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PREFACE

The experimental and theoretical research described in this
thesis was carried out by the author in the Semiconductor Technology
Laboratory of the Microelectronics Department of the Mational Electriesl
Engineering Research Institute (NEERI) of the South African Council for
Scientific and Industrial Ressarch during the period January 1979 to April
1684. Work In this laboratory was performed under the supervision of Dr
T C Varatar, Director, NEERI.

These studies represent original work by the author and have not
been submitted in any form to another University for eny degree. Where
use was sade of work carried out by others, 1t has been duly acknowledged
in the text.

Furthermore, s the tasks undertaken involved four major organ-
izations, any compent on or eriticism of any of these bodies, either
direct or inferred, represents the personal view of the author alone and
not an of ficial view of any of these organizations.

Signed kg !‘l I:‘;m._..ﬁh‘-.
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ABSTRACT

THE DESIGN OF HIGH-VOLTAGE FLANAR TRANSISTORS
WITH SPECIFIC REFERENCE TO THE COLLECTOR REGION

The thesis repressnts & major contribution to the understanding of
the deaign and fabrication of high-voltage planar silicon bipolar trans-
istors, and reports on the original research carried out and the spescial
methods evolved leading to the succesaful design, development and indus-
trinlization of two highly specialised transistors. The development of
thess tranasistors, destined for high-reliability spplications in subscriber
telaphone syatema, was funded by the South African Department of Posts
and Telecommunicatlons.

The first device developed was a discrete transistor meeting the
requirements of a singularly difficult specification that included the
following.

= An apcourately controlled upper limit to quasi-ssturation oper-
ation, sc that above a collector-emitter voltage of & V at 60 md,
the devioce characteriatics should be extremely linpear.

= An extresely ssall range of acceptable gains, with lower and
upper limits of 80 and 180 reapectively.

= Both scourately reproducible and high breakdown-voltages
excesding 200 V.

- The ability to withatand 100 W pulses of 10 Js duration at a case
temperature of 95 °C and a ocollector-emitter voltage of 130 V.

The second device represents a design and development breakthrough
resulting in a unique high-voltage integrated Darlington transistor incorp-
orating the following design features,

= The standard discrete high-voltage transistors used initially in
the Darlington application were found to fail frequently due to
&n éxternal breakdown mechanism under lightning surge conditions,
which are common in South Afrieca, To overcome this weakneas, the
integrated Darlington incorporates a special clamping cirouit to
absorb the surge energy non-destructively within the bulk of the
device and thereby prevent external breakdown,



viil

- To act as an electrostatie shielding system a pew 'imnwerted
metallization structure' was developed and incorporated in
the Darlington transistor design. With this structure it was
posaible to realire transistors with a combination of extremely
high gains, spproaching 10°, and very low collector-emitter
leakage ocurrents, often lower than 1 oA at an applied 240 V,
and no device with comparsble properties has been reported on
elsewhere.

During the development of the integrated Darlington it was recognized
that there was o neceasity for a aimple yet accurate method of predicting
quasi-saturation operation, This consideration led to the development of
a totally new, user-orientated, graphical model for predicting the galn of
a transistor when operating in the gquasi-saturation mode : & model involving
the use of entirely new yet easily msasured parameters. The model was
suooessfully applied to the verification of the Darlington design and the
optimization of processing parameters for the device.

Although undertaken in a ressarch enviromment, the projecta were
handled under pressures normally associated with industrial conditions,
Times schedulos were conatralned, and this influanced design strategy. A8
B oonpaquences, however, the meed aross to develop fast and efficient design
aids since much of the theoretical design was implemented for production
without recourse to long-term experimental verification in the laboratory.
Whilst the author viewed this approach as less than ideal, the successful
production of almost two million of these highly specialiged devices, inolu-
ding both types, has lent authority to the design techniques developed.

In spite of the industry-like pressures imposed during the ocourse of
the work, many aspecta of the development programmea were further investigsted
and refined bty research that would have been omitted had the author accepted
the realization of a working device as the only goal. This research has not
only contributed to the production of devices of exceptionally high quality,
but has alsc produced a wealth of new information valuable to future designera.
These aids include a pew and highly accurate correction lor the parasitic
collector resistance of a tranaistor; deaign data for the specdfication of
epitaxial layers for tranaistors with collector-emitter breakdown voltages
ranging between 5 V and B00 V; information on Gate Asscoiated Transistor
(GAT) structures; and the entirely new graphical method, mentioned above,
for modelling saturation effects in bipolar transistora.
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Process development was successfully carried cut within the striot
confines of compatibility with available equipment, and the pre-requisite that
the existing production of low-voltage bipolar integrated circuits should in
no way be compromised. Successful transfer of the technology, followed by
industrialization, has demonstrated the effectiveness of a method developed
by the author for the rapid communication and dissemination of appropriate
information in a system without precedents for such procedures.

Listed below are other examples showing that useful information was
gathered and new techniques developed.

- Bsitter-region defects associated with the metallization
process were identified.

= Test data were used to monitor project parformance and in
the develomment of dats panagement techniques.

= Interaction with the author resulted in the establishment
of the first Quality Assurance and Aodit funection for micro-
electronics activitias 5 the Department of Posts and Tele-
compunications in the Republic of Soutk Afriea. The group
formed had the suthority to handle the certification of semi-
conductor capabilities and the gqualification for service of
semiconductor components.

= @An entirely new continuous fallure analyslis programme was intre-
duced covering both the products menufactured and similar types

from other sources : & programme Lthat has brought to light the
major failure mechanisss in the high-veltage transistors.

On the basis of the knowledge gained during the research and develop-
gant programmes it kas besan posaible to make recommendations, subatantisted
bty preliminary investigations for further original research work on a new type
of megative-reaistance high-voltage device. This would initfially be destined
for use in subscriber telephones to improve thelr immunity to surges, and it
would form the basls of the development of a totally new type of interface

eiroult with in-built protection against surges, for application at the sub-
acriber line Interface in electronic exchanges.



TABLE OF CONTENTS

page
Title i
Preface i1
Dedication 111
Acknowledgements iv
Abstract vid
Table of Contents X
List of Appendlces xi1
List of Tebles xiil
List of Frincipal Symbols xiv
List of Principal Abbreviationa and Acronyms xvil
Foreword xix

1 MICRO-ELECTRONICS ACTIVITIES IN THE REPUBLIC OF SOUTH AFRICA

1.1 Smmmary of Chapter 1

1.2 The Historical Perspective of Micro-electronics
in South Africa

1.3 Discrete Device Manufacture

1.8 Development of the High-Voltage Devices

1.5 The Order and Weighting of Material presented
in this Theais

o WA B -

. DEVELOPMENT OF THE HIGH-VOLTAGE TRANSISTOR
TYPE PTOTA FOR THE PROTEA TELEPHONE

Flate 1 : The Protes Telephone ..... (facing page 8) T
2.1 Summary of Chapter B
£.2 Background to the Development of the Tranaistor
2.3 Specification of Devices able to withstand the Surges 10
2.4 The Development Strategy and Production Technology for the

PTOY Transistor to meet the TRZ = Issue 3 Specification 16
2.5 Deaigning the Device to meet the Primary Electrical

Characteristios 17

2.6 A Novel Light-emission Phenomencn and New Data from the
Development and Production programmes 32
2.7 Conolusion 51



3 BIGHE-VOLTAGE DARLINGTON TRANSISTOR TYPE PTO18 FOR THE
IMPFULSE PUSH-BUTTON DIAL TELEPHONE

Plate 2 : The Lorea and Disa Telephones .. (fecing page S54) 53
3.1 Summary of Chapter 54
3.2 Project Proposal for the Use of a High-voltage Integrated
Darlington Transistor in the Impulse Push-Button Dial

Telephone 56
3.3 FEeasona for developing the PTO1E Integrated Darlington

Transistor 56
3.4 The Electriecal Specification for the PIO18 Integrated

Darlington Transistor 61

3.5 Teat Vehicles used in the Design, Development and Evaluation
of the PTO18 High-voltage Integratsd Darlington Transistor 69
3.6 Design Considerations for the Prototype Integrated Darlington
Transistors ™
3.7 Fabrication snd Eveluation of the Prototype Integrated
Darlington Transistors and Findings relevant to the

Production Version 89
3.8 The Fimal Design of the PTO18 for Productien g
3.9 A Critigue of the Design of the PYO1E Tranaistor 101
3.10 Conclusion 112

] A VEESATILE CRAFPEICAL MODEL FOR THE ACCURATE NOMERICAL
PREDICTIOR OF THE OPERATING CONDITIONS OF BIPOLAR TRAN-
SISTORS IN BOTE THE QUASI-SATURATION AND CUT-OFF REGIONS.

