0.<25.

Substituting this relation into the transit time

expression 2.38, we obtain
1

1,25
1 S(”ﬁ‘l) dx
Hf (L2 dx (2.45)
t - .. »
8% 0, ; N{X)/N
1 1.25

Introducing y = - S (E&Ll) di, the above intezral can
X o

be trensformed to the functionsl.

¢ VAL 1
— .- (y () a = §oriy, i) ax oo (246)

W</D
/D, X 3
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The solution of the differential equation <.4< sSubject
to the boundary conditions expres.ed in eqn. <.43, yields tne
following hyperoolic distributionb for minimum bsse transit
time,

-k
4
N(X) = No (1 « (Bq/ - 1) X) oo (R.47)

Marshek's® tobility Relation

Referring to a plot of mobility versus impurity

10

concentration in silicon =, Marshsk has derived this mobility

relation, At a {ixed temperaturses, the diffusion coefficient

is spproximated by
D nm A - b 1n N(X’ s (2.“8)
wnere the values of a and b are given in Table 2.1,

The optimum doping distribution for minimum base
transit time has also been obtained by arshak. In a sligatly

altered form, the impurity distribution function is

(/B - ¥B » X
N(m-noef Y5+ YX) eo (Z.49)

where
2
B = (1n A/NO)

2
Y » (1n A/N“) -BR

A-.Xp(%f%)
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o end Cho's viobility Relation''

This relation has been obtained by combining the

availeble resistivity vs. cencentration data of Irvin" end

the mobility vs, resistivity detae of Runyan'a. A close

empirical relation for mobility is obteined as

,l.—"'e-"""' . (doSO)

1+ bN®

where a, b, and ¢ are constants given in Table 2.1,

A similsr relation for mobility has independently been

derived by Caughey and Thomee1h. The reletion is

Brax = ¥uin .
U= T . (R/N )a ) ”min . (4051)
ref

The parameter values sre given in Table .1.

On a closer look at eqns. 2,50 and 2.51, 1t is evident
that the two mobility relations have equivalent analytical

form, provided 4y .. 10 eqn. 2.51 is neglected. q . and

{Nref)dl in Caughey and Thomea's reiation resemble a snd b
respectively in Ho and Cho's expression. Onhe more cemuon
peint in the two mobility relations is that both of them
exhibit & strong recsemdblance to the Fermi-Dirac distribution
function at high tenperatures, The optimum impurity distri-
bution function N(X) 1s derived here for Ho and Cho's
mobility relation but the procedure will be exactly similar

for Caughey and Thousa's mobility expreszsion,

Substitution oi eqn. 2,50 in tranait time relation
2438 }"iﬁldﬂ
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1
() (1 » bN®) aAx

L. !

- MSIPITRY i
2 ) N Ca oo (<e52)
4 T

Let us define
1
{ N9 ¢
y--)(+bﬂ)d)i 00(‘-53)
X

Then egn. <.5 is transformea to the functional

1

() £f(y,y) &% « -

o

€ ax v (2.54)

Q ™ =

The optimum impurity distribution N(X) can be obtsined by
meking use of the condition 2.42.

Now

af _ of . _d§ _ Yz_ 1
oy oN ay N 1+ Toc N

Then eqn. 2.42 ylelds

y 1+ o ’
-ﬁ(‘lo "’ ,cwc)-[ oo (<055)

where K” is an arvitrery constant (since C has been useqd in
7
Ho and Cho's mobllity relstion, constant K 1s useu in the

condition 2.42).

Introduction of a dimensionless perameter o = bN®

transforms egn. 2.55 to the following form,

l +« To e

Qe 2+¢C X

/
y--KN (] (2‘56)

Hence,
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X 2
yuo-K&N1so)—Srelge dce €] .o (2.57)
cx{z +» 2+ cx)“

Differentiation of eqn. <.53 yielus

;.N‘1 +(X)

Equsating the above two values of y, we obtain
x
| ESE do - - Fxa e e (2458)

where ¢, 1s the constant of integretion, and

2
z(ex) ,_2?'__2&3;20_»%1_ ee {2.59)

2+ 2+ CX)

Solvin;: eqn. 2,58, we get

3 Cog c
ln“(1¢ 2“)*1’izamu

The agbove equation cannot be explicitly solved for «

% X - 2¢1 .0 (2-60)

and hence for N(X) due to its nonelinear nsture, For defined
values of X, egn, <.60 can be solved by Newton-Raphson's
jgerastive method to yleld N{L) as g tabulsted function of X.
{The method of solution is outlined in Appendix II,)

For a ratio of No/Nw = 103, 8 third degree polynomial
computer £it to the Dumericaily obtained results of the above

non-liinear eguation hes been deduced as
N(X) = N_ exp(- 8.71435 X + 3.6408 X% - 1,8072 x3) . (2.61)

Fig. 2.1 shows a plot of all the optimum impurity distributions
obteined above, For comparison, the other conventional {mpurity

distributions such as Gaussian end complementary error function
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(erfc.) are also plotted. The distributions are normslised

so that their boundary values coincide for NO/Nw = 103.

Rely SUWLAARY AND DISCUJLSICN

Two different epproaches for obtaining optimum impurity
distributions for minimum base transit time have been discussed,
The stored charge approach has been used to derive optimum
inpurity distributions for differ:wnt empirical relations of
doping dependent mobility. It has been snown that for a given
empiricsl relation of mobility thne optimum distribution
function is unique. If the exponentisl distribution is tsken
as reference, all optimum distributions obtsined in the case of
doping dependent mobility are found to be concave up on
ln N va, I plot, while the conventional distributions, such as,

Gaussian snd erfc,, are corncave down on such 3 plot (Fig. 2.t1).

The typical neture of the optimum impurity distributions
on a 1In N vs. X plot can be attributed to the doping dependent
mobility., Since the carrier mobility near the emitter end of
the ocsse decreases due to the larger doping, the electric field
ghould simultaneowdly increase to yieid mintumum trensit time,
Thz reguired increase in electric field necessitates a steeper
gradient [é% ln N) at the enitter end of the base, Hence,
the optimun doping distributions derived through calculus of

variations are concave up,

If the spatial dependence of diffusion coefficient in
the base srises from the field dependent mobility rasther then

the doping dependent mobility, the electric field approach will
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be more apt for the deriveation of optimum doping distridbution
function, This approach is also useful to deal with the case

of device operstion under intermediste injection levels.

In the next chapter, the calculated results of built-in
electric fleld, excess minority carrier concentrstion, and
bese trensit time (oll at low injection) are presented. The
influence of doping dependent cerrier mobility on excess

carrier concentrstion and vese transit time is also studied,

D
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CHAPTER 3

EFFECT OF I&PURITY DISTRIGUTION ON
HINQRITY CAlisH SASE TRANSIT 1l

3.1 INTRODUCTIQi

The fact tuat the minority cerrier base tr:nsit time
depends upon the actual distribution of impurities in the
base region of Junction transistors has been well cstab-
lished in the past"z. The purpose of the present chapter
13 to evaluste the effect of base doping distribution on
the minority cerrier base tronsit time in transistors.
Several doping distributisns including the optinum ones
derived in the previous chapter snd the conventional ones
such as Gaussien and erf¢, are considered, Since the
minority carrier mobility in the base depends on the fwpurity
concentration, the carrier transit behaviour is studied for
different empiricali relations of dopinz dependent mobility.
Excesa minority carrisr concentration sna base treonsit time
are calculated by numerical computationel metihods while the

pase reglon builtein electric field is eveluatea through

analytical expressions.

A special form of base doping distribution is also
studied. This distribution 1is concave down over part of the
base and changes over to concave up over rest of the base
region, DBullt-in electric field, exCess carrier concentration
and base transit time are evalueted and the results are

compared with those obtained for optimum distributions. This
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study reveals the {act that the optimum impurity distribu-
tions obtained tiroush veriational method do not necessarily
offer 8 unique miniumua in base transit time. It is concluded
taat the variational method eppllies only %o & restricted

cless of smooth distributions,

3,2 BASIC IMPURITI UISIAIGUTIONS Li THEL BASE

In order to atudy tne effect of base dopi:y distribu-
tion on the bullt-in electric field, excess carrier concen-
tration and bese treznsit time, the following dmpurity
distributions are treated., Some common symbols used in the

description of tnese distributions are given below,

N_ = impurity concentration at the emitter end of
the base region

N = 1impurity concentration a8t the collector end of
the base region

X « x/W, normalised distance
!l - 1ln NO/NW

W » electrical base width

Gausuisn Distribution
Thia distributvion is obtained when & two atep diffusion
procoss3' predeposition followed by & drive-in, is used. The

following mathematicel relation describes tine distribution:

N(X) = N exp(-nXx¥) e (3.1)



Complementary Zrror Function {(erfc,) Distribution

This impurity distributior is achleved when s single-

3

step diffusion process” 1s used for device fadbricetion. The

distribution 1s

N(X) - NO erfc (6X) oo (30&)

where erfc(g) = N'/No

Exponential Distribution

In order to reduce the complicetions in the analysis
of graded bpse transistors, the above two distributions are
spproximated by an exponentlal distribution. Quite interes-
tingly, exponential distribution 1s also the optimum distri-
bution for minimum base transit time in the case of constant

mobility. It 1s desacribed as

N(X) = N, exp(~-n X) oo (3.3)

Optimum distribution - Ho and Cho's

with Ho and Cho's mobility relation, this optimum
distribution has been derived in tne previous caspter through
variational method. An explicit mathematical relation is not
possible 1n this case. Hence the following approximate
conputer fit to the numericeily obtained results of the non-
linear equation 2.60 (Chapter 2), describes tne distribution

for N_/N_ = 103,

N(X) = N, exp(- 8.71435 X + 3.6408 X% - 1,8072 x7)
e (3.8)
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For the computation of base transit time, the numerical

results are used as such,

Optinum Distribution ~ “larshak's

The folilowinz equation descrioes this distribution.

N(X.) = No BJ(p(r ""B L 4 TXJ oe (3.5)

whare

B = (10 A/N_)
2
Ye{ln 4/N ) - B
w
A - oxp(% 4 '!2')
a 2nd b are constents given in Table 2,1 (Chapter 2),

This distribution is also the result of optimising the

doping distribution function for minimum base Iraneit tlme“.

Hyperbolic Distribution - Sugsno and Koshiga's Mobility
Relation

When Suganc and Koshiga's relation of mobility is used,
the vsriatio&ﬁhethod of finding cptimuwn distribution yields

the following hyperbolic distribution”,

n/& e
N(X) = N, (1« (e ~ 1) X) es (3.6)
parabolic-I Distribution

This distribution has been synthesised by assuming a
parabolic relation between 1In N end X, The analytical

relation is

N(X)aN, exp(nX - 27 #T) e (3.7)



44

rarabolic-IlI Distribution

For NO/N' . 103, this distribution is expressed as

N(X) = N, exp(- 0.86 X - 6,05 X) .. (3.8)

Arbitrary Distribution

This distribution is ziven by the relation

-7.75% s X
+ Ce

N(X) = N, (1« C oo ) e (3.9)

«7.75 -0
. -] - @
where C = G-V:ﬁii .7

The last two distributions - Parabolic-II and the
Arbitrary - are included to study the neture of the built-in
electric field in the base. The base transit times for

these distributions sre computed for few rstios of No/Nw only,

Fig. 3.1 showe a plot of all the basic impurity distri.
butions in the base region for NO/N" « 10°. The impurity
concentration N(X) 13 normalised with respect to the emitter

eand concentration in the bese,

3,3 BUILT-IN BLOCT®IC FILLD IN TuS BASE

Tne inhomogeneous impurity distribution in the obgse
region results in an internal built-in electric field. Under
low-level operation of Jraded-base transistor, the transport
of injected carriera is controlled by both diffusion and drift.
At high injection, the benafits due to the built-in electric

field are lost and the current flow becomes effectively
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diffusive. The expression for built-in electric field has
been derived in the previous chepter (Sec. 2.2.5) end is

reproduced below.

s §§ 4 §§ «. {3.10)

where KT/qW is the thermsl electric field and N 4is the
donor concentratlon in the n-type base region of 2 p=nep

transistor.

In this section, the buillt.-in electric field is cslcu-
latad for all tus ilmpurdty distributions treateu in 3ec. 3.<.
Tne analytical expressiouns obtsined from eqn. 3.10, are given
in Table 3.1. For N_/H_ 10°, the variaticn of tac built-in
electric field in the vase is shown in Figs. 3.2 and 3.3.

THE BASE

J.& EXCUSS MINORITY CAR TER CONCENTRATION IK

For tronsistors operating under low-current conditions,
the excess minority carrier concentrstion in the base has been
derived in the previous chepter (Sec, 2.3.2). Lindmayer and
wrigley3 have also obtained this relation. In the ¢ase of

constant mobility, the expression is

1

g N{X) dX

q D X
‘3;'53 P = (D) e (3.11)

When carrier mobility in the base region depends upon

doping density, the 8bove expression assumes the altered

form5



Analytical Expressions of Has

TASLE 3.1

@

Rezign Built-in Electric Fie

o |

Impurity Normalised built-in electric field
Distribution (g W/KT) E
Gsussian 2 n X

pzxz
Erfe. 28 e /ﬁ erfc (§x)
Exponential |
Optimum - 8.71435 - 7.2816 X 4+ 5.4216 X?

Ho and Cho's

Optimun -
i4arshak's

Hyperaolic

Parebolic-I

Persbolic-1I

Arbi trary

(Valid for Nolﬂw - 10° only)

Y7298+ YK
&
L (eq, - 1)/(1 + ‘.l]/’o - 1) X)

N (1= 1)/ X
12,1 X + 0,86 (Valid for N /N_ = 107)

~7.75X -2,
7.75&1-6). +g|78°2?x

(1ac) T ?X [ ¢ o201
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1
( _N(x) di
)} U _\A
q x ¥ ]
(Jp '.’v" p=- N(f-) s (3- 2)

where DP(X) is tne doping dependent diffusiocn coefficient

for minority carriers (holes) in the baae region.