3.1 Introduction and Summary of Chapter (AL
8.2 Modelling Saturation in High-voltage Discrete Transistors 115
8.3 The First Graphical Model, "Modsl 1° 121
8.4 'Model 2', & Simpler and more Accurate Graphical Model 123
4.5 MNumerical Simulation using Model 2 138
8.6 Modelling the Integrated Darlington Tranaistor with

*Model 2° 1585
4.7  More General Application of Model 2 to Darlington Design 158
k.8 Conclusion and Discussion of the Value of Model 2 176
5 FROCESS TECHNOLOGY DEVELOPMENT, TECHNCLOCY TRAMSFER AND

DATA MANAGEMENT FOR THE FTU1% AND PTOV8 PROJECTS

5.1 Introduction and Sumssrvy of Chertes 1 B



5.2 Chronolegy of the Programmes from Development to Production 180

5.3 Facilities available for Process Development 181
5.4 Detailed Section covering Process Development 187
5.5 Transfer of the Proceas Technology, and Industrialization 196
5.6 Data Management 200
5.7 Conclusion 207

& A POSTSCRIPT : FURTHER DIRECTION FOE RESEARCH
IN HIGH-VOLTAGE DEVICES

6.1 Summary of Chapter 208
B.2 Surges on Telephons Lines : a Personal Experience 208
6.3 The Presence of Surges in Modern Telecommunications Systems 208
6.4 Surge Conditions on the Subscriber Loop 209
6.5 Application of Negative-resistance Devices 210
6.6 Technological Implications 215
6.7 Application of the Lambda Bipolar Transistor (LBT)

Principle to Gated Diodes. 217
6.8 Conclusion 217
T REFERENCES 219

8 LIST OF AFPENDICES

CHAPTER 2
2.1 Specification for Tranaistor TRZ2 in the Protea Telephone 228
2.2 Design of the Punchthrough Collector using Data from a

1700 V Diode Deaign 229
2.1 Specification for Epitaxial Silicon Wafers for the PTO14 230
2.1 Report on Evaluation of Prototype TR2 Transistors 231
2.5 Susmarized Results from the Probe Test of GAT Wafers 23k
CHAFTER 3

3.1 Telephone Manufacturers Ouidelines for a Darlington

Transistor Specification 235
3.2  Skeleton Specification for s Discrets Transistor for
Darlington Application 237

3.3 Field Failure Analysis Sumsary on TR2 - Issue 3 Devices 238



3.4 Specification for Epitaxial Silicon Wafers for the PT018
3.5 Coentamination Analysia on Pre-production FTO18 Devices
3.6 The Full Specification of the PFTO18

CHAFTER &

§.1 FORTRAN Listing of a Program to compute ‘T'C ve Vop
of a Discrete Tranaistor uzing Model 2

4,2 Constants for Computation

4,3 Base-amitter Voltage 'BH of the PTO18 Tranaistor

4.4 FORTRAN Listing of s PFrogram to compute Il.‘- va 'l:l
for a Darlington Transistor using Model 2

8.5 A method for designing the collector region of medium-
power transistors

LIST OF TABLES

CHAPTER 2

e

Table 2A Surge Teat for Transistor TRZ
Tahle 2B : Failure Catagoriesa in Percentages

Tahle 2C : Comparison of Measured and Predicted Values of Hc
Table 2D : A Comparison of GATs and Stardard Bipolar Transistora
CHAPTER 3

Table JA : The Primary Electrical Specification for an
Intagrated Darlington Tranaistor at 25 «/= 5 ®c

CHAPTER &

Table 5A : Computed and Measured Active Aresas of the FTO18

CHAPTER §

Tabkle 54 : A Comparison of Reguired and Avallable Process
Capabdlities

Table 5B : Details of Changes [or High-voltage Transiastor Process

Table 5C : Inspection Screens available, and Modifications made

Table 5D : Contributions by the AuthBor at Areas outaide the CSIR

Table SE : Summary of Results of a Probe Test on & PTO14 Wafer

Teble 5F : Batch Analy=ia of the Department of Posts and

Telecommunicati ona

239
240
243

247
258
250
251

258

155

183
185

186
202

202

xiii



dr

-

Lol

Ty

-

%

1Y

LIST OF PRINCIPAL SYMBOLS

col lector active area of the driver transistor

in the integrated Darlington translistor

total area of the collector reglion of a transistor
area of the emitter of a transistor

corrected area of the active collector

region of n transistor

collector active area of the output transistor

in the integrated Darlington transistor
collector-base breakdown voltage with the
emittar opan

collector=-base breakdown voltage with the emitter
and base shorted

collector-emitter breakdown voltage with the base
op&n

emitter-base reverss breakdown voltage with the
collector open

constant in the gailn droop equation L.5E (page 131)
constant in the gain droop equation 4.4E (page 131)

an empirically determined activation energy

the band-gap of ailicon

peak field at the avalanche voltage in silicon
common esitter current gain measured at & glven
Vep and 1.

hgg Of the driver stage in a Darlington pair
hpg of the output lt.ql in a Darlington pair
the peak common emitter ocurrent gain, tersed the
"Process Caln' Ffor sodelling purposses

comion emitter current gain of the

integrated Darlington transistor

bipolar transistor (DC) base ourrent

bipolar transistor (DC) collector current
collector-base leakage ocurrent at a fixed
applied voltage; emittar open

collector-base leakasge current at a fixed
applied voltage; base and emitter shorted

collector-emitter leakage current at a fixed
applied voltage; base open



EL}

LIST OF PRINCIPAL STMBOLS (CONTINUED)

collector-emitter leakage current of driver
transistor in & Darlington pair; base open

IEEEII of the clamp tranzistor in the integrated Derlington
value of collector current at cut-off voltage (V.,)
eaitter current of the driver transistor in a
Darlington pair

emitter-basa leakags current at a fiwed applied
voltage; collector open

knee current or critical current above which

gain droop was included in the modelling
caloulations : eguivalent to the knee

current used in '"SPICE' modelling only when
measured at 'uI'E 3 IE x Ry

'‘quasi-saturation current', a new concept introduced
cellector current density

knee current density above which the gain droop
equation was used

Boltzmann's constant

& constant used in computing FBEE

4 device temperature constant in

Figure 4,15 (page 141)

& device temparature constant in

Figure 4.15 [page 141)

& device temperature constant in

Figure 4.15 (page 141)

Breakdown voltage incresental factor

for the Oate Associated Transistor

A device constant used as kT/fq in

equation ¥.6A for caleulating rm

channel length in the Gate Associated Transistor
emitter periphery

an N type reglon

the ratio between the area of the integrated Darlington
output device and that of the driver

a highly doped N type region

@ lightly doped N type region : normally the epitaxial
lLayer

the process constant, the ratio !nsflln



LIST OF PRINCIFAL SYMBOLS (CONTINUED)

q : elactronic chargs

Popt resistivity of the epitaxial layer

H‘.HE : basa resistance of the output device, used to caloulate 'IE
RE : passive value of the resistance of the collector

epitaxial layer for a given active area

c1 : HG value of driver transistor in Darlington pair

Rqs : ‘'quasi-saturation resistance', a pew conoept introduced

R : resistence seean via the collector termimal of a
transistor operating in saturation

A : resistance of a ailicon resistor at temperaturs T

Rypg ¢ resistance of the same silicon resistor at 300 “r

5 : gate spacing in the Gate Asscciated Tranaistor

T : temperature in degrees Celcius or, if indicated, absolute
tegperature in degrees Kelvin as in kT/q

Topgg ¢ ©case temporature of transistor

tﬂpi t thickness of the epitaxial layer

vBE : base-emitter (DC) voltage

Veps ¢ base-emitter voltage of the output tranaistor

in & Darlington pair
Veg : collector-emitter (DC) voltage
'ch : collector-emitter voltage of the driver tranaistor
in a Darlington palr
“L‘EI : ecollector-emitter knee voltage as defined for the
FTO'& transistor in the TRZ = Issues 3 specification
'mt s collector-emitter sustaining voltage with base open
Veo : ecollector cul-off voltage, a pew concept introduced
Vor : conduction threshold voltage at which tranalstor
operation ceasss - approxisately kT/q (about 25aV)
Vg : Early voltage
'fI t knee voltage : 'I:l value at transition from normal to
quasai-saturaion oparation, i.e. l': = II,: x I:
{Note : Although quantifying the same effect, V_ and

K
I‘m are not equivalent.)
‘i";,5 : 'guasi-saturation voltage', a new concept introduced
Voo : oollector-emitter voltage for a Lambda Bipolar Transistor

(LBT) above which the collector current falls
D : depleticn width of the lightly-doped region of an
abrupt junction diode at the ldeal breakdown voltage.



BIF

CSIR

DID

DPT

EBIC

EDG
EED
E.M.F.
EQH
FET

FF

GAT

i
IC
IM
IPH

KEERT

NI

oXIs

LIST OF PRINCIPAL ABBREVIATIONS AND ACRONYTMS

-l

=

LR

‘bipolar’ transistor

South African Council for Scientific and Industrial
Research, P O Box 395, Pretoria 0007, Republie of
Seuth Africa

diffused-in dafects

Department of Posts and Telecommunicstions, Private
Bag XT4, Pretoria 0001, Republic of South Africa

electron-beam induced contrast
electron-dispersive X-ray analysis
edge dislocation grids
emitter sdge dislocations
electromotive lorce
equipotential ring
field=-offect tranaistor

field plate

gate nssooieted transistor
integrated injection logle
(silicon) integrated ciroult
inverted metallization

impulse push-button dial telephone for loop disconmect
dixlling

National Electriocal Enginsering Research Institute of
the CEIR, P © Box 395, Pretoria 0007, Republic of
South Africa

an integrated Darlingteon transistor with the stages
isoleated by an N+ diffusion

the ‘co-Dormal' translstor that switches the telephone
speech circuit "on' in the off-hook condition znd "of
during dislling

oxide isolation technology for integration of high-
voltage gated digdes

vii



{or

xvill

LIST OF PRINCIPAL ABBREVIATIONS AND ACRONYMS (CONTINUED)

PCM : pulse code modulatlon used in the digital tranmsisaion
of data within and between telephons exchanges

Potelin : Post Office Telectroniec Institute, Private Bag XIT4,
Pretoria 000%, Republic of South Africa

FTO14

(]

discrete high=-voltage tranaistor developed for the
Protea telephone (stands for 'Post Office Transistor
number 014, where the digits 014 are taken from the
NEERI die code #/01%)

PTO18 1 integrated Darlington transistor developed for the
buffer stages of the ispulse push-button dial telephone
manufactured for the 5 A Department of Poats and
Telecommunications (the origin of the type number
is the same as for the PTO1R, above, the NEERI die
code was %/018)

Pte/PVT. : abbreviations used for "Private' in Private Bag

BRI : an integrated Darlington transistor with the stages
isolated by spatial separation in the high resistivity
collector epitaxial layer

sS4 : (Republic of) South Africa or South African

SAFO : South African Post Office : asae DPT above

EEI : sscondary electron image

SIT : statie induction transistor

L : subscriber line interface ciroult

SPICE : sisulation program for integrated ociroult engineering
(developed at the University of California, Berkeley)

STC : BStandard Telephones and Cables (SA) Ltd, P O Box 286,
Boksburg 1860, Hepublic of South Africs

™ ¢ Telephorne Menufacturers of SA (Pty) Ltd, P O Box G06,

THMSA) Springs 1560, Republie of South Africa

YR : voltage dependent resistor.



FOREWORD

*Why,' =aid the Dodo (to Alice), 'the best way to explaein it is
to do it.7

The truth of these words was indeed borme out mamy times over
while the high-voltage transistors were being developed and manufactured :
it was only by doing that it became possible to understand and explain.

The oourse teken could be likened to travelling an unknown road
in a foreign land bto a known destipation : the map and road signs were
inadequate, and the road was found to be rough and precipitous, with unex-
pected roadblocks; seldom was thers time to stop and look for another
and better route : 1t was essentizgl to blunder past the roadblocks, since
the ocourse bad been chosen and could pot be changed Tor fear of delays or
the necessity of heving to turn back. In the end the trip would be com-
pleted successfully, much about the route having been learned t.hat-unuld
be of benefit to others were it to be dooumented.

It was thus with the work described in this dissertation : the
components were successfully developed and put into production, often after
feverish efforta to overcome inexplicable phenopena. Understanding steadily
grew, sometimes only maturing after long pericds, end with the continued
researoch effort came the abllity to improve on what were already adeguate
components, or the possibility of designing new and better devices, should

the need arise,

This thesis presents many original 'navigational aids' and it is
the hope of the guthor thet they will be of use to others who may have to
traverse & similar technological route.



CHAPTER 1

MICRO-ELECTROMICS ACTIVITIES IN THE REPUBLIC OF SOUTH AFRICA

1.1 SUMMARY OF CHAFTER

The main purpose of this chapter is to outline the historical back-
ground of micrc-electronies in South Africa in order to aszist the reader
to eppreciate the facilities by means of which were developed the trans-
istors deseribed in the succeeding chapters. The lack of pertinent design
information in the literature on discrete devices made it necessary to
undertake the very thorough and wide range of investigations that formed
the core of the research work reported on in this thesis,

1.2 THE HISTORICAL PERSPECTIVE OF MICRO-ELECTRONICS IN SOUTH AFRICA

Today, & successful mpiocro-salectronics operation is inseparable im
concept from the mess-manufacture of highly complex and sophisticated
electronic devicez and systems. However, in the historiecal context this
did not epply te the firat venture into semiconductor device operations
in South Africa. In 1963, at the site of Messrs Standard Telephones and
Cables 54 Ltd in Boksburg, & facility was established for sssembling
gilicon transistors for use in the telecommunications indu=stry (Paxton,
pers. eamm.#} the capebility probably being introduced to eohance the '"local
content! of electronic systems for telecosmmunications. The '"loeal content!
concept was an ipcentive baszed on '"import tariff pprotection' and introduced
to stimulate South Africen industries to undertake operations that would
othérwise be finanecially unattractive; in the telecommunications field this
gl=c meant the preferentizl selesotion of svstems incorporating locally-
produced comporents. It is ceptein thet numercus advanced capabllities

now gwvailable in the country were esteblished as 8 result of the scheme.

This move into the assembly arens im 1963 formed the epringboard from
which the technology for the (abrication of planar silicon devices was intro-
duced into the country in 1968, with the establishment, on the same site, of
g facility for diffusing small-aignal bipolar tranzistors. Frog this time
omdards there has been an inoreasing involvement in silicon technology in the

country as the potentisl bepefits have been ever more widely recognized.

#E Paxton (1984} Standard Telephones and Cables SA Ltd, P O Box 286, Boksburg



The South African Council for Sciestifiec and Industrial Research
(CSIR) was the first research organization in the Republie to devote atten-
tion to microoircuits embodying more than a single active device. This
began in 1965 with investigations into the techoology of thin-film circuits.
The various aspects of early microcircuit work in the Hepublic up to 1975
have been covered by Lutlc:hll. Figure 1.1 (page 3) summarizes key activities
in the microoirouit arema up to 1988, and subdivides the activities amongst
Industry, the CSIE and the Universities. Whilst this chert is oeither
definitive nor comprehensive, certain key features emerge that are enlarged

upon in the succeeding paregraphs.

During 1970 the CSIE began to carry out research and development in
the field of bipolar sicrocircuits. After the author hed gained veloable
insight into the physical operation of bipolar tranaistors during the
successful development of a computer-aided design techmique for the class C
transistor amplifier (Smithies”), he was responsible in 1971 for the first
wholly local design and diffusion of bipolar transistors. During 1973
Stulting (pers. cosm.”) designed and diffused the first South African
bipolar integrated circuit.

Diffusion of transistors by industry ceased in 197H, probably for
economic reasona. The CSIR in 1976 established a small bipolar micro-
girouit faclility at the Natiomal Electrical Engineering Research Ilnstitute
(NEERI) with the specific objective of satisfying the local requirement for
mop-standard or so-oalled "custon" intagrated cirouits, The operation was
relatively small, and capable of handling a maximum of 100 two-inch wafers
per veek. Attached to the diffusion unit was a small assembly operation
that oould handle up to about 10 000 fully soreened ceramic '"CERDIP®
packages, of all sizes, per annmum. No censiderable sxpansion of this
faoility wvas planned, as It was anvisaged that should large-scale looal
production of bipolar integrated cirouits become necessary, it would be the
task of the industrianl sector to provide for this.

The infrastructure necessary for the CSIR operaticn was set up
during the early 1970s, and by the end of 1976 designers had avallable a
computer-alded mask layout system feeding an optical pattern generator,
used in conjunmction with a step-and-repeat camera having s 108 mm field,
for chrome photomasks. From 1975, circuit simulation programs such as

#; D Stulting (1984} IC Facility, WEERI, CSIR, P O Bex 395, Pretoria 0001,
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SCEPTHE' and later 'SUPER®SCEPTRE', developed at the University of Scuth
Florida, were available for integrated circuit design. It was only in
1980, after the introduction of both the dedicated integrated ciroult
simulation programee 'SPICE 2' developed at the University of California,
Berkeley, and also the British Fost Office "OAELIC' layout and loglc
similation programs that computer simulation of integrated circuit designo
became standard practice at the CSIR. At about the same time the
Universities and Industry started to maks use of the CSIR facilities,

During 1980 & second microcirouit facility came into operation :
South African Micro-electronic Systems (SAMES), dedicated to the mass-
production of complex MOS integrated circuits, primarily for the tele-
communications industry. This company, set up from public funds, has the
agbility to hendie some 7 000 thres—inch wafers & week, and a large assembly
capability for both ceramie and plastic packages. SAMES has enabled many
local workers in the sicro-slectronics field to further thelr horizona in
the design of large-scale integrated circuits (LSI) in MOS technology. It
has also led to the astablishment of a2 Design Centre for digital integrated
eircuits, amnd to the full vtiliration and planned sxpansion of the mask-
Eiking facility at the CSIE.

It is clear then that with a =mall but verzatile bipolar intagratad
gircuit capability, and a much larger MOS capability available in the Repub-
lie, it was pow possible to realise & very wide range of integrated cirouit
dasigna.

1.3 DISCRETE DEVICE MANUFACTURE

Although the South African commercial assembly operations for
discrots devices have flourished from the outast, after having started with
spall-signal tranaistors and following these by diodes and later even power
semiconductors such as rectifiers and thyristors, commercial diffusion of
bipolar transistors ceased in 197h, as was pointed out earlier.

During 1977, socon after the establishment of the NEERI Integrated
Cireult Facility (IC Facility) it was found that the volume of custom-

designed Aintegrated circuits was mmall, and that a suitable 'base load’

was required for the Facility to help stabilire production processes.