In this section tae rcsults of excess minority
carrier concentration, calculated for several base doping
distributions, are presented, The c¢rngses of both constant
end doping dep2ndent mobility are treated, 3Sugeno and
Koshiga's power law relstion of doping dependent mobility
45 used., Thres reference values Do’ D', and IJ"g of the
diffusion coefficient, corresponding to the eéxitter end
concentration No’ ¢ollector end concentrstion Nw' end

the sverage impurity concentration in the basse, are chosen,

3.4s1 Constant Mobiiity Caese

In this case, the computer evglustiou is based on
tue relation 3.11. For defined vaiues g1 X, the integral
is evaluated with the help of Simpson's integration formulaé.
The minority carrier concentrations {in normalised form) are
plotted in Figs. 3.4 to 3,10 wi th NO/Nw as a parsmeter for

different base distributions,

The minority carrier concentration plot for exponens
tially doped base (Fig. 3.6) indicates that the current {low
in the bese is mainly by drift mechanism, except near the

¢ollector end where it becomes purely diffusive, This
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behaviour is in agreement wi th a similsar stuay by Des and
Boothroyd7, and Lindoayer and Wrigleya. For iapurity
distributions which ere concave down on &8 1ln N Vs. X plot
(Gaussian and Erfc.), the concentration plots show that the
current flow in the base is due to & combinstion of difiusion
end drift mechenisma, For all impurity distributions which
aro concave up on 2 l1ln N Vs, X plot, the wminority csrrier
concentration is maximum somewhere in the bese region
resulting in a smell difiusive flow of carriers towards

snitters, while the major diffusive flow is towards tae

collector.

3,4,2 Doping Dependent Mobiiity Cose

According to Sugsno end Koshiga's mobility relation,

tne diffusion coefiicient can be expressed as

N -2
Dp - Do (ﬁ'o' X (3013)
-x}/h -8
Dp = & . D” ‘%:) on (3-1‘0)
2 -0
D, = AT Davg (%;) oo (3.15)

where D, = diffuslon coefficient corresponding to the
enitter and impurity concentration No'

D, = dgiffuaion coefficient correasponding to the

collector end impurity concentration N
Do'f

and Davg -



When the above raleticns for diffusion coefficients with
& = 0,25 eore sunstituted in eqn. 3.12, the followl ng expres-

sions for minority cerrier concentration sre obtained,

'.2
/)

w-—-‘_“'ﬂ

q D
(-—-—2—) p - e (3016)
J, ¥ N{X) /N,
1 1.25
S (N(X)/N ) dx
q 9 n/4 x
- ee (3.17
(3;—5; p =@ TR (3.17)
1
( (N{X)}/N 1"25 ax
) o
3 lave) 1 S (3.18)
vk 2 N(X)/N,

In the a8dove relatinons, it is interesting to note that
t1e ninority carrler concentration corresponding to the
diffusion coefficient DN, (eqa. 3,16} is common to sll.
calculstions based on eqn. 3.16 are made for several base
doping distributions discussed earlier, 7The resuits are given

in Figs. 3.11 and 3.92 for N /N = 10° and 107, respec-

tivelye.

A study of these {igures showa that in Couparison
with constant mobility casa, the difiusive tendency of the
carriers towsards collector luncresses for distributions which
are concavye down on ln N Vs, X plot, wheress the diffusive
tendency towards emitter is reduced for distributions which

are concave up on such a plot.
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3,5 MINQRITY CARRIZR BASES TRANSIT TIML VHEN MOBILITY I3
CU STANT e

When the carrier mobility in the base 1s assured to be
independent ol doping density, the vase transit time relation

2.37 (Chepter 2) ¢an be written in the foliowing form.
1

( N{X)/N_  ax
e 1 )
__i- s 2 ( —%—- dx
Ty ) N(X)/N, oo (3.19)
Q
where bty (= wzjz Dp) denotes the hssze trensit time of

a uniform base transistor.

All impurity distributions considered in Section 3.2
sre treated and the base trensit tine is obtained by numerical
coputational methods. The need for numarical method arises
froa the fect that an explicit solution of aqn. 3.19 is not
plwpys possible. The intezrsls are evaluated with tho help
of Simpsont's integration formula. The computer progrsm for
such an evaluation is described in Appendix-III, As an
Jllustrative example, Gaussian impurity distribution is
co..sidered, but tho procedure will be ssme for all other
y distribucions except Ho 8and Cho's optiaum distri-

jmpurit

pution where the fmpurity distribution is not expressible

explicitly. The impurity distribution in this csae is
evalusted using Newton-RaphSon's method as described in

The results of normslised bsse transit time, as

obtained by the computer solution of eqn, 3,19, are presented
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in Table 3,2, It 1s obvious that tho transit time 1s minimum

wanen exponentisl doping distribution 1s used in the base

region.

3.6 INFLUENCE OF DOFPING DEPENUENT CARRIER MOBILITY ON

gAdz TRANSIT 110G
In preseant-day discrete end dntegratea circuit
transistors, formed by solidestate diffusion techniques, the
impurity concentiration in the bese is quite high near the
enitter end., Hence the minority carrier mobility cannot be
assumed to be independent of doping. 1In thie 8ection, the
influence of doping dependent mobility on base transtit time

is investvigated.

The general expression relating base transit tire

to an arbitrary vase impurity distribution can be written as

: N
| bt
X

1 o
(
) n{x)
0

(SOC. 2'3'2. Chﬂpter 2)

dx e (3020)

The calculations of transit time for aucveral iapurity af strji-
butions of 9e¢, 3.2 are carried out with the aid of egn. 3,20
Different empirical relations of carrier mobiliity discussed

in the previous chapter are treated.

3,6.1 Sugsno snd Xoshige's Mobilit Relation

This power law relation of doping dependent mobildty
hes been discussed in Chapter 2, In this relation, the problem
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is to choose a suitsgble value of recference mobility p. In
the originsl equationg, Sugeno snd Koshiga have used 3
reference mobility value corresponding to the collsctor end
impurity concentration in the bese, For 8 study of cerrier
trsnsport througn the baso,Pritchard10 has stressed that
the reference mobility value Corresponding to the average
impurity concentration in the base should be used, As there
is no convergent opinion in this aatter, botn the sbove
values of reference mobiiity are considgered, In gadition,

wem&nmomMHWVuwcwmwmﬁwto%ewumr

end concentration is also used,

Since mobility and diffusion coefliicient arg related
to esch other through Einstein’s relation, the above argumente
apply to the carrier diffusion coefficient sa well., Using
the diftusion coefficlent reistions Sxpressed through eqns,
3.13, 3,14, and 3.15, the base trensit times corresponding t

the reference diffusion coefficients Dys D, and DOVS' can

be expreossed as follows,

1
mwy/w )" g

e ol
B ( L
- 2 dx de (30 )
50 : N(X) /N, 21}
v 5 o (3022)
t 1[/‘& t
o N 1 ¢ @ . 3
t 4 QBO s (3023,
Bayvg

2 2
where tgo {«WS/2 D), to. (.u?/2 D, and ¢, g(-wa/an
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denote base ransit times of & uniform bese transistor heving
base jmpurity concentration Corresponding to No, N , and
W

aversge fmpurity concentration,

The average velue of the diffusion coefficient 15

given as

D .—3—._'_ .o (3.21’)

The above equations are evaluatoed hunericolly for
base impurity distributions trzated earlier, The resulcs
of the normulised transit tiame tB/tBD are swinarised in
Tabie 3.3, Tnis value is comuon to all the transiy tiawe
relations (equs. 3.21 to 3,23). The computer program for
calculating buse transit tize in the cese of dopinz dependent
mobility is given in Appendix-IV, Ho and Che's optimum
distribution has been used for this illuatration,

The normelised vslues of transitg time versus
in (“o/nw) are plotted in Figs. 3.13 to 3,18 for seversl
impurity distributions, The reference velues of diffusion
coefficients D , D, and Dgvg 3erve as parsmeters, For
comparison, the values of trensit time cbtained in the cgse
of constant mobility are also plotted, The solig Curves in
the figures correspond to the doping dependent mobility

case while the dotted curves are for the caseg of congtant

mobility.
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3.6.2 Mdarshak's Aobil:ty Relation
In this case aleo, the evaluntion of transit ciage
axpression 3.20 1s sttempted with reference valyes of

diffusion coefficient D,» D, ang Davs‘ The diffusion

constant can be written as

)
D}J = DO (1 - 'ﬁ; in N/N°) .o (3025)
% (1= & 1n N/N )
D - - ln e v 4
O
Dave 3
D = 5 h (1 - 5~ in N/No) e (3.27)
P (1., T 7! °
o

where D = 8 - b ln No' and @&, b are constangs given in

Table 2.1 (Chapter 2).

Subatituting the above relations in eqn, 3.20, the

transit time 18 given by

{ N(X)/No
i g e b’; In N(X)/N_
t (
—t;?- - 2 ) N(X)/No dX " (3.28)
o
-—ra;—- (1 ’3;‘7 tm ‘e (30‘9)
n eE
—-f-g-—-"'ﬁq"'z" t .o (3.30)
t () BO
Bavg

For different impurity distributions, the ransit time colcu-
lations ore made on digital cosputer, Ty, Fesults of normalised
transit tine ‘B/tﬂo are given in Taple Job. Figa. 3.19 ¢o ERPTA
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1llustrete the norwsalised trensit time varistion with

1n No/ﬂw corresponding to the reference velues of diffusion

constant D, D_w' end Davg (solid curves). The transit tiae

veriastion with ln(No/Nw) odotained {n the ccse of constant

mobility 1s also given for comparison (daotced curves). The
18

velue of N = 10"" {3 used wheraever nN2cessAry in the sbove

computstions,

3.6.3 Ho and Cho's Mobility Relstion

Based on the above mobflity reletion, the diffusion

coefficient variation with doping can te expressed as

1 ¢« Kk
= D
Dp ° 4. bx° oo (3.31)
-nec

D = 0 ‘lvk.q

p w ’* ch e (303‘)
(1ek) (1okel®

D =D * + 2.8 ..

T a8

where Dy = G5« 7o%* and k «BNT, &, b, snd ¢ are

constants given in Table 2.1 {Chapter 2). The base transit
time obtained by substituting above reiations in eqn, 3,20

can be sxpressed as

1
, b AR O ko)) o
£ g [ =
_t-&— - m ) N(x)mo dX .e (303’0)
o
4
¢ 1e ke ale
—j.—‘ = : -n¢ tﬂO oo (335}
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tg T % (1t+e ") Eﬁ_
-q¢ Tty «e {3.36)

”avs 1+ ke
The normslised transit tines are computed by numericsl
techniques, Tsble 3.5 gives a Sumnary of the results of
ty/t g;* <The bese trensit time as o function of 1n(N /N )

1s plotted in Figs, 3,25 to 3,30 for Seversl impurity distri-
butions considered in Sec, 3,2, DB' Dw, Davs &re usecd as
reference values of diffusion constants, For Comparison, the
results obtained in the case of constant mobility are also
plotted on the same graph, The solig curves in these figures
correspond to tne doping dependentg mobility case whilie the

dottved curves are for the case of constant mobility,

3.6.4 Discussion
The actual ealculations of transit time indicate that
only those distributisns which are derived esrlier as the
optimun distributions by variationsl method yield minimum
transit time (except for a slight discrepency in some csses,
Tables 3.4 &nd 3.5). For Sugeno and Koshiga's mobility
relation, the hyperbolic distribution yields mintimum tranait
Harshak's sad Ho and Cho's distributions Provide lowest

time.
trensit time when corresponding mobility relations are asswied

{Ref. Table! 3-3 to 3'5)-

The trensit tloe variation with 1n N fN shows a

minimum only for Sugeno and Koshiga's mﬂbility relation ang
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for impurity distribuvions which are concsve down on 1ln N vs, X
plot. This observation is true when efither D' or Davg is
teken as the reference velue of diffusion coefficient, when
Do is tuken as rafer=nce, taue trunsit tise decreases monotoni.
cally with increase of No/Nw' But for doping distributions
which are concave up, there is @ monotonic decresse in transit
time witn increasing ratio of N /N . The normalised base
transit time obtained for concave down impurity distributions
and with the assunption oi constant mobility, is amaller than
tae corresponding valwe of transit time obtsined for doping
dependent mobility case using Davg 83 the reference value

of the diffusion coefficient. For concave up distributions,

the behsaviour is just the reverse.

The physical explsenstion for the bsse transit time
reduction in the case of optimum distributions lies in the
fact that the injected minority carriers atiain 2 higher drift
velocity @s they enter the Dazse region, It is due to & large
value of built=-in elactric field et the emitter end of the
pese reglon. The increase in drift velocity leads to a
decreese in the base tranalt time of tne injected ainority
cerriers. 7The simultaneous efiect of obuiltein eiectric fielg
dependent mobility results in e minimum 4{n the

an . doping

curve showing the dependence of tne base transit tiie on
concave down impurity distribut
in "o/"w for lons,

The present investigation concerning the influence of
mobility varietion on base transit time has supplemented the
resulta of 8 similer atudy previously made by Sugsno and

1

Koahisa,o' ard Bullis and Runyasn' ',
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In this section, & specisl foram of base impurity
distribution is considered, and computed results of built-ip
elactric fleld, minority cerrier toncentretion and bese tronsit
tiwe are presented. The doping distributions considered S0 far
are either concave ug or concave down on a In N vs, X plot,
The present base Llupuricy distribution is first concave down

and then changes over to concave w. It is special in this

sense only.

In a slightly different form, this impurity distridbution
has been first used by Hauser ' for the channel doping in »
Field Effect transistor. The originsl expression has been

modified to take into account ths following boundary conditions

N.NO at X « 0
ve (3.37)

N o Nw 8t X a 1
The following mathemsatical expression describes the specisl

impurity distribution

-0 -1 m
N(X) = No[e v(1-e ) (1-x ] o (3.38)

where m 13 a conatent.