The sanufacture of mmall-signal BC107 NPN transistors, with a maximum
voltage rating of 50 V, was sucoesafully introduced to form this 'base load®.
These transistors were produced using a modified design layout supplied by



angther manufacturer, end a number of process steps similar to a 20 V inte-
grated oircult process then inm use. The BCICT transistors had a total die
erea of about 0,25 llmiE and the production level soon exceeded ona million
per eonum; and yet this comprised only about 300 welers. These transistors
were putomatically probe=tested at the CE5IRK and then shipped to the assaghly
plant, where the wafers were back-lapped, gold sputter-ccated and, after
soribe-and-break, assembled into TO-18 hermetic metal packages. This pro-
cedure was opntinued until the beginning of 1984, when the CSIR took over
the back-lapping and gold-sputtering cperations,

Throughout the whole pericd of both integrated circult and trans-
Istor anufacture 1in South Afrieca all the silicon walers; both plein anpd
epitaxial, heve been imported from various overseas panufacturers, as the
local sllicon industry wes geered only to the production of industriel-
grade material l‘.Dualamr_l.ra:I+ The feasibility of producing soler and seml-
condusctor grade silicon from the lecal industrial grade was 1n1.r'gst:|.g-,atad
by Etanderh. but production has never commenced. In the fisld of prooess
gases the local industry has been well catered for, and all standard semi-

conductor grade carrier gases are manufactured loocally {B-ua.i"’}l.

1.4 DEVELOPMENT OF THE HIGH-VOLTAGE DEVICES

From the foregoing it may be seen that in South Africa in 1978 when
negotiations with the C5IR to develop 8 high-voltage transistor commenced, the
level of discrete transistor production technology in South Africa was indeed
low, but considerable experience had been built up in relatsd fields at NEERT,

As previously stated, the author had designed the first wholly South
African bipolar transistor im 1971. Subsequent work on dye-sensitized MOS
structures (Smithies et lJ..EJ hed vielded an axcellent insight into surfece
effects in devices. In 1978 the a.ut.n.an made an important coptributicn to
the technological sspects of the gate-region oxidation process during devel-
opment of the first P channel MOS integrated cirouit in South Africa.
A successful investigation of integrated injection logio {Izl.}l technol ogy
carried out by l:rnﬁkea in the NEERI Semiconductor Technology Laboratory had
yielded considerable insight into both the design of bipolar transistors and
the development of the asspciated process technology.

Cwing to the success of these investigations and others not mentioned
here, and alse in view of the fact that the NEERI Laboratories were adequately
equipped, the SA Department of Posts and Telecommurnications approached the



Inatitute with a proposal to develop a highly specialized tranaistor for use
in the 'Protea’ electronic telephone. The task set was to produce & sultable
high-voltage transistor deaign and to generate a sultable process technology
that ocould be instituted at the NEERI Integrated Cirouit Facility. Two im-
portant constraints waere imposed on the author, and the firat waa that any
modifications to either processes or equipment in this facility should only
be carried out provided no disruption of normal production was caused, and
the second was that minimal capital expenditure should be incurred. These
difficulties were overoome, and the considerable sucoess of the first high-
voltage tranaistor led to m contract for the development of a second device
which was a high=-voltage integrated Darlington transistor.

1.5 THE ORDER AND WEICHTING OF MATERIAL PRESENTED IN THIS THESIS

The major contributions to micro=electronics yielded by the develop-
mant programmeés was that they olerifisd undsrstanding of the affects of the
eollector region resistance, and enabled an improved design methodology to
be developed for planar high-voltage transistors where internsl end extermal
effects are important, either mingularly or in combination. This then forms
the mainstream of the thesis and the findings are pressented in Chaptears 2
and 3. Chapter § presents & totally new concept of modelling saturation
effects, making it possible for the first time to readily compute the
contribution of collector reglion resistance.

Chapter 5 is intended to demonstrate the broad base on which the
projects were undertaken and, after an assessment of the capabilities
available compared to those required, the processes developed are discussed,
Development of the process technology required both experience of processing
techniques and an insight into the mature of the physical and chemieal
processes involved. MHuch of the process development work wes based om the
inpdividual judgement of the author, amd here conformance with the electrical
specification and the ability to target device parameters adequately were
important factors. Chapter 5 also covers the successful mansgement of the
project from the stage when the device and the process technology were
developed; through the industrialization phase, te a demonstration of the
value of production dats management.

Chapter & clearly identifies the direction which further original
research on high-voltage devices for telecommunications could take, the
recommendations being supported by the results of preliminary investigations.
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The Protes rotary=-dial
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reaistant high-voltage
PTON transiastor that
was specially developed
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CHAPTER 2

DEVELOFMENT OF THE HIGH-VOLTAGE TRANSISTOR TYPE FTO1E
FOR THE FROTEA TELEPHCNE

2.1 SUMMARY OF CHAPTER

The successful development is described of a special high-voltage
transistor, the PTO4, for the Protea telephone of the SA Department of
Posts and Telecommunications: =slso, and what is perhaps more important,
details are given of a number of significant findings made during the
investigations carried out as part of the development programme.

The role of interdigitated atructures in the emitters of trans-
istors was questioned, and it was experimentally verified that the use of
a simple emitter structure with no extension of the periphery was better
suited to the PT0VYU application. For caloulating the collector region
resistance, 1t was proposed thet & simwple, new correction for the aoctive
area of & transistor be used; +the acouracy of this procedure wes experis=
mentally verifled. A sigple relationship between maximum [inger spacing
in emitter struckures and apit?xial layer thickness iz also given.

An improved understandinog was gained of the critical relationshilp
between the epitaxial layer thiockness and resistivity, and breakdown volte
eges that may be relisbly sttaiped in planar double-diffused HPN transistors.
Design curves Tor epltaxisl leyers; together with instructions for thelir
use, are presented in an entirely new form and have applicetion to devices
¥ith collector=emitter breakdowns ranging between 2 V and BOC V.

A new type of planar device structure was investigeted, termed the
'Gate Asscociated Transistor' (GAT), originally developed to increase the
available value of BuﬂEﬂ' and it was found that the published design
formulae were fipnaccurate, Whilst it turned out that the device could provide
8 worth-while increase in Buﬂﬂﬂ' the feot thet parameters were to & greater
extent dependent on the process of manufacture, and there was a need for =

refinement in design technique, precluded the use of the structure for this
project.



2.2 BACKGROUND TO THE DEVELOPMENT OF THE TRANSISTOR

2.2.1 Tranasistor fallures in the Frotea electronic telephone

A transistorized telephons called the 'Protea' was first brought
into service in the Bepublic by the SA Post Office during the late 1960s.
This instrument, compared with earlier pop-slectronic models, offered a
punber of advantages including, briefly, improved side-tone rejection
poupled with automatic line compensation of the output level, a low-nolse,
low=distortion speech circuit utilizing a dymamic type microphone trans-
ducer, and an electronpic tone caller with three selectable output levels.

The Protes was one of the earliest electropic telephonea intreduced
into service anywhere in the world, and it performed sdmirably, meeting all
the performance targeta set, with the exception of reliability. Catastrophic
failure of one or both of the transistors caused the field fallure rate to
be more than double that of earlier mop-electromic telephones in service.
(Bets, Pers. comn. ¥)

2.2.2 Ceuse= of the tranzistor failures

it first it wes believed that these faillures were due to lightning-
induced surges, but as failure statiztics acoomulated 1t was found by the
Poat Office that TH2, the transistor which soted as the output transistor
in the pall-tome oscillator and spesch amplifier, was the one that failed
most often apd that there wes no real relationship between this fallure
rate and lightming frequency.

When the problem was investigated im the Fost Office Laboratory by
Haa.dg the far-zsighted study showed the fault to be related to an incorrect
cradle switch sequence. During oalling, with an applied 75 V 17 Bz ringing
signal from the exchange, the output transistor cass tesperature could riss
to 95 nﬂ, and when the receiver wae lifted this could produce a high-power
surge of short duration but sufficliently powerful to destroy the transistor.

#8 A Bets (1978) Telecommunications Headquarters, Private Bag IT4, PFretoria
0007, Hepublic of South Africa.



To quantify the surge, a schems similar to thet shown in Figure 2.1
{page V1) was used. By applying the ringing signal to sample telephones
whilat the cradle switch was being autcmatically operated, the incorrect
switohing segquence of the aix microswitchea was identified. This wrong
sequence was the result of ageing of the mechaniss. The surge acrozs the
eollector-emitter terminals of the transistor TRZ reached a value of 130 ¥
ak 0,75 A and had s duration of about 10 microssconds. This caused the
device either to degrade or fail.

2:2:3 Corrective seasures to improve the reliability of the telephone

The sanufacturer sodified the ceajign 50 &8 to ensure maintenance of

the correct cradle switch sequence in new telephones, but it was totally out

of the question for the Post Office to recall more than one million tele-
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phones for modification. The only way to solve the problem with the existing

telephones was Lo specify another transistor, capable of replacing the TR2
and having the ability to withstand the surges that might ocour, and to
install this substitute transistor in telephones sent in for repair at the
country-wide service centres, The new transistor would, of course, also be
incorporated in all new telephones.

At this stage megotiations commenced with the CSIR to produce a
suitable device locally, and the author, appointed to head the project, was
sctively involved both with the drawing-up of the final electrical speci-
fication for the substitute transistor and the subsequent development
Prograzone.