Built-in Rlectric Field in tn¢ Base

The msgnitude of the built-in slectric field arising
due to the specisl impurity doping distribution gn the bass
region 18 cnlculsated using equatinn 3.10. The following

expression for the normelised electrie field ts obtsined
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(.I%%) . mk’(t = x)m-i
T+ k(1 - ™ vo (3.39)

’ n
where Kk = » - 1

Minority Csrrier Concentration ip the Base
e ——

In the cz8e of constant Bobility, the excess minority

carrier concentration is calculaotey using equatizn 3,11, and
_ 11,

t.e following expressi.n is obtained for normelised carricr
concentration,

f

q B 1« X
‘Jp R & prary S T oy N v (3.40)

N(x>/Nw is substituted from equation 3.38.

Base Tronsit Tiue

The normalised transit time in the bage region is

computed by making use of egn. 3.19, The following result 4a

obtsined,

1.X
1+ k(1 -x)0 B e {3

*ﬁ’
B

-h
+
8
QO ™

The transit viae expression 3.41 is a function of m
It esn be minimised to yield an optimum m volye, Let
Then the first derivetive of T with reapact to m < e gE
- . .
when equetld to zero yields the follow ng reiation,

1 1
(1=% -mme K (L0 ogr .y
o‘ 1+K(1=X) o (Me k15T “"2

= 0 e (3.&2)
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The above equetion is nonlinear in 8 hsving the functional
form

f(m) e
Th- velue of m can be obtained by 8pplying Newton-Raphson's

iterstive method.

The plot of impurity distribution function K{X)/N
for No/Nw - 103, is given In Flg, 3,31, The optinum mo
value of 4,7 as cslculsted from eqn, 3.42 is used in this
case, As i3 evident from this cturve, the doping distribution
curve 13 concave dowht over a masjor portion of tae base and

then 1t becomes concave up over rest of tne base region

The builit-in electric tield configuration in the base
for this special distribution is sketched in Fi.. 3.3¢ for
different ratios of N /N .. Fig. 3.33 snows the plot of
excess minority carrier concentration. The optinum m wvalye:
corresponding to different NO/Nw ratios are derived from
eqn. 3.42 end have been used in the calculation of the built.

in electric fleld and excess carrier concentration in the base

Table 3.6 gives the calculated value of Normalised
¢rangit time for the special 1mpurity distribution considerned
in this section. For comparison, the normslisaed bpse transit

time values a3 obteined 1n the case of oXponentip) distribution

ere also mentioned.
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TABLE 3.6

Calcuiation of Normalised Hase Transit Time
for Special Form of Base Doping Distribution

(For couparison the transit times obtsined in the case

of exponential distribution are also given)

NN, 10 102 10° 10%
Optirﬂﬂm m 24 3.5 4.7 5.8
Special impurity 0.50012  0.31544  0.23479  0,19068

distribution

E:ggnential distribu- 0.5<908 0434093  0.24765 0.19357

A study of Table 3.6 shows that the transit times
obtained in the cose of special dopingz distribution sre lower
ghan the corresponding tlmes obtsined in tne csse of eXponiena
tial distribution. The veriational methods have proved
anslyticelly that it is the exponential distribution which
should offer miniatm bese transit timedn the cese of constant
mobility, but the results obtained in the ¢sse of specisl
impurity distributions have established that the distributions

al
obgsined through varistion, metnod do not necessarily provide

s unique minimum in transit time.

The behaviour of the fmpurity distribution snd the
electric field #s plotted in Fi s, 3.31 and 3,32 reveals that
there 18 & point of inflection in these curves, waeress in

the basic jmpurity distributions of Sec. 3.2 or the correspo:iding
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electric field curves, tnere is no point of inflection
Hence, it c¢an be concluded that tine varistionel method.of
obteining optimum impurity distribution for minimum dese
trensit time fails for impurity distributions or electric
field distributions having @ point of inflection, Therefore
y

some other tecunigue of optimising bese impurity distributi
; on
should be used. °

The base region minority carrier concentrstion
(Fig. 3.33) shows the following behaviour. The concentration
f£1pst decresses upto Some point in the base, then it increases
finally becomes zero at the collector end. For

slightly end
No/Nw - 10, taore is no increaze of excess concentration in

gne midcle of tae base.

3.8 SUMMAARY ANy DISCUSSION

The built-in alsctric field incresses monotcnicelly

over tne D8ad region for iapurity distributione which are

concava down on 2 in N vs., X plot, For other impurity

diagrlbutiona which are concave up, the electric field is

meximum at we amitter end and decreases monotonically, Thiy

. s

pehaviour of the puiltein electric field is & dircct conse

quence of ¢he neture of varistion of the gradient of 1n N
e

since B 13 proportionnl to

The excess minority carrier concentration profil
i€

the base region siowd that the current flow 18 due t
o @

in
ation of drift and diffusion mechanisms in all cases

combiii

of g upurd oY discributionsd. For coiuceve down doping
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distributions, the c¢arrier flow necr emitter is both due to
drift and diffusion. For impurity distributions which are
concave up, the carrier flow 4s mseinly due to drift nesr
the enmitter end. Further, there 18 » diffusive tendency of
carriers towards the emitter from somewhere in the bese,

Near the collector, the carrier flow is mainly due to

diffusion in 81l cases,

The typical nature of the minority carrier profile
in the base depends on the electric fiela configuration. For
concave up impurity cistributions, the buiit-in electric fieid
4n the base is 2 monotonieslly decreesing furc tion. Hence,
the minority carrier concenirstion in the vase is low at the
enitter end and tends to incresse towards tne collecto r,

Since tae C-B junction is reverse bissed, the carrier concen
trotion at the collector end has to be zero., This causes

a maximum in the carrier concentration profile souewhere in
the bese, In the csse of concave down impurity distributiona,
the minority carrier concentration is maximun &t the emitter
end and monotonically decreases towsrds the collector end,

This behaviour is due to tho monotonicslly increesing electric

field.

The calculated reaults indicate thet for optimun
fapurity distributions the base transit time is ninimum when
corresponding eapirical relations of doping dependent
mobility are ussd. In tho csse of counstant mobility, the
exponentisl distribution yields & minimum value of base
trensit time, The higher values of tie builtein elecctric



fleld at the emitier engd of the bese for optiaum impurity
distributions lesd to s reduction in the emitter injected
minority cerriers, Further, the field gradient ang the
mobility gradient ape such thet the totsl stored base Charge

i1s less, and hence a lower value of transit tine g obtained,

field factor (1n No/N.,) revesls that for certain lmpuri ty
profiles therec is an optinum value of the fielg factor for
which the traneit time is ninimunm, Juch an opticun velye is
observed for the exponential ang &1l other lmpuri ty distrg.
butions which sre concave down on la N vs, X Plot when
Sugsno and Koshige's relation for doping dependent wobility
is ueed. The field gradient for Concave down distributions
increases monotoniceily from emitter 0 the Coliector, The
mobility gradient increases to 3 TAxXimum somewhere in the
base and then decresses., The sinul tanegys ef1ect of tho two
gradients leads to the existence of an optinmum valye of fielq
factor which yields minimum trensig time, For optimum distri.
butions which are concave up, there is o fohotonic decrease
in the field gradient, Conaoquently, no optimum fie14 factop
is obteined., JSince the mobiligy gradient depends very much
upon the assumed empirical form of the doping depgndenCG’
mobility relations other then that of Sugano ang Koshigs qo

not give rise to an optimum value fop the field factor,

By considering s spacial fmpurqy, diatribution which
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distributions obtained by varistional method do not nacessarily
offer minimum osse trensit time, Tae Special duping distribu-
tion yieias less transit time in the cese of constont mooflity.
It is hence concluded that iampurity distributions or electric
field configuretions having a point of inflection, & corner op
discontinuity are not amensble to trestient by variational

method waich 1s applicsable only to s restricted ¢lscs of 3mootn
curves,

In the next two Chepters . Chapters 4 and 5 - impurity
distributions which are not smooth and buflt-in electric field
co.figurations which have discontinuities are synthesised and

studied for carrier transit behaviour,

4444114044
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CHAPT =R 4

IMPURITY DISTRI BUTIONS rn

R _MINIMUM BASE
TRANSIT TIME THROUGH SEGMENTA‘I‘ION 'I‘ECHNIQ@

.1 INTRODUCTION

b.2 SYNTHESIS oF TYPICAL Basg

IMPuRITY DISTTTIBUTIONS

be2.1 TYPE-A PROFILE: coMminam
D HYPERBOLIC® - TLUATION OF Gaggsyyy

bece2 TIPE-B PROFTLE: Gomsry ,
“% TIAL anp HYPERBOLIC — TION OF EXpongy.

bece3 TYPE~C PROFILE: Coppy; ]
“? D EXPONENTIAL 18ATION oF GAUSS1AN

holely TYPE=D PRUFILE: COMBINA e ;
AND EXPONENTIAL TIUN OF Hyp BHBOLIC

+&5 TIPD=E PACFILE: CoMByy g ;
W TIPD-E PAGEI TION oF SAPONTNTIAL

1206 TIPE-F PROFILE! COMBINATITON gp v,
. AND GAUSSIAN O OF HYprigorre

4.3 BUILT-IN ELECTRIC FIELD IN Tyo gyge

b.4 EXCESS MINORITY CARRIZR CONCENTRATINN 1y _—_
4.5 BASE TRANSIT TIME

b.6 SUMMARY AND DISCUSSION



CHAPTER 4

LPURITY OISTRIBUTIONS oo SINTAUA BASE
TRANSIT TIYE TIRQUGH SECMENTATION TECHNIouE

LoV INTRQIGCTION

4 specisl form of base impuri ¢y distributien which
offers lower transit tipe then that obtained for the

tial profile has bee¢n discusseg in the previous

chapter, I,

this chapuer, an attempt has beep wade to synthes

ise other
impurity distrioutions wiich yleld low dase trans

it tines,
L@ calleg

The built-in
minority ¢csrrier concentration and

For the purpose of such a Syntneais g New teChniq

‘the Segmentation Technique® §s Suggested,

electric field, excess

base transit time are evaluated ang the resulcs
a

are compareq
witn those obtained in the Cases of SXponential
31

and specia 1

The Synthesised Lopurie

butions and the corresponding bgse tranas ¢ times
u

base doping diatributions, Y distry.
Yielded by
distributions confirm that 8uch distributy,
these

N3 having g
int of inflection or a corner gpe
po

Not ancnsble 4 treataeng
jational method. It g further establishoqg that
by var

ble combinations of segrents of Standard digtp
suitao

1bu tiona
{eld much lower base transit time
yle

than thag obtalngy by

pti-us distributtons predicteqg by varia
the opt
.mploying

tions]l
method.

106

exponen.
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l1]

4.2 SYNTHEZSIS Or TYPICAL 3AST IMPURITY DISTRIBUTIONS

In the segmentation technique of synthcsising base
doping distributions, the base regzion is divided into two
or more regions 8na each region has a segment of & different
1apurity distribution, The complete Lase distribution has
For the present, only two segnent lmpurity distri-

B COTrNEr.

putions are synthesised, The vase region is divided into

two regions (0 to 8, and 8 to 1).

Lele.1 Iype-A Profile; Combination of Gsussian and Hyperbolic

Th:s profile 1s made up of a segment of Gaussiasn

aistribution and @ segnent of Hyperbolic distribution. The

orofile 18
x2
8

-

Np(X) = Ng © (0 X<8) .. (kita)

250 =&
NII(I) = No.(’ e (@ q - 1) X) (° S ls 1) . (Lo‘b)

where
,]' = 1n NO'/NV‘
gt iopurity concentration at X o O for the
o
projected hyperbolic distribution
g = x~-coordinate of the intersection point
{corner) of tne two Segments in the base,
Y N(X) given by egns. 4.1 and 4,1b ahould be
tched This condition yields the following non-linear
ma g

relstion in
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Nt *47 gl . 251y
eq -{e i

(=) - -
N~ Vs-1=0 e (4.2)

¢
For given values of N '/N_ snd N /N, s is unique ang

is obtsired by solving the above equation as follows, The

equation ie written in the functionsl form as
f(s) = © o (bo3)

Dififerentiating eqn. 4.:, we get

N,.Zf'

|
£1(s) = (g>) W7
o

1) ¢ (lto‘v}j

-

2

Applying Newton-Rephson's metnod, s can be obteined from

the relstion,

. f(s)
M TITY

bl (‘FQS)

where the right hand side s 4s the initiaily guessed value

of this varieble.

. - fite: Combination of Exponent
Fﬁﬁi!lﬂ!![§

This profile 1is mede up of & combination of twg distry.

butions ~ & saegment of oxponential and @ segment of hyperbolic

distribution. The mathematical reiation is

-1,1
(0sx<5s) ., {4.62)

257" =
- 1) X) (BSX< 1 .. (4.60)

The valu® of s {for this distribution 1s g}s, unique end {g¢
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the san
me 83 that obtained by solving the non-line
- er eqn.

No'/No ratio is as given below,. e
N e
g_ — ¢ (‘q - 1) s)k
o el
.‘] e (hl’?)

‘bo ‘03 I E-C PI’ i . i S e L T T E‘ 4 ;
t' - nt' a8

Here s combination ol segments of Gaussisn end
distributions is considerea. lhe anslyticsl ex exponential
the profile 1is pression for

-n‘-f
NI(X) . NO e 'S (0< X< s)

NII(X’ =N, e (s< X< 1)
o (L.Bb)

A (L.Ba)

In this csse 8 Ccan assume any arbditrary vslue bet
etween

0 and 1.

L.d. fi C ° u&l
e 1f¢c ang
iC _8ng Xponen-

In this case th: profile is made
up of & combina
! tion of

segments of hyperbolic and exponential distribution
8. The

expression is
-k

NI(J")"NO (1 + (@ - 1 ‘s) (0< 45 8)

-1 A
No(X) =N, € (85 %g1
II ° S ) e ‘l"ogb)

*e (#.93)

For this distribution 8lso, s can take on
Y arbitrary vl
ueg

petween 0O snd 1.



4, 2!5 IJDE-E Pr’ofi le

:t C i
gmdination ol §§pon§gtial and Gaussian

The mathematical oxpression for this distribuey i
on is

-qx
NI(X) - ND e

(U< X< py)
= 1
y *a (&.10&)
N, (X) i e-q1 ’
11 o, (pysag1y ve (4,10b)
wher ¢ o
°© 1, in No,/Nw
N = {inpurity con
o, Y concentrstion At X = 0, for the
projected Gsussian distribution
Py = X-coordinete of the Intersection point in
the mse region,
The condition that at X Py»  the concentrations given by
eqns. 4.108 and b should be matehed ylelds the followi
win
quedratic relation in Py 8
A, b2 - by s In o
P - p, + 4N = 0
1 %3 o, oo {4,11)

Tne following root for p, is selected,

py = (0 -/ <4n, 1a Yoo, ) /2, vtz

Lh.2.6 Ivpe-F Profile; ¢ nN_tion of Hyper
pe- __LH_L_QM__‘.X_QQILL 8nd Gausgaian

This distribution 1s s combinatign
of two se
gme-nta - 8
segment of hyperbolic distribution and g segment of ¢
| : aussian
distribution. The following relation descrihes the di
e stri-.

bution



1i1
. 1Py /4 e
Np{X) = N, (1 + (e - 1) ;7) (0L XK Pq) oo (L.137)
.rh 12
511(;) - No1 e (91 S i< 1) oo {4.13b)

In this case slso, Py is t.ie solution of the quadratic

equation bv“o

The following constants have been commonly used in the

synthesised distridbutions.

q o 1n NO/NW ve (h.‘h)
X = x/W, normalised distance

No’ N' represent the base fupurity concentrstion at X 0,

and X = 1, respectively.

Fiz. 4.1 shows the plot of all the synthesised impurity

distributions. The following numerical constents have been

assumned,

90 ; % ‘
N/, = 1075 8g'/H, = 10%; Ng /Ny = & x 102

4.3 BULLT-Li ELECTKIC FIsby T THL BASE

At low injection, the strength of the base region builte.in
electric f4eld resulting from an arvitrary 1mpur1ty distribution

N(X) is glven by the relation (Sec, 2,2, Ch, 2)

_ KT 1 g
E = QW N ﬂ§ oo (4,15)

For impurity distributlons of Sec. 4,2, the field is evalu-ted

from the above relation, The snalytical expressions are given
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inT
sble 4.1, Fiz. 4.2 shows the plot of normalised built-
in field in tne base region.

Thoiz 4,1

Anaiytical Lxpressions of Norm i Builte}i
. - -2 orwual

£lectric Field for Two Seguent Imgu%isg gistrihﬁti
s e =1 o N3

Impurity Normalised
Distribu- alised built-in field, (q W/KT) E
tion Region I Region 11
.25n"
Type-A /s Lie '725 - )
N 1
1+ (e i -1) X
Type-B n o
Type-C a) X /8 ;
qs/b
Type~D Lie As 78 1)
1+ (e ) I < 1
-E
Type 1 2, X
N p,/#
Lie - 1)
Type=F
TP e, /b 29 x
1+(e v ¥ R 1

%CE33 MINQEII{_CAEBLER CONCENTRATION IN T © BASE
S 22

Mok B

since the doping distributions are
expressed gs ¢
ombl-

notions of two different disteibution functions, th
’ @ exXcess

ninority carrier (hole) eoncentrstion in t
y ne base is ex
pressed

as bﬂloat
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Region-1 (0 < X < 8)

3

SBY . o -3

SRR ey [ §mn an s (3 (x) cu] c\ (b.168)
- s

Region-II (8 < X < 1)

1
{

3 b 1
(-5;—5“) P = T Txy o Npptd) o oo (4, 160)
X

These expyressions sre used to calculate the minority carriep
concentrations for all assumed combinstions of impurity
distributions discussed 1n Jec. 4.2, Figs, 4.3 and 4,4 show
tie plots of minority carrier concentration in the basse. For

profiles E and F, 8 13 repleced by p, 1in the above

relation.

L.5 3ASE TRAN 1T TIME

In the presaent case of two segment impurity distributions

the nomﬂliaed bose translt tine is OXpresSQd as

8 1
S Nplk) dx + S "Il(x) dx
L X 3
'E‘L' -2 N_(X) %
3y I
Q
1
1 g Noo{X) ax
2 (2 A
5 ) 8 ve (he17
! NII(X) (he17)
2
wnal'e tBU ] W /2 Dp

The sbove reiation 1s obtesined by €slculating the totsl stored
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For the doping distributiong of Sec, he2, the base
tronsit time is computeq Runerically by evalusting eqn, 4. 19
Different ratios of No'/Nw 8no fence g, ~°|/N" and

hence Py 8re assumed ang transitc .ime 4, evaluated,

. 3
NO/Nw is kept fixeq et 107,

iables 4,2 and 4,3 &lve the Tesults of traasit ti.g
computations for distributions A o D any g go F, respece
tively. The value of transit tiue Obtaineua 4 Cic cese of
tie special form of the impurity distribution (Chapter 3)

is 3lso mentioned for comparison,

A study of the results given in Tables 4.2 en4g 4.3
reveals that with the incresse of xo'/N' ratio, angd hence
8 value, the base transit tine detresses in the C83¢ of
profiles A, B and C, It is smeller g compared with ¢ne
transit time obtsined for exponentislly doped bame, For
types E and F profiles, the base transit time increases with
increase of N°1/Nw 8nd 1s always gregter than thge obtaineq
for exponential distribution, o profile~D, there is ng
iprovement, The base transjit timea obtained for 8pacial
and two segnent impurity distributions esteblish tqe fact
thet the method of calculus of Variations dpeg ot Necessaryy
yield impurity distridutions wjcp 8ive the Pinlmun hage

transit time, OBlY & restricteq class of 1mpuri;y distrs.

butions wanich do not have any point or inflection or whieh

are amooth are covered by this method,



TASLE 4,2

Calculation ol Nor-slis:d Trens
it Time ‘tﬂ/‘ir’

for Inpurity Uistribytiona obtr! ed by Jezmen-
totion Technique

Normalised transit time (Exponential distribution}) e ,. 4765

Normal.s:-u tronsit time (8pucisl impurity distri-

butio::) » L 23479

3
N/ = 10

Normalised Transit Tiame for

No'/Nw 9 Profile-A Profile-B Profile.C Profile-D
104 0.1 0.25341 0. 25551 0.2439%  0.24817
10°  0.212  0.24536 0.24913 0. 24136 0. 24911
’06 0. 250 0. 24218 0.24679 0. 24018 0.24983
'07 0. 271 0, 24073 0. 24576 0.23961 0.25029
108 0.282  0.24001 0. 24526 0.23932  0.25056

0.23963 0..24500 0423917 0.25072




Calculation of Normslised Transit Time (tB/nﬂﬂ)

for lapurity Distributions obtained by Segmen-

tation Tecnnigue
Normalised Transit¢
N_/N P, time for
o, w
Profile«E Profile-F
5.00 x 102 0,111 0.27993 0.26044
4.00 102 0.153 0.27723 0,27831
3.33 x 102 0,189 Qo 7his 2 0.47618
2,00 x 102 0.303 0. 26564 0.27038
. 10% 0.350 0.26259 0. <6886

1.66
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L.,6 SUMLARY _AND DISCL3SION

Impurity distributions which are not smouth ana wh
are ¢combhinetions of segrents of stendard distributions hiCh
been synthesised through segmentation technique., A st dave
of the built-in electric field, excess carrier concant: y
snd hase trensit time for these distributions has confi::::n
t e fact thet the variational met od of deducing optimum"

{mpurity distribution for :2inimum base transit ti . |
me {s not

app}iceble O all cleases of impurity distributions, S
. ome

of the syntuesiaed distributions yield much lower b
: ase

gronsit time a8 compsred with the optimum profiles based
ased on

the variational method. Hence, the variational mathod
athed does

not leaa o 8 unique solution for tne optinum bese im
purity

distribution. The physical explanation for the decre
ase in

rgnsit time

ons can be ziven as iollows. T .
° he first seu

gaent of

pase t for some of the Synthesised base impurit
) 4

distributi
these {mpurivy 4f stributions helps in incressing the drif
rilig
gty of the minority cerriers upio some point in th
)

se.‘:

pase, 7This

pase regions The sacond segment which corresponds to & sl
3ilow

{t leads %0 g decrease in the drift velocity of ¢
ne

trens
carriers. Hence # Judicious combination of faater and
Slower
s egments of impurity distributions results in an oyersg}
all

rease of rass transit time, It is also noticed th
et the

dec
jmpuri ty 43striputiond heving typical buillt-in elsctric fiel
¢ field
co 1gurnt10ﬂ5 yigld low values of tronsit tine., Hen
£ i ° ce

1¢ in i i’ld cmlfiguracio 3 ¢an be
1681 e r
bul synthesised in orde

jeve low values of base transit time, T
o This approsch
is

to ach
next chapter,

dealt witl in the
A
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5.4
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INTROLU CTION
SYNTHESIS OF ELECTRIC FIELD COUNFIGURATIONS -
TH0 SIGHENTS
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URATIONS FOR 4Inimyy

BASZ TRANSIT TIME THROUGH SEGMCNTATION TECHNZQQE

5.1 INTRODUCTION

The segunentation techniqus hus been Used eerlier in the
synthesis of 1mpur1ty distributions for minimum base transit
time. JIn this chapter, this technique 1s applied to obtain
built-in electric field configurations for minimum transit
time., Two segrent end three sSegment confizurations are
synthesised and the corresponding fuwpurity di stridutions are
8lso deduced at low injection levels, Using these impurity
distributions, tne excess ninority carrier concentration and
the bese transit time are calculgted, The infiuence of doping
depencent mobility on the minority carr;ier 0o3e transit Lime
is atudied for utwo Ssegment distributions, Tne base transit
times are comp&red with the timges obteined for the @Xponentia}
distribution. It i8 shown thet the bese region transit¢ time
improves when retarding field (§§‘> 0) 12 present over a
swall portion of the whole bage. Improvenent in base transiy

time upto the extent of 20% is achicved as Compared with the

exponentisl distribution.

5.2 SINTHESIS Of ELECTRIC FIBLD COYFIGURAT ONS - Two s-GienTs

To synthesise two 3egmont electrig field configurations,

the base reglon 1a divided into two Teglons. gach region

contsins 8 constant bullt-in electrie field, The hagnitude of
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the fleld differs in tae two regions

Tae &nalyticsy
expressions are given oelow,

Region 1 (0< &< s)

1
qSH ' L (5018’
wnere s 13 the width of the Tirst region in the base

n, >0 for aiding fields

y 8nd q"< O for retarding
fislds,

Region IT (s < X< 1)

KT
{7 - sJw 7

E =
2 »e (5-"),'

'1' and r"i 2re constants 8pecifying the Strength of the

built-in electric field in the two regions,

Fig. 5.1 shows & typicsl plot of Synthesiseg slectric

fielid configurstions,

§,2.1 Derivation of Impurit. Distriburio;

The base reglon fupurity distribution COPPQSponding to

the two secment field configuration s obtai
G ned from the
following low inject level oxpressjon of buile.en ele

ctric
field.

Ex-o 1 ¥

Integrating this relation the f°llowing

ee (5.2)

8Xpression for the
impurity digtribution is obtained,

1
N(X) = A exp(- S (’ B dx)

Q
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L% 6 C ek

L NTHESISED TWO SEGMENT FIELD CONFIGURATIONS



Using the electric field OXpressions s,

1a and 5.1b,
the two segment 1mpur1ty distribusions

are given by,

NglL) « A exp(- i 4

y 8 (05 xg5s) ee (5.38)
No (X)) = A oXp(-~1) =9 -
11 1 o 1=l (esxg .+ {5.3D)
The constant A anag Ay can be deterntneq from the followtng
boundary conditiona for N(X),
NI - NO a X .0
NI = NII - 88 8t X u »
NII - Nﬂ' at ¥ o 1
Substituting the above boundary conditions, egh, 5.3 yields

the following result,

1
!

NI (X) = NO exp (- Tt ) (os xS s) .. (5."&,
I'Z

Npp (%) = Ky exp(- e ) esxgyy . (5.4D)

where 5, - in HO/"a

Eqns. 5.4a end 5.4b dascribe the Segments of e impuri ¢
4

diatributions in the two regions Fedpectively,

tration ond base trandlt timease evalusieq in the ensuing

sections, Fig. 5.2 shows 8 plot of gy, Segment impurity
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distributions, In the first segment, s retsrding or s gzur
2ro

field is present,

5exss Excesse Minority Cerrier Concentration in the Base
e e

Making use of the besic relations obtained in
Cnapter 2, the minority cerrier conceantration in the case of

twe segment impurity distrioutions can be expresseg as

follows.
Rezion = I (0< 1< 8)
s 1

(Np(X) X o { Npp(X) ax

q D X -
(TJW’ p - N_(X) .. (5.5a)
v 1
Repion = II (8% X< 1)
i
( Npplx) X
q b ; X (
) P = N .
% Npp(X) 5. 5b)
wnen Np @nd Ny; frow equs. 5.4 aud 5.45 are suusti-
guted in the goove expreesiui, tae following reiation is
obtained. .
-q ’q - l
' ' - - N _+n =
(1-. ).J_!“_eqz). ‘ﬂ‘.
’12

a b =

(T—EJ P*"h

v 1

stsga «s (5,68)
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s 5% L
( n- 2(t-e <« 2 == R
) lssxg1) . {5.00)

Using this relation, the minorivy cerrier concentr i
1 atlion is

evaluated end tiae results sre plotted in Fig, 5.3

5.2.3 Dasse Trensit Time

Constant moblility case

In the caese of constent mobility, the vase transi
8it

time is obtained by integrating egns. 5.6e and 5.6b b
. etwean

the limits O % 3, end 3 to 1§, respectively
Vernerin's stored bese charge definition is then used
and

following normelised base trensit time expression 4
s

the
derived.
t .
1023(1-.’5023‘302“_.)20
sy .o (5.9)
where ‘q‘ B
AIL“ o‘-g‘z
n, n.
- 1 ¢+ 0
ni
B =
n 2
1
n - 1 e 0 2
c.-_—‘—- 2 °
n
2
tgy (* w?/2 Dp’ 1s the transit time of a uniform base

cransistor.
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Let us define

T » t /¢
a’ "BU oo {5.8)

Then the applicati.n of tne conaition

L
ds . (5.9)

yields the followin:g unique velue of g for ainimum bese

transit time,

1 .&.:_595
s ez GTscc oo (5.10)