2.3 SPECIFICATION OF DEVICES ABLE TO WITHSTAND THE SURGES

€.3.1 Considerations in specifying a transistor to withstand the surges

Az the magnitude of the surges was known, it appeared to be simply
a matter of revising the breakdown limita of the transistor and adding a

réquirement In Lhe specification for surge resistance, Two major problems
aroas, however |

{a) there were very few commeroially available transistors in T0-5 or

T0-39 packages with collector-emitter breakdown voltages between
100 mpd 280 Vi and
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(b) tranaistors of this size with breakdown voltages over 250 V, that
were more readily aveilable, generally provided poor linearity at
the collector-emitter operating voltage of § V and & collector
current of 60 mA. This limearity wvas important, as in the telephone
gircuit the transistor had a voltage-dependent resistor (VDR) incorpo=
rated into the emitter acircuit for line compensation purposes. Very
frequently, this combipation of the VDR and a high-voltage transistor,
resulted in an unstable operating poeint in the off=hook case.

N Revised specification for the transistor TR

The revised sapeoification included two additional tests. These were,
first, & surge test, and secondly a test for mon=linearity in the low=-wvol tage
charecteristics; the latter introduced an entirely new parageter, the 'knee

voltage', V.p.. Table 2A shows the surge test that was included in the
trensistor specilication.

Table 24 ¢ Surge test for transistor TH2

Parameter Test Condition Limit Unit

dissipation time = 10 us
oase toaparature = 95 bg

After & surge under these conditions, the allowable gain drift was
only +/= 20 per cent of the originally seasured value for the device.
A limit of + 100 per cent was set con the change of all leaksge currents.

The entirely new concept of a 'knee voltage®, vEEH‘ keat wos intro-
duced after 2 further Lovestigation of gain requirements for the transistor
had been carried out by the Department of Posts and Telecommunications. Inm
the specification, 'TRZ = Issue 3', reproduced in Appendix 2.1 (page 228),
the teat values for the knee voltage are given in a2 form suited to automatiec
test gear. The pature of this test is shown in Figure 2.2 (page 13).
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2.3.1 Transistors invited for evaluation

After the publication of the TR2 - Issue 3 specification, and while
the development of the PTO14 was still in the embryo stage, the Department of
Posts and Telecommunications ordered a thorough evaluation of commercially
available transistors that might meet the requirementa, In this investli-
gation, carried out by H&mnm. ten manufacturers submitted a total of
one hundred and thirty devicea (ten of each transistor type) for evaluation.
Subdivided into categories there were nine differsant dis apecies. The tests
carried out were the following.

{a) Farametric, to meet the basic electrical requirements as
given in the TRZ - Iasue 3 specification.

(b) The surge test : 130 V and 0,75 A for 10 pa at a cape
temperature of 95 Y.

{e) A second parmsetric test to record the parametric changes,

Eight different transistor typss cootaining only four different die
species were found to be acceptable. The other devices either failed the

initial parametrlc tests or exhibited unacceptabls parametric changes after
surging.

2.3.4 Problems with the die available for the local assembly

of tranaistors to meet the specification TRZ - Issus 3

Of the four different die apsciea found to be acceptable, only onoe,
panufactured by MHesars Texas Instruments, was available for loczl essembly,
and a photograph of this die type is shown in Figure 2.3 (page 15).
Disndvantages associated with this die were the following.

(m) High ooat (in the region of 20 cents in SA currency).

(b} Both wafer and die ylelds low, primarily owing to failure on
elther the knee voltage or galn test, or both, which fallures
in turn could be ascribed to the fact that the transistor being
tested wes not a purpose-made devipe,



1,27 mm

FIGURE 2.3 AN ASSEMBLED TEXAS INSTRUMENTS
TRANSISTOR DIE FOR THE TR2 APPLICATION. THE LAYOUT
OF THE DEVICE WITH AN INTERDIGITATED EMITTER AND
BASE REGION AND THE SMALL CLEARANCE BETWEEN METAL
AND SCRIBE CHANNEL IS INDICATIVE OF A DEVICE LAID
OUT FOR A LOWER-VOLTAGE APPLICATION WITH HIGHER
EMITTER CURRENT DENSITIES THAN REQUIRED FOR THE TR2.
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{e) Bonding pad areas for both the base and emitter too mmall, as
a result of which the surrounding die was [regquently damaped
during assesbly.

The Texas instruments die was used in the telephonea during the
period the FTO14 was being developed.

2.4 THE DEVELOFMENT STRATEGY AND PRODUCTION TECHNOLOGY FOR THE
PTOYE TRANSISTOR TO MEET THE TR2 - ISSUE 3 SPECIFICATION

2.4.1 Device development proposal

1 proposed that samples of tranaistors that were known to

Verater
be satimfactory should be analysed and a 'reverse enginesring® exarcise be
earried out to develop a loecal egquivalent. This approach, which coupled a
knowledge of the properties of the die ip use to the requirements of the
specification, vielded information not only on what should be dope buk, what
was aven more important; on what should not be dome during the development

af the PTO1Y transilstor.

A development period of nine months was proposed by NEERI and this was
sccepted, together with the estimated coat of the development programme which
was underwritten by the Department of Posta and Ttlummnionuuna“. The
phases of the development and production programmes for the PTO1M are shown
in Figure 5.1 {Chapter 5 page 182).

2.4.2 ldoption of a planar device structure

In the investigation by Humn‘u both planar and non-planar

device structures had been shown to be suitable for the device application,
and a planar technology w=s chosen for the PT014 for the following reasons.

{a) NEERI had no expertise in non-plapar, in this case MESA technology.

{b) The development of a new technology for MESA devices would, in all

probability, have taken longer than the adaptation of an existing
technol ogy .
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(e) New capital equipment for lapping, polishing and etching for MESA
technology would have to be procured for both the development and
production phases, which would increase both the lead times and

cosk.

(d) Additional staff for production processing and process maintenance
would be required.

g8 DESIGNING THE DEVICE TO MEET THE PRIMARY ELECTRICAL CHARACTERISTICS

The two most important parameters to be met for the TR2 - Issue 3
specification were the collector-emitter breakdown voltage, H?EED' and the
knee voltage, vEEE' as defined in Figure 2.2 (page 13). These critical
parapeters were coupled with a gain spread requirement of less them 3 @ 1,
which implied that excellent process control for this =mingle device type
was essential for good yields to be realized.

At the stage when this project wes updertasken, NEERI hed & capability
Ffor diffusing small-signal 50 ¥V HPN tranaistors in & process similar to one
thet was uged for 20 V integrated cirouits, This processz was not applicable
to higher-voltage devices a= the jupetion depths were too shellow end the

emitter=baze reverse breakdown voltage too low.

Two major areas of the development programme, described in this

chapter, are the following.

ial The choice of a suitable epitaxial layer to give the breakdown
voltages reguired.

(b} Layout of the device to provide both & suitable kpnee voltage,

Vopyr 20d ability to withstand the surge PHPR:,-

The process that was developed iz described in Chapter 5. In
pragtice it was possible to meet the electricel reguirements reliably,

with & good yield and a small expected parameter drift during the useful
life of the device.



2.5.1 Meeting the breakdown reguirements

In a double-diffused transistor, an example of which is shown in
the sectionsl drawing in Figure 2.4 (page 19), the collector epitaxial layer
playes & vital role in determining the value of l‘l:!.ﬂ and indirectly !'ul'“n.
In devices where BVopqy 12 less than about 200 V the value does not differ
greatly from the idenl value ocomputed for an infinite abrupt junction. At
higher voltages, however, the departure from ideal characteristics can be
considerable and depends, lnter alia, on the following.

{a) The field concentration that cocours at the edge of the diffused area

18

in & finite junction, causing preferential breakdown at lower voltages.

(b} Surface effecta that make the devioce senaitive to procesaing and
layout. These are particularly important in the areas surrounding
a diffusion where lateral depletion takes place.

(o) A non-homogeneacus ispurity distribution with localized increanmed
concantrations or precipitationa of dopant. Thias irreguler
distribution is a greater problem in higher-resistivity silicon
substrates and epitaxial layers. (This was one of the prims
reasons why meutron transmutation doped silicon was developed
for high-voltage devicea such as thyristors.)

2:5.1.1 The 'lm.ncht.hmuih dicde oollector® to control breskdown

A method of providing a stable collector-base breakdown was to
generate a preferential breakdowr path between the base region and the
collector ¥+ substrate. By using the principle of the punchthrough diode
as described by ﬂhlndl*s. it wvas possible to control the collector-base
breakdown characteristic by a purely gecmetrical factor, viz the epitarxial
layer thickness, In Figure 2.5 (page 19) the conventicnmal diode is compared
with a purchthrough diode structure. The punchthrough structure may be used
directly as the collector region of & transistor. Since depletion stretches
very much further into the collector region tham into the base region, the
following discussion will be devoted only to an sbrupt- junction model of
the collector-base region of the tracsistor.
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Other relevant aspects of junction termination sre covered in sectionm 2.5.3.

2.5.1.2 Setiing the design values for B?BEG and BYEED

The relationship between collector-bese and collector-emitter

breskdowns, given by Burger and Dnnavan‘u 28 well es Ehanﬂi15, iz as
follows
B“ fE.II = ! 1-1’]1 R RN E.Eﬂ
ceo’ % cBo Frg
where
n is a process constant related to the avalanche multiplication
faptor: Ghandi1ﬁ states that typiecal values of n range from
3 to 4 for NPN devices;
BY iz the pollector-emitter breakdown voltage;

CEQ
E“GEU iz the ecolleotor-base breakdown voliage;

hFE is the device gain in the linear regico.