For different ratios of NO/NS. tie base trensit time 4o

n, 5.7, Th
celculoted from eqn, 5.7 The velue of N /M« 103 1 yeps

fixed,

Doping dgpendent mobility case

The mobility variation with doping afiects the treansit
time in the base region. This effect is studied in this
on for two segment impurity distributions. Sugano end

secti
Koshiga's following relation of the diffusion Coef{icient 4s

usad,
D (N/N J-e
D= (v Q s (5."’

order %W evaluate base transit time for the two segment

In
1apurity distributions, the Lasic relation derives g, Chapter 2
1s used. The following general expression for the normslised

base crensit gime is obtained, (& = 0,25 10 assumed, )



Y
(%
A

UYL ' 1
. s ) *TX o dX « () (NII(JJ/N ) 25 di
o g
- 0 Np(X)/m, — dX
1
1.25
S pgxm) ax
A
+ 2
,S Nrr(x) e oo (5.12)

2
where t., = % /2 D, -

Substituting Ny end Ny, from eqns, 5,4, 804 5.4b $n the

above relation, the following eéxpression {s obtaineq

t / ]
rﬂ--i.é 8{1 -~ 8) W, 1,6 < 5
30 + 3 T/’ 1.6 (1 . 3)2 U

«e (5.13)
wnere
- -1,
/ t-t'zn’ 1o “n, gl
S ", .
-'.zsfh j ‘."q,
T * 4 - 08
T = n 2
1
el 19 g "2 s.asy
U/. q 2 « @ 1
2

Defining T = tg/tgg #&nd applying the condi tion

& -0

the following © value 18 obtofined,

W=

* (5.1‘.,

s-‘!
. e . (5015)



In this Case, vpase Wransit vige ia co

Values ot No/:a. Lron oqn. 5,13,

with those Obtained ia tue Case of

modility,

decrease in transit tige, defined oeloy,

t.lexp) _ t (n)
Percentuge decresse in transit time _1___r___
3

where tB(oxp) and ta(H)

tial and general impuricy distribution N{¥)

’ Peapectivaly.

rameter. The trensit tive values Bre given
p~ *
A study of the results indicates that ¢he docre

4se in transyy
ime 18 maximum for smaller wslueg of 3 gng
tim

NO/NB. Ine
bove observation is made for e C&se of consg
abov

ang Mobility,

For structures providing zero or

time g 1ts hercen.

decrease are given in Table 5, for bory Cons
tage

in ﬁap‘ndent modility, Op tiunum 3 Yaluas as Obuineq
doping

gns. 5.9 and 5.15 sre used, When Conatany mobility 1s
from e .

time s found t, be ming,
d, the transit :
assumed,

lectric field (No/¥y = 1) 4n region 1,
electrs

upto 8ome Vailueg of
transit time 1ncreoaga.
tio, the
N /ﬂ rs
of B

Furthep 1“¢Peaae
ts in @ dacroaae in tran
tio resul

in this ra

81t time, When
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TABLE 5.1

Calculstion of Normalised Transit Time s/ tay)

and Percentage Decrease in Tr
ans Tizne for

Two Segment Retarding Field Conriggratignal

NO/Na
L O.1 0.3 0.5
Tranait o Trensit * T
Time Decrease Time Decrease ;fgzit Dec:;aa.
0.05 0.22132 10.6 0,22168 10.4 0.22746 &.10

0.10 0.25843  -4.30  0.23367 5.6 0.23202 4,30

0.15 0.30490 =23.00  0.25215  -1.8 O.2h222 2,20

103 1s kept constent in the above calculations)
(Nojb!w -

pansit Time for
zgrmziizfgl151atribution - = 0.24765
(cgzazlat mobility!}
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mobility depends on doping, tne decreas

@ in transy¢ time 3ig
monotonic with increasing No/Na

ratiog,

AS much g¢ 25%
improvement in transit time is obtained in

this cose,

PABLE 5,2

xelevlstion of Normalised Iransit Teme ang

Percen geresve in Transit T Te Lopr
Twe Sernent Aldine Fifelg Confi oyup

atigga

- neit Tiae -
?gfﬂgf;::fnszx Distribution Conatant Mobllity

= Mogiiff Dependent
ty (s .
and Koahiga;‘l&m 0. 104,31
. ConsNSNS Sesiitvy Coping dependant noouitr
Nf o t.a/t‘w # decrease ™ t, /‘do PSP
1.0 0.125 0,23473 5e 2 . = i
5.0 0.286 0.24554 0.8 0,105 0.09637 7.9
0.366 0.24690 0.3 0. 160 0.09235 1.5
10,0 . .
100,0 .
0, b 160 -
500,0 0.817

\
10} 43 kepl constant in tne above calculations)
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THRCD SZIwENTS

In this section, three segment built-in electric field
configurations sre synthesised through segumentstion tecanique,
Apsrt from other factors like improvement in base trsnsit
time, ete., the importent factor in introducing the three
segment spprosch 1s to snow that any complicated structure of
field or impurity distribution ¢an be simulated by considering

tghree or more segments for the completve profile.

In the present case, the totsl base region is divided

{nto three regions. In each region, there is & constent
built-in field of different magnitude. The analyticsl
expression of the field 1s dsscribed below.

Region = I (0 XS P')

» oo ‘50 178)

= te {50 '7b)

Region = I1Y (P2$ x< 1)

K
B -ﬁ;ﬂ‘ "l) e (5.17¢)

sre the normalised

where Pys (P; - Pyl
wi dths of the three reglone of the bese. n‘ ’ nz. |13 are
I and III’ !‘leeetivtl)'.

ond (1 - p,)

field psrsmeters for regions I, 1
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Fige 545 shows & plot of the syntanesised three sezment

field configurations,

5.3.1 Derivation of Impurity Distribution

Given the sbove field configurstion, tae corresponding

impurity distribution is derived from eqn. 5.z, The following

boundary conditions for N(X} are used

NI - NO st X & 0
NII - NIII = ﬂz st X = p2

and the following reisticn for the impurity distribution is

obtained.
A
-n' B—;
NI(}L) “ NO e (0 %3 P" se (5.188)
1 - p1
"2 PPy
L= p,
-q3—1—-‘-.p2
Nyp (%) = N, @ (P, X5 1) .. (5.18¢)

where
n - ln No/Nf’

snd
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For 11‘ < 0, retarding field ocuurs while for nnn > Q,
1

atding field occurs in region I of the base. The turee

segnent impurlvy distributions ere sketched in Fig. 5.6.

5.3,< Excesg :ign ty Carrier Concentpation in

The excess minority carrier concentretion in this case

48 calculated bY using the bssic relation obteined in Chagpter 2,

The following expression is obtained.

Reglon = 1 5 p2 4
qQ ": X p1 pz
(3"7;! Iy NI(X)
er {5.198)
Rezion = &I .
P
'Y
i s W
9D = , oo (5.19b)
( : R Npg(%)
Region-Lll
1
{ Nypr ¥
qQ DQ) ‘_f _ oo (5.19¢)
o' P Ny pp (%)

Eqns. 5, 188, b esnd € sre

and the carrier €9

ncentration is obtained as follows,

aubatituted 4n the sbove relstion
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(2% p N en &
Jrh")"'J("-o ! 1 ¥y P, = p
: 1 b <1, e
n R
“
~I n A
1 1 P ! - -
E] 1 P n -n .
’T.S(,_. 3)3"1 q“n -
3 1 Py
‘onSp)
q D P N, ey P = R
-p L
TR re_—T1.0 2 "2 B35,
2 )
1 -p -5 -n L.pl
—_._.2 ! - J 2.,’ P,=- {
. q’ ( e ) e 2 ¥ P, p,Slsz)
L-p
q D ! - =N,+N v (5.2
TR p a2 (10 2 3 TR o
P 3 (P x ¢ 1)
*« (5,20
For specific values of N /N €)
p /Ny snd Ni/8, raties, the

carrier concentration is calculated ang +.
the regulc
$ arg

plotted in Fig, 5.7. .

5.3.3 Base Transit ITime

The pame transitv vine 1is obtaineg oy evaluegy
n

\ 2 the
tot al storsd cherge in the base, Varnerina base ik
ensit
defirnition 12 used andthe following *Xpresaton go,. " time
e Rormg..

lised bese transit time 18 obtained,

t l ./
< 2 e (p.=pg) 8o (1. R
T =P * P 1 Pl ¢

/
» {pg = Py (V1= py) Be py (1. Pyl ¥’
e (5‘2')
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waere  tgy = W<z Dp
=N
y .
AI - 2(:1, -1+ 0 ’/n1&

B/ = 2(" -
£

¢ =20 -

Let us definé
L (5022)

T = ‘3/‘811

No/N ana u‘/xz, the optimum values

od valued of
t time can be obtained by

For fix
fo
of and P2
p‘ g siﬂn of the follo‘ding condition.
the appiics™™"
gT . =0 ee (5.23)
Py
. = 0 e (50 a)
P2
) 10}. Ene epansit time 18 evaluated from eqn. 5,20,
For NO/ o . norm'li..d ¢pansit time and 1its percentsge
ult?
The res Pr¢9°n°°d {n Teble 5,3, Some specific combinations
decrees® are . are considered and the values of p, snd
nd 1
of No/u’ a s eqnd- 5,23 snd S are used. The
uiﬂ. \
Pa as oP o sound to ba 1esS than those obtained for
es
tronsit tim .
enti® diatfib“‘ion
n
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TABLE 5.3

Calculation of Normslised Trensit Tine
(tg/tBU) and Percentage Decrezse in

Trgneit Time for Thres Sezment bListributions

% Decrease

N /Mg NN, w, P, bty b Trensi

0.5 5.0  0.0025 0.,2645 0,22643 8.5

1.0 5.0 0.1654 0.3023 0,23290 5.9

25 2.5 0.2341  ©C.3030 G.2417 24
10,0 2.5 0.3873  0.4558  0.24b93 1
20.0 5.0 0.4613 0.6168  0.24k35 1.3

(N /N = 1(7.)3 is kept constant in the above caiculations)
o' "'w

ansit Time for Expoe = Q,2L765

nential Dis tri
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5.4 SUL ARY ANL DISCUSSION

Through segmentation technique, two segment sng three
Segnent bDullt-in electric field configuration s have been
synthesised and the corresponding izpurity distributions av

i L)

been obtained. Minority carrier concentration and wase

transit time have been evalusted,

transit tims occurs when reterding field is present over a

It 1is observed that minimum

8uall portion of the whole base width, For two soguent distri
butions, the percentage decrease in transit time as compsred

with the time for the exponentiasl distribution is ss high as

20% when mobility is constent. It approsches 25% when doping

dependent mobility 1s assumed.

The improvement in the base transit time can ne

explained as follows. In the case of constant mobility,

coth two and three segment distributions providing a reterding

field in region I of the base show an improvement in base

transit time. Though the retarding fileld of the first region

opposes the csrrier flow, yet the large siding field ofiered
by the distributions of the subsequent regims speeds up the

csrrier flow resulting in & net iaprovement in the overal)

transit time, Such distributions can be expected to yield

much better figure of merit for the transistor without

sdversely sffecting the E-B trensition cepec¢itance. In the

next chapter, the figure of merit for such distributions 1is

evalueted,

MR PR KR XK
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CHAE TSR 6

EFFECT O BASE IMPURITY DIST BUTION ON
THE FIGURS OF MERIT OF TRANSISTORS

6.1 INTRQDUCTION

Figure of merit of e device is an importaent parsmeter
as it is 8 true index of the performence Capabllity of the

device. Any quantitstive expression ussd to define the

figure of merit should fulfil the following condi tions,

2. The figure of merit shnould cheracterise only the
property of the device and should not depend on the

parsmeters of the circult elements external to the

device,

b, The figure of merit should have & clear physical

significance.
Based on the above requirements, en expression for

figure of merit of high-frequency transistors is deduced,

The effect of base doping distribution on the figure of merit

4s studied in detail, Some typicsl base impurity distriby.
tions which yield much higher device figure of merit then
thet obtained with conventionsl doping distributions sre
sugzested, In perticulsr, considerable improvement in figure
of merit is schieved by using impurity distributions which

give rise to retarding fields over @ portion of the base

region, This improvement is achieved without adversely
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affecting the E-B barrier capacitance. It is also established
that the optiwmum impurity distrioutions for minimun ovase

transit tine do not yield {uproved figure of merit,

6.2 GEMNERAL EXPRESSION FOi FIGURE OF WMERIT

There are two nigh-frequency figures of merit which

have received wide acceptsnce for describing the high

frequency performance of transistors, These sre the unity

current gain frequency f£,, and the meximun frequency of

oscillation £ __ . A simple expression relating the cut-off

frequency fy to the reciprocsl of e sum of time constants

is the following""’.

1
®- ‘60')

FBhLE" %% *SD

‘E - éf: Cg : the emitter time conatant

where
ty = base transit time (expression siven in Chepter 2)
‘D - -E;f:- + collector depletion leayer transit time,
C. 4is the emitter transition capscitance sand x_  1s the
" is the

width of the collector depletion layer.

14mnited drift velocity for carriers passing through

Ie 1s the

scatter
the reverse bissed collector depletion region.

d.c., emitter current,

In sddition to the above three delsys, the current
cerriers sncounter & fourth delay also”. This is the

collector ¢harging time ¢, defined as below.



te = Tse Ce

where Tyc is the collector series resistance and ¢ is
C

collector transition region Capacitance. But this deilay

is mainly Importait at interwediate or high emitier currentg-

or in integrsted circuit tranaistorsé.

The maximum frequency of oacillation is the frequency
at which the waximum available power gain {is unity, In terms
of the device perameters it is describad 037'9

?f
f TR o
mex ,/ 8n rb' Ec

o (6.2)

where rb' is the base rceistance,

Maeda, Imai and Furumoto 'C investigated the following figure

of merit which 13 equivalent to fmax'

£,
‘ .e(643)

The above definition was later on modified by the same
authors and the modified expreasion has been used to present

design considerstion of base impurity distribution for high

frequency figure of merit, The modified expression 1s given

b910"11 »

f
1 .o (6.8)

In the present study, the figure of merit definition
ss given by eqn., 6.3 has been used. The computations of the

figure of merit for different bsse doping distributions sre

presented. The results are compared with those obteined
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in the cz28c of exponential doping distribution. The
compsrison wita tae exponential distribution is made due

to the fact that this distribucion has been foung through
variatioral method to be the optimuam for min{mum bsse

trsnsit time when mobility is constant, Moreover, the
exponentisl profile is often vsed as an aprroximation in the
analytical treatment of the conventionsl base doping distri.
butions such es, Gaussisn and erfc., The following assumptions

have been mede in the derivetion of the normslised figure of
merdit expression,

(a) The contribution to the cut-off frequency fn 4is meinly

from the bsse transit tine tB i,e.

> 1
£p &  ty .. (6,5)

This approximation is vslid for the example considered

{0 this Chspter, It nas been used earlier by Kromer!<4

also., The juatificetion for this assumption is &l so

svident when actuel c¢sliulations of the magnitude of the

cther tiue delsys, such as, g and t, are made,

The collector transition cspscitance C, is evalusted
by assuming that the collector-base junction is linoarly
greded for lower values of C-B reverse blss voltage.

This assumption is substentisted by sctuslly solving the

(b)

Poisson's equation for several impurity distributions
(Appendix-V), within 10-20% accurscy, it hes bean
obasrved that the linear grading approximition is quite
sutted for most of the impurity distributions eéxcept @

few cases where abrupt approximstion proves to be better.,
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Gandni'? has also Siown the validity ot this essumption for

graded-pnase transistors operating at low (-8B reverse bias

Based on tae zbove assuaptions and eqns 6.3, the new

figure of werit is obtained as

1

ty rbi Cc ee (6,6}

FM =

Using the above relstion, the normalised figure of merit

¢can be expressed in the following menner,

() fa'exp)  Tp'lexe) o Colexp)
Filexp) tB(NI‘ EES ) I CclNS ee(6.7)

whare the normalisetion is done with respect to the

exponantial dopi:ig distribution in the base, The Subscripted
variables in the above equa2tion either refer to the arbitrary

distribution N or the exponentisl distribution (exp),

The os&se trasnsit time expressions have already bem
obtained in Chapter &, The saue results are used nere¢, The
relation for normelised bese trsns:t time in the case of

constent nebility, can be expressed as

1
()N,,(x: ax —1

- 1
t, (exp) - i e i
B n

— o

where NN(X) represents any arbitrery impurity distribution

in the bdase,

The base reajatance rb' is given Dby the rOIationz
W -
rb'(N) x {(q S ﬂn(x) Nn(x) dx) o. {6.9)

o
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In constent mobility csse, use of the above relation yields

the normalised bese resistence as

1
S Ny(X) dx

rb' (Bxp) o

N L »+ (6.10)
ﬂ Ngxp (£} da
6]

where NOXp represents exponential doping distribution,

The capacitance of & linearly graded junction is given

by the rolation'j

cc -kiszq.’l‘/3

- o

12v

where & is the grade constsnt and V 1is the applied reverse

bias C~B voltage.

For same C~-B Junction voltage {n the casas of exponen-
tial and arbitrery impurity distributions, the normelised

capacitsnce can be written as

- 1/3
S 100) | (lem, (6.11)
C (N) .“ es -

c

denote tue grade constants for exponen-

where aexp and ..

tial end arbitrary distributions in the base, respectively.

The grade constant 1S évaluateu irouw uhs following

relation

g

8-!1
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Xy 1s the location of the C-B junction, If the impurity

distribution is descrioed ia the menner,

No= Ny (x) - Ng ee (6,12)
at x = X4 NN(xJ) will be equal to the background collector
region concentration NB.

In ceses where step junction spproximsation proves top be

the betner nne, the junction capscitance is Calculaced from

1
the following reletion 3.

1/2
c -(qkﬁg qua}
A 2V N, ,_i; ee (6,13)

where N 18 the impurity concentration at the COllGCtonfg%
the base region. A reverse blas of 5 volts (s assumed for o

purpose of calculatiig capacitence from the 8bove relation,

Substituting expressions 6.8, 6,10 and 6,11 into
eqn. 6.7, the complete figure of merit sm a function of the

impurity concentration N 18 obtained as
1

T ( Wy(x) ax —1

|

n- 1+ 0 X |

di
75 Texp) * ql é iy (X) _j -
' 1/3
5 .!xﬂ
=R § g ax ¢ a, ! oo {6,14)
1 - € 0

This is tne general expression for tus normalised

figure of merit and 13 valid 4n tne cese of constant mobility.



6.3 EVALUATION Ot FYIGURE OF MERIT Foi BASIC
DI STRIBUTIONS > 1Py

Ry

Tne basic impuritcy doping di stributions in the bane
have been treated esrlier in Chapter 3 for the eValustion op

minority carrier base transit time, builtein electric fieldq

and excess carrier concentration, In this Section, the

Normalised figure of merit is ¢slculated for thesge impurtty

distribucions, Both the cases of ¢onstant and doping dependent

carrier mobility are considered., The base impuz-ir,y distribu.

tions are odified sucn chat eqn. 6.12 1s applicable, This

modification is necessary since it is ysed Lo ¢alculate tne

Junction capscitance. This does not affegce either the bgge

transit time or the vase resistance because Nw'> NB'

Gaussian, Erf¢,, Ho and Cho's optinum, ilershak's

optimum and Hyperbollc¢ distributions are Considered {n the

base, Oniy in the c¢sse of hyperbolic distribution, a step

junction approximation in the celculation of collector
capacitance 1qf%gdbe necesssry;otherwise for al)j other
distributions, the linear grading has been assumed, For Step
junction capacitence calculation, eqn, 6.13 is used, T,
impurity concentration is assumed to change abruptly £rom
N toN,. A C-B reverse blas voltsge of 5 volts i

w

assumed for this caleulstion,

The expressions for the impurity distributions end the
responding grade constants et the C-B junction sre given
cor
4n Table 6,1, For numerical evelustions, tae following
n ele

constants are ufed wherever necessary,
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TABLE g1

gdasic Impurity Distributiona end their
Corresponding Grade Constants

Impurity Analytical Expression Grade Constant
Distribu- for
tion N (X) o « £
X| X = X
J
2
-nk N
Gaussian 5, ® - Ng ‘,? . 2 / < 1n N_/N
T o''B
N -(6 A )‘
3 J
Erfc. N erfc (§X) ~Ng ;é,' v @ orfe 11)
-ni N
Exponential K, @ - Ng -f n
P 3
a.ke 8 1% 0.2 N
nd Cho's 1 < s ; 2
2gc;mum No ® N W (:" s g e b
(Valid for ho/ﬁ' - 107)
. . N Y
Horthen o oxplfB-YBTR) By T TE
P 2(1n ﬁﬁ«b{ﬁ)
’1/" 1) 3 )‘h N Capacitence ia evelua
Hyperbolic N (1« (¢ -1 4 B ted from step junction
approxi metion
n (@) =0 T Kymxgu
Here 1} = 1n N /Ny erfc (f} =% I~
Ng = Background impurity concentration
W = Electrical base width
- ~1.8072k

other

n - 3.6‘.08' aj
<

constan ts are deacribea in Chapter 3.
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No/Myy = 107 N_ooa 1010 =3

Q H

| -
NB = 5 x 10 b e 3, W w5 x 1o~k cm,

6.3.1 Constant Mobility Case

In the czse of constant mobility, the normalised

figure of merit 13 given by eqn. 6.14. For the sbove mentioneq
ne

distributions, evaluation of the figure of merit gs made by
using numerical methods, The results of such caleculations
8re presented in Table 6.2, The evslustion reveals tnat in
the c¢ase of constent mobility, impuricy distributions which
are concave dovm on & In N vs. X plot, such 83, Gaussign
and erfc, show on Luprovement in tae device figure of merit
over the exponential oase doping distribution, while there
is a deterioration when concéve up distributions are used in

the base.

6.3.2 Doping Dependent Mobjlity Case

when the carrier mobility in the base region depends on
doping snd 1s expressed by Sugono and Koahiga's’h enpirical

reletion
-9
g ooy ({}O-J

the normalised figure of merit expression 6.14 sssumes a
different form. In the derivaetion of this expression it {s
assumed that the minority and mejority carrier mobility in

ti.e base follow tne sams doping dependence, In fact,the
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exponent & 1n tie above relation should differ in the two
Cases., But to a first degree approximation this assumption
holds good without introducing a large error“. The base
transit time has been computed esrlier in Chapter 3, and base
resistance can be cslculated with the help of eqn, 6.9.
Collector base capacitsnce does not change, Under these

conditions, the normalised figure of merit in the case of

doping dependent mobility assumes the following analytical

fOl"ﬂlo
LI 1+6
)«
C1° ; 1-6
) 4 C(N,/N )
FA(N j Vaxp/to ) M) e
FM‘(exp) d z pe )hﬂ " a ? TS x
1 )M | Ngxp/ligh  da
[) _ - . dx o
N, /N
. N0
. 1/3
x (-;‘:9) e (6,15)

Us’ng the above relation, normalised Figure of Merit is

evsluated for the doping distributions described in Tadle 6,1,

The calculated results sre given in Table 6.2. For Msrshak's

snd Ho and Cho's optimum distributions, the corresponding
expressions of mobility (Chapter 2} are 8lso used and the
normelised figure of merit is calculated, These resulis ere
alsc tabulated in Table 6.2.

A study of the results shows that in the case of doping

dependent mobility {Sugsno and Koshiga's relation) there 13 no
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improvement in t:
distribution ;:: e e ot ments [ e xponents
I . 8 1s also true for empirics) relatio al

r mobility other than Sug-no and Koshigs's -
:ompared to the constant mobility case, there is.ana:t N
n the figure of merit for impurity distributions 'h omenent
concave up on 8 In N vs, X plot, whereas for conc:v:c: N

own

i
mpurity distributions in the base, the figure of
of merit

dacraa sSes ] t
rev eal

that the concave down distributions, such o3, Gaussi
’ S3ian an
nt
whils there is no improveaent in the figure of mers qobility,
U when dopin
g

dependent mobility is considered,

A possible explanstion to the ai
€ 23Dove observati
ions 4s

given below, The concave down im
purity distributi
ons eccommo-

date a larger amount of base impurities. This incr
e8dgse in

amount of impurity stoms reczults in a decresse in th e
e bgse

Consequently there is sn 4
mprovement in th
e figure

resistan ceé.
of merit over that of the exponentisl d
{stridbution wh

4s constsnt. But in the case of doping dependent mobilit
bl
net decresse in the base resistance ia lcss becaus e
e of th
decrease in mobility at highar {mpurity densities, H )
« fence, the

overall figure of merit is reduced in this
Ccase as com
pared

with that
carrier mobility

perit for concave

of the exponentisl., However, the decresse §
n
helps in relatively improving the figu
re of
up igpurity distributions,



In this seetion, impurity distributigas Synthesised

through segmnentation tecnnique (Chapter 4) are considered ang
the noraslised figure of merit is evaluscted. The Specisl forng
of dmpurity distribution, descrioed in Chapter 3, is also
trested for comparison, The synthesised impurity distributions
are modified so 8s to include the effect of the background
concentration Ng. This is dons in order to uake capacitance
calculations feesible. The corresponding tronsit time snd base
resistsnce are not influenced by this chsnge singe N, > Ng.
The modified expressions are given in Table 6.3, In the
avalustion of figure of merit the traonsit tiae results obtained

gsrlier in Chepter 4 are used, The normsiised base reaistance

is calculated from the following relation (constant mobility

c556) .
> 1
r.' (exp) n “]‘x’ “li(l)
’?b,(N) i 1 o-q ( S % 4 s ) dé) + (6.16)
i o 6

calculations are based on & linear 8rading

The cape€itance
approximﬁti°n‘ only for the ce3es of segment of hyperbolic

41stribution 10 region 11 and special distributions, ¢ne step

junction approximation 1s used; the inpurd vy concentration

d to change ab
in the base is 838UM° ge aoruptly from N, Nge

atant and hence the eapacitance Calculations are

The grede con
the second region impurity distributisn in the base

pesed on
o normalised £igure
The f£igure of merit is svaluated for different ratios

- of merit 1s obtained by making uge of
eqile 6e70
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of N '/N 8na Q Ler
i N 1/Nw {symbols are ssme as usad
Y 4 in Cnap A
c W [v] )o

Tne couputled
sputed results for different duping di
5 stributions
are

given in Tebles el 8NC D5, A 8L
udy oL the results indicet
es

thet en iupprovene ' :
provenent ik the figure of merit over t
ne exponen
tial

distribucion 18 possible when eitner tne speci
ecisl form of

dif'a i
tribution or tne distributiona whith sre concav
ave down 1
n

12 first
t rst reglon and then cCross over Lo concav
¢ up in ¢
are used for base d -
oping (Ty
pes A Lo L) 1
e Jlthare

second reglor

is no improvenent shen other combinations of ba
se impurit
Y

distributions such as types D, E and F ar
~ ¢ used,

The improveaent in the figure of meric can be
explained

tne basis of 3 decrepse in the base resistane
e, For f'y
ypes

on
8pe cial impurity distribu
tions, tho ce
leculations

A to C and

made in Chapter § reccerd 8 dacrease in transit t?
ime as compsr
ed

with QXponenciol distribution. Thus both transi
sitc
gae reaiuvtance ¢ time and
o &n overall increase in the d
e device figur
e of merit

the b onponants of £i
gure of merit
ere luproveu

gnd ieed ©

2. "&'.‘." hd

LNo @nga
1@ three seguent base region b
uiit-in

in Chapterl 2

1¢ f1eld conf
.ynchoﬂiﬁsd garough segnentsation techni
que, Tne

Loctr 1guraciona for minkaun base tr
ansit time
nase region impurity distributions he
ve gls
o 10 o been
vels, In this section, normslt
' alised

oval usted for the
se impurit
y disty buti
ons,
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TABLE 6.4

celenlation of Normaliscd Figure of 'lerit for Impurit

thes sed through entation Techniqu
Yypes - A to D) .