To cbtain & representetive velue of o for the transistor designo to be
carried out, the suthor mede & large number of measurements on commercially
available high-voltege, pedium-power Eransistors., It was found that values
of n ranged froe 5 to T for the transistors tested, elthough ipstabilities
in breakdowns freguently precluded pelizble results being cobtained., During

the development programme values of n approximating 5 were obtainped.

The TH2 = Iszue 3 speoification had & lower limit of 130 V for EvEEG'
and with '"insets' or safely margins allowed by the transistor assembly plent
1t was pecesssry ta produce devices with 8 minimum HvEEG aof 160 V. With a
gain spread factor of 3 and en as=zumed value of n= 5, & device with a
meximua gain of 210 and minimum nvﬂED of 160 V would, if diffused to a gain
ef T0, and using equation 2.5A, exhibit a BHEEU of 200 V. As it was known
that spreads of thickness and resistivity of +/- 20 per cent were common in
epitaxial layers, a target figure of 250 V was teken for B?CEﬂ to aocommodate

such spreads.

To obtain the target value for BYopos the value of 250 V for BVeeq
waa used. As gn added safety margin the gain hFE gsscclated with this
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value of “L‘Eﬂ wes increased from TO to 100. Using equation 2.5A again
with & value of n = 5 the targntruulrurl'lmmi:ﬂ ¥.

2.5.1.3 Specifying the epitaxisl layer thickness and resistivity

For this section reference was made to data from case four of the
alternative designs of a 1700 V diode as presented by Ghandi'®, These
data were found to be acourate for the purposes of the PTO14 design. (For

convenienoce the relevant table is reproduced in Appendix 2.2 on page 229.)

VDaing the Figure of “{HI} = 630 V and an optimum avalanche {leld
strength of 165 kV/em for a punchthrough diode, the thickness of epitaxial
silicon required below the base was about 38 pm. Allowing for an 8 pm base
Junction and about 0,5 um of aflicon to be consumed in oxidetion, an epitaxial
layer thickness of 46,5 um was required.

The depletion width 'h‘n at the avalanche field was about four
times the gecmetrical width of the layer in case feur, and this criterion
wiaa applied to the transistor collector where a geometrical width of 38 =
for the collector implied o depletion width of approxisately 152 jm. Free
the ocurvea of ocarrier concentration v. resistivity by Ir-r.'i.n‘T. B8 updstad
'8, & resistivity of about 85 ohm.cm was indicated for
the N=type epitaxial layer with HII = 15#;,.,

by Thurbsr et al.

2.5.1.4 Experimental verification of the epitaxial layer requirements

The above approach to specifying the epitaxial layer parameters was
based on data for » diode with a doping concentration lower by & fsotor of 3
then that for the transistor it was desired to develop, and it was thus deemed
necessary Lo check these figures experimentally. Two epitaxial layer types
with a nomina] layer thickness of &5 um were evaluated., The first layer
type had a resistivity in the range 20-33 chm.om and the resistivity of the
second was in the range 33-50 ohm.em. With the lower resistivity layer,
collector-emitter breakdown veltages of between 120 and 180 ¥ were mezsured,
and on the 33-50 chm.cm material, values of about 260 V were obtzined for the
gains in the region of 100. In addition, a B‘qu value of approximately
600 V was obtained on the higher-resistivity saterial. Agreement with the
projected figures was thus excellent,



After pegotiations with the silicon sanufacturer the fipal epitaxial
ailicon speaification, which is reproduced in Appendix 2.3 (page 230}, was
agreed to and the allowed layer thickness spread was from 38 to 52 ym, this
being associated with a resistivity spread of from 33 to 50 ohe.cm.

2.5.2 Test tranajatoras : HMerit of an interdigitated atructure

The device that had been accepted for local sasembly was an inter-
digitated structure 1,27 == x 1,27 mm in mize. The value of this type of
structure in the FTOE application was gqusstioned, for the following reasons.

{a) Interdigitated structures sré penerally used to eszist in providing
a more uniform current distribution across the emitter region of a
transistor at high injecticn levels of 'trpiﬂl].l]f > 1 Mmz. but the

specification did not call for such high injection levels.

(b} Mumperical anmlyesss have indicated thet for optimum effect the width
of the stripes should not be greater than about 10 te 14 times the
base width Iﬂhlndiw!. The device to be developed would have a
base width of about 2 p= and this would certainly lead to a far
denser finger structure then the one used in the Texas Instrumenta
die. Samples of the TI die were lapped and staiped and found to
have & base width of about 2 micrometres.

(e) The effect of & highly resistive collector regicn on the requirementa

Ffor the design of an interdigitated structure had not been considered
in the literature.

2:5.3 Junction termimation

Fublished inforsation located at this stage of the project mainly
covered the design of Junctions with a view to optimizing the internal field
distribution. The problems associsted with the junction termination of a
250 V transistor were apparently oot considerable, and data from Ehlﬂdlzn
vert used ifn the design of the test tranmsistors.



The first feature included in the transistors designed was a fisld
Plate (FP) structure. The FP structurs is & metallization layout measurs
pommonly used to spread depletion near the edge of a diffused junotion.
The action of an FP ia shown in Figure 2.6 (page 28) and it is apparent
that exeesaive lleld concentration around the edge of the diffused jumction
is reduced conaidarably. The FP structure was used a= it provided an easy
mothod of obtaining an mlmost ideal abrupt junotion approximation in trans-
istors with a punohthrough collector design. In the devices that were
developed, an overlap of EDJ’" of Aluminium over the base junction diffusion
window was used., For production an overlap of “F was adopted and the
teat geometries used on the production layout to optimize the overlap are
described in Section 2.5.6.

The second feature included in the transistor designs was a diffused
K-type equipotential ring (EQR), included in the collector region surrounding
the transistor structures, as shown im Figure 2.6 (page 28). The EQR provided
8 precise boundary to terminate lateral depletion arcund the base junotion,
thus ensuring stable and repentable jumction breakdown. As the potential
gradient across the oxide between the base metallization and the EQR wes
established rapidly, atability with regard to the external field was ensured,

The clearance between the FP metallization and EQR was important and,
to prevent external discharge, s critical external field strength of 4,3 'Fa;un.
as messured by Ioroglu and :ll-l'kallp was used Lo determine the minimum FP
to EQR clearance for a value of ”m:n of 300 V. This gave a figure of 70 um.
In the prototype devices a conservative figure of 80 um was used. This was

increased in the production geometry to ensure a stable BV g charscteristic
as well,

£.5.8 Layout of the prototype devices

The primary limit on the mrea of the transistor to be developed was
the collector resistance, which had to be low enough to meet the knee voltage
requirement. For the specified knee voltage of 4 V at 60 mA, the saximus
permissible collector region resistance was 4/0.06 = 66 ohma. With 38 p=
of 45 ohm.cm epitaxial silicon below the base region of the transistor, the
minimum active area required was

Agin = 100 X (45 x .0038)/66 = 0,26 ms®.
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For good yleld on knee voltage, which was a poor feature of the Texas
Instruments die that was in use, it was decided to lay out the smallest of
the three test transistors with an emitter area of approximately 0.26 _2

As pointed out earlier in this section, the use of an interdigitated
emitter structure was guestionable, as the peak emitter current density would
ba 0,25 .q..-'u:i. Te check whether an interdigitated emitter structure was
required, the first test transistor, TR2ZA, was laid out with a simple emitter
structure, as shown in Figure 2.Ta (page 26). Two base-connecting pads were
provided to lfecilitate die orientation during assegbly. The outer dipension
of TRZA was 1-11-andﬂ:l-1t.tlrlmmﬂ,2i-2. Vhilst this was
alightly leas than 0,26 —‘E. it will be seen that the effects of parasitic
resistance in the collector region do markedly inoreass Lhe actusl active
area of the deviee.

The interdigitsted layout of the TR2B, shown in Figure 2.7b (page
26}, vas suggested by the layout of the Texas Instruments (TI) die that was
in use. The new die was alsoat identical in size to the TI die and had an
outer disension of 1,25 = x 1,25 sm. 7This layout incorporated the Follow=
ing Features.

(a) Bonding pads thet were spubstantially larger than on the TI die,
an inclusion &t the request of the assembly plant.

{n) A 50 p» spacing betwean the emitier fingerz. Although the suthor
had etched an interdigitated metallization pattern with & spacing of
only 4 Ja between Fingera onm & single layer [Smiuﬂnil. the regis-
tration tolerance of the four consecutlve process masks used wap & um,
Allowance for adequate overlap to cover poor registration and under=
cutting led to this seemingly large 50 jm spacing between the fingers.
Whilst on the one hand this dimension was approximately twice that
required for high injection levels, as described in Sectionm 2.5.2, it
wis alsoc feared that with 8 lerger spocing, valuable emitier areas
would be lost to the detriment of the knee voltage; however the
Botual area of the smitter region of THZE was 0,8 ll.lz; larger

than that of the TR2A.