Mgtrioytians

Normalised figure of merit for special form of doping
distribution = 1.4857

FM(N)/FM (exp)

No’/NV Type=A Type-B Type-C Type-D
'05 1.3096 1.0474 1.2425 0.9614
+o° 1.4450 1.0858 1,3091 0.9435
(0% 1.5173 1.1107 1, 3666 0.9262
107 1.5350 1,1150 1.3780 0.9225

TASLE 6.5
n of pormalisod Figure of Merit for Impurity
alc e thes 8 Segmentation Technique

jiatributio ?‘"MW = E and F]

FM(N)/F¥ (exp)

N 2a

No/ w Type-E Type-F

5,0 * 10
2 .91k 0.8980

“.o » 10
i 0.8708 0.8468

3 3 4 10
: . 0.6311 0.7593

2.0 x 10
2 0.83h< 0.7366

1 6 » 10

'03 i kept o nstant in the above calculations)
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L of 3 nt -
ase'

much bet
ter improvement in device fig.r
re of weric

0.5.1 Two Segment Distributions

The anslyt
ytical expression for the tw
segment im
purity

distribution i
s given below, It has beon modift
ed to take
into

gccount the etfect of Na.

Region I (0g XS 8)
N &k
L (R) =¥y e - ¥
.0(6.173,
Region II (3s¥s 1)
-1 X - 8
Npg(X) = Hg e £ T oM
««{6.170)
where 1. ° in NO/N’

gmpurid ty concentration at X
a8 |
pgae region -

sg transit time hag already been calcul
culsted £
or

The b8
ons in Ch !
spter 5. The same result
8 ore use
d

ese diS tributd

th
tne caLCUl

ation of figure of merit. The
SXpression

here in
f normal.i sed ba9€ resistance, when constont
mobi
assumed, 1% Jchieved by USINg ean, 6,16, Th lity 1s
g
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n -
0 (JL (1 - o T ) o ] - 8

Ty’ (exp)
4P n
2

ry ' (5)

(o

| .-q’)

L ‘6018)

when mobility is not constant but depends u
pont the do
ping

deneity, the above relation sssumes tie foll
. [o) "
ow!ng form (using

Sugano and Koshiga's mobility relaticn)

rb'(oxp) n .. -7
i C) =e751 (n gy TS
o (‘ - 0 n 1 )0#‘. q' _.-.75')))
< \
|
T e (0019
o calculate ¢he pormalised C-B junction capaci
i1tanc
1inear grading approximation is TP @, the
ollowing
expression is obtained. ne
cc(oxp) l n -1/3
C.(n) - -8
¢ n
L s’ e ‘6.20)

ysing the ghove rerations of base resistance, colle
' ctor capaci.

e and the corrasponding transit Time results, t
s the normali
sed

tanc
{ned by makin
g use of eqns
+ 0,14 and

£ merit 48 obte

figure ©
e evalustion is made for different velu~a
8 of 8 ond

6.15. b

n1 {or NO/NS).

cases sre #naly

Both constant and do
ping dependen
t mobilit
Y

sed.
are pressnted in Tables 6.6 w 6
| » u9 for
For a fixed value of s, ¢,
’ e regtio

A stud 3
y ol tne results reveals t
nat for
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distribution is maximum,

As the Strength of :he retaraing
fleld is reduced the impro

vement in figure of morit slse
diminishes ac>notonically,

This i3 trye for soth the cases ¢
ent mobility, Provided the width
of the retarding field region is restricted ¢o 8malle
When this width is more,

Constant and doping depend

T vilugas,
there sxists 8n optimung Value {op
the strength of the reterding field for which the figire of

merit improvement is maximum if mobility %s doping

dependent,
Fizs. 6.1 and 6,2 show

the veristion of the flormalised
figure of merit with N /N, in tne cases of constant ang
doping dependent mobility. Tne widty of tne retarding fielgd
region, s, 8erves &s tne parameter,

6.5.2 Three Sezment Distributions

The anslytical expression for the three 8egment distri.
bution, after teking into considerstion the effect of Nas
is given belovw.

< X< py)
Region-1 (05 _,,1-6-
: 1 P' N
Np(X) = K © 8 <+ (6,21a)
Region= (py S %53 P2’

LA ‘60 21b’

oo (60210)
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N_{(X) =« N a N - N

where 1, =in No/Ny
r)z « 1n Ni/NZ
’)3 = ln NZ/NW
n "m“o/“w“q1 'rlg
Here also the transit time resulis obtained in Cnaprer 5 are

used, Tno nornalised base resistence is deriveg wita tne

help of egn. 6.9, The following expression is obtaineq

Ny N 2l |
ro(.xp) q ’- '-. : g
e | 1T T o) (o9
W AT B MRl
-‘q"qz) -qj

" ° {J -
o (1-p,) m, . —%] o (6.22)

The normalised capacitence 1s obteineq by using the

imation,

1inear grading approx The following Fesult 1s obtaineg

-1/3

o (exp) {j
’ - Pd)q v e (6023)

d figure of mrit ia evaluated by mu1t1ply1ng

The normalisé

6. 20 6,23 and tne normelised ovuase ransit Linge results
eqna. Yoo .

- omputes results are given in Taole 6.10
e L ]

= A study

Lo revesls taet there is an

in
e eaul pProvement in the

device £igure ©
rhus 1t 49 € oS
etsrding fields 10 & small poreygpn ¢ the base y1q14

£ merit over the 8xponentig) distribucion in the

oncluded that impuri ty distributions

baﬂe'

viding ¥




better device f1gure of meric,

TAJiz 6,1
\d

kdtion or Normslis eg Flgure of derge
%:icuh:zz.§2&§22£..ﬂ2&£1£1.21:&2&22&&:21g

N°/~1 L 0— 5’

3
NO/N~ - 10
\
Normaliaed
‘-‘,/N‘ p’ p2 ‘B *—*—rb . ﬁ
0.0282 0,333 1. 0904 <1132 0.9534 2. 15900
10 .
iy 0.0424  0.509 1.0918 2, 0780 9.9719 <. 2050
Ce ¢
500

\
Py = width of the firse Segment
1

total wideh Upto the Sacg
Pz =

N,} < 1 corresponds to Tetardy,.
(N°/ 1 first segment oo the bg

nd SEgnent

24 ri'ld‘ in the
se

S ABOUT THE VALIDITY of L, APPRGATIAT I Y
MARK
6.6 RE

——

rroqunncy fr has peop,
cteristic
The chara

defi/ieq to
L of the different tiue delays,

[ proca
be recip

H.Pe. lctu\u
f tne differentg time delayo ore
tions o
calculsa

“ade gng it ia
the spproximation
d that
stresse



1s quite valid,

this spproxima tion,

Let us consider the following typleal darg

No/Nw - 103, W e 5x 107k cm (5 microns), I. = 5 mA
Co e <0 pFo; Dp = 12,5 sz/sec.

Using these constents,tne time delays are Calculsteg below

Emitter delay time (tg)

KT ? -12
- — - x 20 x ,0
t;E q I‘ e
<1010 sec,

Base transit delay time (ea)

For an exporniential doping in the bage

=7
b4 n- 1‘: ) !
‘s'g; ,’2

- 25,75 x 10719 gqc.

Collector depletion layer delay time (g
o

¢. 4is expressed by the followin; relatien
IV

xm
0 T 2,
s ]
From the solution ot Poisson's €quation, the depletion o
width ¥, for 8a expoRentisl distribution ng, ., found to be

x_ = 3.80 X 10~* cas. Tne numerica Constants yseq ®arlier 4
5 hapter are used for thias Purposg,
this ¢



nJ

bubatituting the value of Scatter ]

. 7
Vec = 10" em/sec., we obtain

tp = 0.193 x 10710

Collector ¢herging delay % 13 not Very fmp.rtant at low

the collector region, Hence,

calculation shows that the base trensit delay i3 Bany g
o 08

8nd hence tpe 8Lproxi-
is quite Justifieq,

greater than the sum of other delays,

mate relation for rx

N, 1s kept sswe for all tune diatributions.

his smoungs
to obtsining same value of the enitter transition ¢

&paci tange
co' Hence, the emitter time constant wi)

11 add » constont term
if 1ts effect 13 considered’’,

In that case, f2  con be
written &s

1
m;.‘sfta

Since the time delay addicion is going to pe Constant for 513

the distributions, the relative efrecy will not pe very signy

ficant.

The sbove discussion leads to the coneysy,, that th,

approximation used 1or Iy is quite Justirieq,

depletion layer delay time can be dignificang ¢
t high currents is conaidoredJ.
a

narro”.ro

The Collector

tae Cperstion
&nd the base widths are much



The ¢ igure or

and C-B capacitence, The Gau sian, erfec,

the apecia) form of the
butions are found to yielq an 1mPPOMmenr.

{types A to C) and

above behaviour csn be explaineq 83 follows, The COncave
d impurity distributions and the to Seguen
own

t digepy butiona
hich ere concave down in the fipa 2agment
W,

t of base impurities 8iving

Consequently there 15 4 con
resistance,

$iderapie 1“’-'P!‘ovement,

figure of merit as Couperad with the oxpon.n“ al
in the

file when mobility veriation is Laken iay acco‘mt' the
pro »

fon in base resistance is uych )g, because op o
raductio

e of the mobllity Value at nyg,e, lapury ¢y Cone
decress

eﬂtrltlan.
he figure of merit is no bet.epr Waen tha, of the
Hence t

exponentisl.

A much higher figure of meryy oo b8 achieyeq by combs.

of retarding md ﬂccelenung fields in the baag
nations
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region, The dmpurity distributions which present g retordin
- 4

field over a smsll portion of the base are able to 8¢commodat
e

8 larger smount of base impurity,

of base resistance. The transit time als, improves for sSuch

distributions. Further, the emitter énd impuricy concentration

No is not chenged in such impurity profiles, Hence, the
E-B capacitance 13 not sdversely afiecteq, Thus a mych
nigher device figwre ol merit is achieved if the impuricy

distribution presents a retarding field over g amnell portion

of the base,

AU b o 2 2
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CiAPTzZR 7

SUMIART, CONCLMDLNG MEMARKS
AND SCOPE FOR FURTHER <ORY

7.1  SUMIARY
Op timuua igpurity distrioutions for minimuia base tranai
anaitc

e beecn derived tarough varistional method. A n
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time hav
on electric field configuration hse been
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5 13 considered,



184

Using the stored Charge definiclon,
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mobility,

Qase transqe WUme

8tant ang doping dependent

cal Telations op
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technique, Thece two segment distribytye
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ol seg:
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transit time and buiitein electric field
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distributions ¢€an lead to }
f impurity
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investigated Some ¢
. ypical base im
purity distribut
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The Euler-Legrange equation 1s given by ¢
¢ Yelotion

ff-ﬁ-g-o

vy
e ‘Io')
This can be written nore explicitly g
f - f ¢ - f . y - v
Y Txy T Ty ¥ f}iy'o e (I.2)
If the function [ does not depeng Oxplieit]
. Y on
it depends on y and y only, T fe

Buler eQustion (I.2) beco
! - mes
[y‘f-Jf'r”y'O’

) 5 4 Yy
*+(1.3)
« w Qe ultiplyl
since rxy 0. ! piying both sides of eqn, 1.3 by y
the left hand side of this equation turns jn4
d tive 4 (f - y &) 7 o oxac
erivativ 05' ¢

In fact,
y ) et JeL, § .y
&‘f-y.l-y”o)'-yf--t y
oy y y y ¥ = L. yy
y (£, - £,y N e
=y By - Loyt )

Yy e ‘I.A)
Consequently, the Fuler 6qustion has g gop g, integry)
. of
£-7 55=°¢
e (105’
This £iret-order equation does not involve Sxplicgyy
. y md
4t can be solved for ¥ Eane 1.5 1s the Feuired conggey
tion
hich hes been uscd to derive N(X) fon ... bsse tr
ansy ¢

time.
RS L 2 5 5 +i49
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The solutio

1 of the aboye ®quastion ;4

Dbtafno
following boundery conditions. I subjece ¢4 o,
- [ o
1+ ¢ “0 - b NO at x C 0
¢
X = x =D N* at X . g « (11,2

If we define

. < c
Licx) = lﬂé" 0*%!“) i

1, 5—’.qa ’ .. (Il.j,
then eqn. II,? can te written 43 followa

flx) = Llo,) - (flox) - L)) 4

For a defined value of i, eqn, II

Raphson's iterstive method,

Let us define

F(c;'X) - f‘“) * (f(ﬂo) - !‘(a.)) X

- ffcxo}
X, ef *e {I1.5)
For a given valus of X, & first guegy g . o o
en be Nade g
follows.
Flex,X)
x = X = F”ia. i l
¢ ‘II.6’

of
where Frlo,X) = =0
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The iteration for o continues till eqie II.4 is sstis-
fied, This value of « 1is the requirea Solution of tne

nonlinear eqn, II.1,

1144 bttt



evaluating the tronsit time in the Czse of Consteng

rnobility
is given, The expression for Normejiseq trensi¢ tne 14
i
{ N(X) ax
. )
s ( - dx
Ty~ %) N(X) ' ULy
o

where t is tae trensit time of 4 uniform
! BU

— transig tor
i N{(X) 1s #ny arbitrary impurity distribugion .
end

tne
For illustration, ths £°110Wixlg Gausaian impurit)'
base,
distribution is treatea,
o *e (111, 2)

where n = 1n /Mg
Impurity concentration at gne *mitter eng
No i of the bvese.

Impul’ity concentration at the
N -

collector end
bsse.
of the

195
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COIPUTER PROSRAM

// JoB T

// FOR
» EXTSNDED PRECISION

* ONE WORD INTEGERS
. Lxsrbggggca PROGRAM
5 UTINE SIJS
DIMENSION z(ao:f(A'B’N'F’XINT’
ABeB=A
HaAB/N
BNDei(A)+F(B)
DO 10 Ia2,h
UnIel
XTI =l ®U
10 Z(I)wF{XI}
EVEN'OO
0DD=0.,
w ’1 I.2.N.2
11 EVEN=EVEN+Z(I)
NNwN-1
Do 12 I=3,NN,2
12 0DDeODD#Z(I)
XINTw={ENDeb, ¥EVENsODD+ODD) 43 /3

RETURN
END

// buP
#5TORE wS UA SIMSE

// FOR i
- sxTENDED PRZCISION
+ UI5T S0LRCE PROGRAM

aLB i . N.F

DIMENSION 2(<01) 28N, F IINT)

st

n 4

g;D-I'/‘(A)d"(BJ

w 10 I-‘.'

U-I-'“.u

AL wmAelt

10 2(1)=F Xi)

svg‘so-

D 5
11 EVEN-EVBH¢3 I)

u.“-'
By 12 1=3yNN,2

Do

pwO DD+ 5 1)
gfn,_(gmmb. SEVEN+ODDsODD) % /3,
RETURN
END
// OUF
%5TORE

12

ws UA SIMSA
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// FOR
* EXTEZNDED PRECISION

* ONT WORD INTSGERS
* LIST SOURCE PROGRAY
PUNCTTON Fa (X)
fonol )
=EXP (=ETA®X®
RETURN xeX)
END

// Dup
#STORE WS UA FA

// FOR

¢ EXTENDED PRECISION

¢+ ONE WORD INTEQERS

e LIST SOURCE PROGRAM
FUNCTION FAA(X)

EXTERNAL FA
CoLi. STHSAl
CALL SIMSA{X,1.,40,F
FAAXINT/FA(X) A, XINT)
RETURN
END

// DuP

*STORE WS UA FAA

// FOR ‘

£/ gxTENDED PRSCISIOH

NG 2RI

« ONE WORD I
% LT3T SOURCE PROGRAM
(DI SK, 2501 REATSR, 1403 PRINTER)

« TOC3
EXTBRNAL FAA
pIMINSION ETAA(S)

GOl SO0 (s1AA(1),T
AD / -1
e rltorg.zy sd=tod)

FORIA
'oo ’O 1519

DO
ETA-ETQ“(I,

c = SIM??“TO.". .‘O.FM'RINT}
. NTeXI?

18=212%901) ETA,TB
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DESCRIPTION OF COMPUTZR PROGRAM

Subroutine SIX

These subroutines sre used to evsluate integrals

The method 1s based on Simpson's Integration formuls, The
following computer variables have been used.

A = Lower iimit of the invegral

B = Upper 1imit of the intezrsl
Even Nuuber of intervals in wiich the difference
of uprer and lower 1liuits of ithe integral is divided

e Functvion W be integrated

XINT = Result of the integrstion.
WM
The function FA(X) expresses the normelised impurity
d gributiﬂn function N(X)/Noo In the present case, FA(X)
5
h Gaussian di stribution function (egn. III.2). FAA(X) is
is the
follOWﬂz
defined 2%
S FA(X) aX
R S
FAA(X) = (FA{X) «o (I11,3)
4nvegrsl n the aboV® equotion 18 evslusted by using
The (in® The gntegration interval is divided into
prov *
siMga ov
KO iD°°rvala'

W
§ _atn prOBr"' different vaiues of the constant

n the
: or €o¢h velue of 11, tne function FAA{X)
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is integrated to yield TB u t_ /t
B/ “gy*

The program presented in this 8ppendf x
can b
for sny arbitrary distribution function N(X) - Tee
with suitap
le

changes in the function subprogram FA(X)

L amb Bl S8 o]
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If 3uganc
dependent diftusion coet‘x'iciont,

the above equation, tane follow:[ng

base transit tiwe 1s ovteined,

. &
where tg, = ¥ /2 9,, aad D, e
usg
coefficient when N(X) = N_, on

dx,  the computer -
In this eppencix, Progr:m for ev
sluating

the mbove integrel (eqn., IV,2}, 14 Presenteq, Ho sng Cho?
3

op timum distribution 1s considered for tyq, i“”'tt‘aum
This distr-ioution 18 1tself obtained by evaluae

ing 'qnﬁ (.60

chrough Newton-Raphsonts § torative nethod

(Chapter 2)
pr'.ndix-II).
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CuiiP UTEx PRUGRAM

/

//F
* ONE
»
»

1

<

J Jus T
OR

WORD INTEGERS

ZX¥ENDED PRZCISION
LIST SOURCE PROGRAM

SUBROQUTINE SIMSE(A,B,F,NI,N,EPS,XINT)

NewNI
ABeB-A

Ket

R=iB/N
XINTS=1,538
ENDeF(A}+F(B)
0DDe0.
IF(N=&)3,1,1
NAsN=2

DO 2 I=2,NA,2
XImieb~T
ODDaODU+F(XI)

3 EVEN=O.

NAwN-1
oo 4 I.f,NA,2

I
ViNeFLAL)

L EV iNsE
B Te. 3333333333 #(ENDek. 0%EVEN.0DD40DD)

5

60 TO (6,5) .8
IF(AJS(ll"T’XIuTS)” EPS®ABS(XINT))8,E,7
19,

6 Keid

7

QDD-EV;N+ODD

XINTS=XINT

N-N’N

HuAB/N

go 10 J
(16.-;1px-11u73j/15.

8 u;lt‘

/1 B
aSTORS

RETURN
END
ws UA SIMSE
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<1370 5 "
Nl UTIAE sI '35(A,8,F,NI N, Ep
ADoS. A LA S,XINT)
Knt
HaAB/N
Dal'(A)e I
?DD-O. }+F(3)
F(N~l
1 NA-N-:&) Il
DO 2 Imi NA
XI=sHor' 2
< ODD-ODD+F(XI)
3 EV%'O.
NAaN=1
DO L4 I=? NA 2
XTansHor'

L EVEN=EVEN+F({XT)
, ¥INTw,333333333341¢(END, O*EVEN.ODD, 0
s DD)

co TO ’6f5).K
5 IF(ABS{XINT-XINTS). EPS“ABS(XINT) )8 8,7
| A

6 Ke2
? ODD=EVENLODD

XINTS=XINT
Nu”#“
HatB/N
a% 1¢c 3
8 AINTa(16. *XINT-XIN'I'S)/U.

RETLRN
BND
// DUP

// FOR
4/ ExTNDED PRECISION
» ONE #ORD INTEGERS
« LIST SOURCE PROGRAY
FUNCITION FA(X)

BNO’,.E’"O
ﬁ"oks"‘"’

5.10" . 5
2 DIFF-ALOG(B{”L”S/B'3"28"1""835'6
7F(AB3( DIFF)=.0001) 3,3,1
1 SFDALe={Ba 1,385°5*AL) /{AL*B+3)
[ALw= DIFF/OFDAL
ALwALe DAL
go T0 2

oF
;:.:.“."'c 25
RETURN

END
pUP
éér ORE w3
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// FOR
% EXTLNDBD PRECISION
o ONE WORD INTLGERS
e LIST SOURCE PROGRAM
FUNCTION RA(X)
ERO=T.E+ 10
Rel hE-1b

AL-C 0010

2 B-';+10385#AL
§F «ALQOC { B/AL)+S/B=3.1281%%-1,183516

DI
TS eseAL) /AL

OF +1.,38593%AL

DAL=-DIFE /DFDAL )/ (ALBe3)

go TO 2

3 FZ:AL
RA-(FZ/R)“(‘-/S)

RA=RA/ENO
RETURK
END

// DUP
aéroas ws UA RA

FOR
// EOR gp 1nTOERS

: g;rsnogu pRECISION
+ LIS YRCS ROGRAM

EATERN
SINSA(X,l.,FA,ZO,N,.OUO1,XINT)

cALL
xxnr/RA(X)

D
2 READER, 1403 PRINTER)

gXL
ETAs 3(10.)
CALL gtmsg.(o. » 1. ’FAA. 10.", .0001 ]XINT)
JRITZE2 101) T8,5TA
401 FOE MAT"I'Zfzo'S)
CALL gXIT
END
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DESCRIPI 10N Or IH., PROGRAM
_-_-—_“__——-———

Subroutine SIvsa gad_SI.isr

These subroutines are different thppn

function 1s integrated between the definj¢e linits

subroutines used in Appendix-III.

with
The
If g¢

defined initisl value of the integration interva),
result is then compared with g predefineg accuracy,

is not sstisfied, the intervsel js automatically doubj

ed ang
the evaluation of the inteogral is made again,

Thus the
interval goes on doubling till ¢je desireg accurscy g4 reached,
on the Sfmpson's integratien

formulee. The following computor Varisoles

This method 1is elso based

3re used,
A = Lower limit of the integrsil

B = Upper limit of the integral

F = Function to be integrated

NI « Initial velue of the nunber of intervals

N « Final value of the number of intervsls

pegrea of accuwracy of the integrateq resulta
w3 - Ve

intz2gration
Result of
XINT =

FA RA(X)_ and _ FAA(X
5
22221129__—-—151"

on RA(X) 18 the Ho and Chot

S impurq ¢y
The functl

ction. The function icselfl is eXpressed as
fun
bution

4,60 (Chapter 2} through Newton-Raphson's
.qn. :

_ computer variables ape used,
following

diatri

solution of

method, The
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o * &Ny
N - R/’z(l)

% W AL

X = DAL

o = DFpAL

The function FA(X) equals Rﬁ,(x)..,.es

i.e.
FA(X) = w(x)'-25

e frv.J)
The function FAALX) 1s defineq 8s fou_owa
i .
S FA(X) ax
X
AfX) = —
FAA(X) RA(X) v,
Tane integration of Fa(X) 1s

8ubroutine.

Main Program

The main program evaluates the t""’it t1rme

T8 = t3/ty, Oy eVAlusting the tnpegpy; 0 FAAX) ey,
the limits O &nd 1. The valups op T8 apre Printeg.

The progrem glven in this éprendix ogp be upeqy for
any distribution function K(x)
dependent diffusion coefficient
ep

Changeq are
' RA(X) and Fa(x).

funct'ons

made in the

+454 33344454
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y arbitrary bas
distribution function N(X) is glven € impurgyy

exponentisl distribution is 88sumed,
applied a8t the jJunction, the following

aaaumPtionu can be
made,

a. Ionisation of donors and acceptors 18 complee

b. Tne deplevion reglon is Coupletely free of i00§)c carry
ers .

The net charge density © . 0. . . doptons,

region can bé written as

e = q(v=) - )

e (Vo1)
wherae NB 413 the background concentratjop,
‘s equation can bae
v.1, Poisson's s
Using eqil.
et .
o o o oo (V.2)
N_ 1s the ourface concentration of tn, impuricges,
where W,

fined
The junctiof depth X4 is defi by



N(x) Ng =0

Integrating Poisson's eqn. V.2 «r (V.3)
*%p

two sides of ctne Junctiog €an pe
electrical base width, then

XJ w W l,

where 8y is tae depletion layer widen on the

left sige
thie jJunction. of

The electric field on the leoft side jis

W+a1

q {
Ey =75 ) N{x) dx + E (at - W)

o w . e (V.5)
e depletion layer w

If a, 1s th P y 1dth on the R.H.8, of the

junction, the electric field on we right is
W&B,v&z

E-..—ﬂa—s N(x) dx
< k o 1 (Voéj

Wea

1

In egn. v.5, the field 8t X =« W is the result of greded

impurity gistribution., The expresston is

kg
B (atx'w ® q a-;(ln N) v {V.7)
ntinuous at
But the field should 0 CONLINUOUS &L the junceion , -
Ei - 82 va (VoSJ

v.% and V.6, the following eXpression 1g
na, ¥Ye
Equsting o3

obtﬁln.d
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1o L%
Q » N
—_— ( 2 2
kso )NON(X)QQC.(.L‘.,)-O
’ .. (v.,)
where X « x/w,
Let us define
n s B
R
Then the sbove squation can be written ¢ the following
functional form
f{A) = 0
e ‘vo10J
This can be solved by applying Newton-Raphaon's 1terative
method, A can be obteineu fronm the relstion
A= A - ﬂ-&L
'f'(“l) Se ‘VG'1J
g WN
where f’(A) = _k-eol N(A,/No (from eqno Vlg) ®o (v 'd’
Tne voltsge drops on tie two sidges of tne Junction
ore obtained by a second anaiytical integration of the
poiasonis equation-
W#&,
V1 - S E"x’ dx e (V.'S)
W
30'10'2
v,=- § Ealx) dx e (Vo1g)
Wed

1

the junction csn be obtaingg as
oltage 8¢t
The totsl ¥



Eqna, V.9 and V.15 are

arovictrery {mpurity distribution N(X)

< Pesults obtainey

for the following 8Xponentinl diseriy ien ap
Soul ® given below

ﬁu—J = e-qx'- -gg'
!‘o o

oo (V,16)
X, 1s obteined r

5 obte rom eqn, V,3, The following result is
achieved.

X
o R ln'_fn.
] n 54

oo {Vi17)
Hence a,/W can be written as
x
e B
' - ‘v.'el
Eqn, V.9 ylelds the following non-1linear relation
-q .10'
W
o 5 o ~r.k 9fxse
n W W qg ° N = 0
w w< a i oo (V,19)

» ” -q
stnco l,/“ is known and N No e 'y az/w ¢sn be obtained

by solving the 8bove equetion for specified ratios op 4
o/NB°

fne total voltage drop Vg can be obtained from

5. V.15. The following expression is obeatneq
eqn, Ve l7e



qw‘“ N F P -.2 - :’l:a
VD-K=' Fgl(‘l ‘_)O'L(i- q -
o | w we e )
q
&.+0
5 Al ? )| -y
q = G t, N oo (V.ZO)

For given velues of », the Junction capscitasnce is cslculated
9

from

- k eo
c 811-32 . (VOZ‘J

The method of evaluating junction capacitance presented

4s similsr %o that of Lswrence snd Warnar‘_

her
The generalised relations have been used for different

4istributions mentioned in Chepter 6 and capacitance 1is
A comparison of tine velues obtained through

evaluated.
21 with those obtained by assuming 8 linearly graded

an. v'
Bpr roxiqation,
calculation of

nas shown that a lineer grading can be 8ssuved

for tue junction capacitence for wost o: the

distributiond.

P e n R R R b

/-‘:9";;: warner, Jre, 'piffused Junction
4+ H. Lawren syer Calculations’, 8s7J, V. 39, March 1960,

peapl stion