{al Rounded geometries, adopted as & further precsution to reduce high
collector-base field concentrations and to reduce the risk of



FIGURE 2T7a TR2A FIGURE 2.7b TR2B

FIGURE 2.7d TRZ2T FIGURE 2.7¢ TR2C

{x 50)

FIGURE 2.7 THE TRZ2 EVALUATION TRANSISTORS

THE DEVICES WERE THE FOLOWING SIZES TR2A : Imm x | mm

TR28 : 1,25mm x |,25mm

TR2C : I,Smm x 1,5 mm
TR2A HAD A SIMPLE EMITTER GEOMETRY. TR2ZE AND TR2ZC

HAD COMPLEX INTERDIGITATED EMITTER STRUCTURES.
FIGURE 27d (TR2T) WAS A TEST CIRCUIT USED FOR PROCESS CONTROL
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dislocations in the silicon near corners in & diffesion window.

TR2C waz the largest test transistor and is shown in Flgure 2.7
(page 26). The device wes simply a scaled-up version of TRZB with a die

dimension of 1,5 mm x 1,5 mm and an emitter area of 0,61 nmE,

TRZT, the test circuwit, shown in Figure 2.Td (page 26), enabled
rapid process control tests to be carried ocut on the walfer adjacent to
vworking transistors. Thizs facilitated the setting vp of process limits,
88 all sheet resistivities and Jjunetion breakdown voltages could be

measpred on it.

2.5.5 Electrical evaluation of the prototype devices

The first thing done during evaluation of the prototype devices was
a parametric probe test. From the batoh of experimental wafers, produced
with different emitter process times, one wafler was selected, after sample
testing, for subzequent 100 per cent testing to the TRZ - Issus 3
specification.

The results were as follows.

Number of trensistaors tested i 612
Humber rejected H 281,

The overall probe yield was thus 54 per cent, which was broken down

for the three transistor types as follows :

Yield on TRZA type H 64,0 per cent
Yield on TRZ8 type i 48,5 per cent
Yield on TR2C type i 50,0 per cent.

The parameter spreads were measured from the drop=in test structures
and are presented in the population distributions in Figure 2.8 (page 28).
The most salient feature is the small gain spread measured, with 96 per cent
of the values between 105 and 185.

After further anzlysis the major causes far rejection were broken
up into the following three categories.
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Category 1 Collector-omitter and collector-base characteristles

leaky or with breskdowns lower than those specified,

Category 2 Emitter-base junction charatteristics leaky or with

breakdowns lower than thoss specified.

Category 3 Other failures on gain and knee-volLage tests,

Tahle 28 : Fallure categories in percentages

Geometry Category (failures in per cent) I
1 2 | 3

TR2A Q2 B

TRZE T8 20 o

TR2C 86 12

A nupber of important cbservations were bagsed on the data given

above and other sore specific measurementa,

(=]

(b)

(e}

Failures due to emitter-base leakage on the TRZE and TR2C type
geopetries wvere significantly prester than thoss on the THZA
type. This was attribiuted to the moch lopger emitter periphery
on the Interdigitated structurea, providing a such longer path
for the formation of process=induced crystallographic faults.
Thet the smaller TRZB type had a higher reject parcentage than
the TH2C type on this characteristic was believed to be due to
the fact that the clearances allowed for oxide and metallization
overlap were inadequate, being proportionally ssaller on the TR2H
typs.

Whereas all three geometries had a yield in exocesz of 98 per cent

on the specifled galns, it was noted Frem the CFigures recorded
that a8t collector currents betwesn 10 and 100 mA, the gains of

adjacent TEZPR and TR2C types were generally about 10 per cent
lower than those for the adjacent A types.

All three adjacent geometries were found to have similar collector-
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base breakdown voltages (approximately 600 V). It was noted, however,
that the TR2E and TR2C types both had collector-emitter breakdown
voltages some 10 to 20 V lower than the adjacent A types. Applica-
tion of equation 2.5A (page 20), which relates gains and breakdowns,
provides an immediate conflict with the observation in (b} above.

It i3 clear, then, that both the sotual tranaistor geometry and the
process have an igportant bearing on gains and breskdowns.

{d) At oollector currents below 1 mA, significant gain crowding was
noted on only the TR2B and TR2C types. At 500 pA the gains of the
THZE and TR2C types had dropped to helf thelir peak values, whilst
only at lDJ:ﬁ was the gain of the TRZA type halved.

(e} The knee characteristics were gimilar for ell three structures, as
shown in Figures 2.9a, b and o (page 31), with the knee voltage
8imply 3caled In proportion to the values of the collector reaist=
ANQoe Hﬂ. The faot that an interdigitated structure was used did
not affect the scaled knee characteristic other than, perhaps, to
sharpen 1it.

) Figure 2.9d (page 31) shows, for comparison, the knee characteristios
of a TRZ interdigitated device of Texas Instruments manufacture that
met the TRZ - Isaue 3 specification. This device had a dimension of
1,27 ma % 1,27 mm and had a knee voltage approximately equal to that
of the TR2A, which was only 1 mm x 1 mm in size.

The surge test, as in the TR2 - Issue 3 specification, was a key
test for the acceptance of the device, and the results were outstandingly
good. Three samples each of the TRZA, TR2ZB and TR2C gecmetry devices,
assembled in TO-39 packages, were subjected to the 100 W 10 us surge test
at a case temperature of 95 “C. All parameters measured before and after
the surge test showed virtually no change when compared (Serranc - Appendix
2.4 commencing on page 231). The important parameter of gain changed by
only -0,72 per cent on average.

These results were in contrast to those of tests on the aooeptable
commercial types evaluated by Hea&nnm. where chenges recorded were
considerably greater. Gain changes of between 2,4 and 9,8 per cent were
recorded, for example. Clearly the B Jm depth base junction process that
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was developed was highly suited to the application.

2.5.6 The production geometry

The success of the prototype devices was such that the authorization
to proceed with production was received without delsy.

Two key features from the developmental transistors were incorp-
orated into the production geometry, which was termed the */014 layout.
These leatures were the following.

{a) Oze of a almple gecmetry similar to that of the TER2ZA Lype
with a view to both an improved yield and also large bonding
areas, as thess were Cavoured.

(b) Adoption of a die dimenaion of 1,27 mm x 1,27 == to give a
collector region resistance of about 30=-40 chms snd a knee
voltage of leas than 2 V. (The ! mm square TR2A types had
knee veltages of sbout 3 V.)

The #/0184 layout is shown in Figure 2.10a (page 33), whilst two
metal variants, used to confirm that the 35}:; field plate overlap used
was optimal, are shown in Pigures 2.10b and 2.100 {(page 33).

2.6 A NOVEL LIOHT EMISSION PHENOMENON AND NEW DATA FROM THE
DEVELOPMENT AND PRODUCTION PROGRAMMES

This sectlon reports on a novel light emisaion phencmencn, two new
aspects of transistor design that have emerged from the analysis of data
from the development and production of PTO1Y4 tranalstors and an avaluation
of a pew transistor structure, the GOate Assooiated Transistor (GAT), for
the PI011 application.

2.6.7 The first production layout - an unusual phenomenon obaserved

The first %/01% production layout incorporated festures in the
lateral depletion region of the collector, and a most unusus)l effect was
cbserved which had mot been reported before. Figure 2.17a (page 34) shows




IURE 2.10a

: PRODUCTION GEOMETRY OF THE 014 TRANSISTOR
. A-METAL YARIAMNT HAD A FIELD PLATE OVWER-
7 OF 36 um AND PROVIDED STABLE COLLECTOR-
E AND COLLECTOR-EMITTER BREAKDOWN
ARACTERISTICS.

FIGURE 2.10b

THE B-METAL VARIANT HAD WO OVERLAP OVER
THE COLLECTOR REGION AND SOME 'WALKOUT'
INSTABILITY IN THE COLLECTOR=-BASE BREAK-
DOWN CHARACTERISTIC WAS NOTED

FIGURE 2.|0¢

THE C-METAL HAD A& BBum OVERLAP OVER
THE COLLECTOR REGION AND THE DEVICE HAD
4 VERY STABLE COLLECTOR-EMITTER BREAK-
DOWN CHARACTERISTIC. OM TESTING THE
COLLECTOR-BASE BREAKDOWN CHARACTERISTIC
INSTABILITY DUE TO EXTERMAL BREAKDOWHN
OCCURRED

4
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FIGURE 2_lla

THE FIRST LAYOUT OF THE ®/014 DIE FOR THE
PTOI4 TRANSISTOR,
F-TYPE DASE DIFFUSIONS WERE INCLUDED UNDEW THE DVE TVPE

HUMBER AND THE ALGHWENT TaARGET [ BOTTOM CENTRE!
ALUMINILM 'WAS CONNECTED TO THESE FEATURES
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this first layout where, due to an oversight in checking, the registration
marks and resolution targets were left in the N- collector reglon adjacent
to the N+ egquipotential ring.

Measuresents on breakdowns after the contact photo-engrave gave
stable results, and gain characteristics were good. After metallization
the devices exhibited a highly unstable but fully reversible increass in
collector-emitter leakage above a threshold of 60 V. The leakage current
increased roughly as the sguere of the applied voltage, and took approxi=
mately 0,5 s to settle. On removal of the voltage stresa, the device
recovered in a similar time. Figure 2.11b (page 38) shows the I, va Vg
characteristic observed after petallization, and indicatss the voltage
dependence, After observation of the electrical characteristic, Salama
(Pers. m.'} ascribed the «ffect to surface contamimation. Subsequent
observetion of & stressed die in the dark showed the &ffect to be thermal
in nature, with the formation of localired mesoplasmas between the P-diff=-
usion in the collector region and the N+ equipotential ring. Figure 2.11%0
(page 36) shows this effect as cbserved.

A probable explanation of the phenomenon was that the inclusion
of the P-type diffusions near the egquipotential ring formed & PeN-Pel-l
layered diode which was triggered by exterpal fisld effects only after
petallization. The lighted areas were simply mesoplasmas of localized
heating, and the long time constant sssociated with the effect was doubt-
less thersal in origin, That the trigger was due to external effesots was
confirmed by Rusu et al.?% uno used a gate electrode in the pomition of
the field plate over a PN junotion to induce a reveraible breakdown
voltage collapesws.

In 2 later publication, Gupta et al.®> induced visible luminescence
in a double-diffused FN junction under reverse bias, and a similar light-

emizsion phencmenon has been observed in the channel regilon of a silicon
HOSFET by Tam at i:»l.”I

Hemoval of the P-diffusions from the lateral collector depletion

region in the final layout of the #/074 die resulted in devices with highly
stable breakdown characteristics.

- P = ommNowm W e §
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FIGURE 2.llc LIGHT EMISSION FROM A /014 A

TRANSISTOR AT AN APPLIED COLLECTOR-EMITTER VOLTAGE OF
250V IS CLEARLY VISIBLE ABOVE THE P-DIFFUSED AND METALLIZED|

'O14';( A double exposure was made to show both transistor features
and light emission }.

NO DIFFUSION IS UNDER THE A AND NO LIGHT EMISSION IS VISIBLE.
THE SECTIONAL DRAWING SHOWS THE LOCATION OF THE DIFFUSIONS
AND METALLIZATION N THE TRANSISTOR. A AND B COINCIDE ON
THE PHOTOGRAPH AND DRAWING. THE MEAN FIELD BETWEEN
A AND B WAS 30kv/em FOR THE PHOTOGRAPH.
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2.6.2 A new correction factor for collector resistance and

a new rule for minigmm interdigitated finger spacing

Sound reasons for mot using an interdigitated structure for the
FTO1E have been given. Nevertheless, for applications where the smittar
current density is sufficiently high to merit use of this structure, the
following conaiderations on minimum finger spacing in high-voltage devioea
are important.

Although in general scosptable, the rule given by Ghandi'’ for

the maximum spacing between emitter fingers, viz that this spacing should be
about 14 times the base width, was found to be impractical in the technology
used for the PTO14, which had a base width of about 2 micrometres. In add-
ition, 1t wvas quite clear that in these high-voltage devices the collector
resistance, lll._.1 played a cardinal role in performance at high currents, and
that this figure should be minimized in an interdigitated structure. A Dew
correction factor for R, was therefore developed and then applied to inter-
digitated structures.

In Figures 2.12a and 2.12b (page 38), reproduced from GhandiZ>, the
limiting conditions are shown when compensating for collector parasitic
resistance dus to ourrent spreading. For thin epitaxial layers the active
device area is simply taken as the area of the emitter, and for a non-
epitaxial device with a collector width of some 200 um, the active area
uped in calculating collector resistance is given as

l.rr L tl.* ‘E}J‘E vessspaad ppinas BBl

vhere

A'rr is the effective collector area used to caloulate R
[

ot
E is the area of the emitter; and

ﬁﬂ is the total ares of the collector region.

With the TR2A, TR2B and TR2C geometries it was clear that pedither
sel of conditions was mcourate in attempting to caleulate the collestor
resistance, !E. and an intermediate approach was required.



GHANDI'S APPROACH TO COLLECTOR AREA CORRECTION TO CALCULATE COLLECTOR
RESISTANCE, Re

By Evy | ; 'E‘la‘l"l‘ Eifﬂ"

L]
= o Gum J
' [P S— i =
COLLECTOR AREA - Ac
COLLECTOR WwIDTH wcmi;fﬁ'i |
=200 um COLLECTOR WiDTH - W
=200 um
E = EMITTER
B = BASE
i L i

s -
COLLECTOR AREA - A,
FIGURE 2.12a THIN EPITAXIAL FIGURE 2.12b WIDE COLLECTOR
COLLECTOR
Agty =EFFECTIVE AREA Agty = EFFECTIVE AREA
= Ag |EMITTER AREA| s (Ap+Ag) /2

= Ac (COLLECTOR AREA)
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A new approximation was proposed, shown in Figure 2.12¢ (page 38),

and a good correlstion obtained between emitter geometries and measured

collector resistancoe,

In this proposal, an emitter periphery correction

rélated to the spitsxial layer thickness is used, as followa :

.'ﬂff E ..E - LE x t.p‘ir".a mwomE L E-l-EB

where
LE is the length of the emitter periphery;

tepi is the epliaxial laver thickness.

Comparison of messursd and preédicted results on ome sample &ach

of TR2A, TRZB and TR2C devices from the same wafer, with the specified

epitaxial layer, gave the results presented ic Table 2C.

of Thandi's correction for & thick oollector reglon, the whole collector
area of the test transistors was taken, a8 bounded by the eguipotential

(For the purposes
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ring.)
Table 2C : Compariscon of measured and predicted valuss of HE:
Measured FIE Fredicted H,_.: Ohandi's Re Author's H,_.:
{no correction) gorrection aorraction
Device
HE iﬂ ll Re AE L ‘E
(ohms) |(ohms) | (ma®) | (onme) | (me®) | (ohms) | (ms?)
TR2 & F5 .6 62,9 0,24k 28,3 0,542 5k ,1 0,28k
TR2B 28,8 .0 0,814 20,6 0,787 23,3 0,658
TR2C 16,5 a5, | 0,611 | 159 | o0.965 16,9 I 0,904

Quite clesrly the new correction using equation 2.6B {page 39)
was the most accurate.

With Ghandi's correction for & wide collector,

the result for the THZA wvas gbout hall the measured valus and Tfor the

TRZB and TR2C the values were still low.

A moat important feature of

the correction in equation 2.6B was that predicted results were accurate
when wvastly differing emitter layouts were used.
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The following deductions werse made.

(a}) Equation 2.6B indicates that if the emitter stripe separation
of an interdigitated transistor is less than the epltaxizl layer
thickpess, the collector resistance is not affected. Larger
separations will give increased valuea of R..

{h) For lower-voltage epitaxial devices, reduced emitter stripe clear-
ances should also, Af posaible, be related to the base width of
the process used, &8 recommended by ﬂhlﬂd11gu In more than
firty different commercisl medium=-power devices of both epitaxial
and non-epitaxial structure that were inspected, nelther this rule
nor one similar to that in (a) had been applied. It would appear
to be true to say that Finger spacing has not been & vital
conslideration in the design of commercinl modiim-power devices.
Deing modern photolithographic equipment with sutomatie al ignment
features and careful wet etching, minimum finger spacing could be
reduced to about Eﬂ"lll without prejudicing y¥ields significantly.
In terms of the correction in (a), this would cover devices with
collector-emitter breakdowns down to about 50 V.

{o) When designing s transistor for optimum device performance, the
ool lector current range should be chosen with care. For analogue
devices requiring operation over & wide range of injection levels,
the all-too—common use of an interdigitated structure is glueation=
able. For a switching device requiring optimum gain at high
injection levels, the emitter stripe spacing must be considered

critically on the basis of a knowledge of both the epitaxial layer
thickness and the base width.

2.6.3 CGeneralized data for the specificstion of epitaxial layere

The derivation of the PTO1Y epitaxial layer specification wam guided
by the limited data available and subsequant experimentml verification. In

view of the lack of generalized curves from which an epitaxial layer could be
readily and reliably specified, data from the work in this chapter, including
the GAT experiments, were combined with existing data on breakdowns generated
in the parallel low-voltage IC and trapnsistor processes. The results which
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follow may be used for specifying an epitaxial layer for double-diffused
transistors, or planar bipolar integrated clrcuits over a range of collector-
emitter breakdowns from 2 to 800 V. The curves in this section corroborate
data that were derived from sxperisentally detersined lonization rates as
presentad by Roulston and I!lplrﬂ'. Poorer agreement was found with thelr
curves drawvn from a2 theoretioal investigation of ionization rates,

Figure 2.13 (page 42) shows l‘h‘m and the depletion width, 'A‘D. at
the svalanche breakdown field as a function of epitaxial layer resistivity.
In order to specify an epitaxial layer the following procedure is used.

{a) Normelize the gain.

Note the target valuesn of h?! and “ﬂﬁn' with insets on either
parameter to ensure good yleld; then, using equation 2.5A (page 20},
pormalize H‘!m to a galn of 100, using a value of n = 5 for devices
with breakdowns in excess of 50 V. For breakdowns below 50 V use

ns ‘.5-

(b Choose the ecollector atructure.

Figure 2.14 (page #3) shows the ratio between the collector resistance
of a transistor designed with a full depletion width '[Hnl collector
and one designed with a ore-quarter depletion width E'HHMI punch=
through oollector, a3 & function of B‘l‘.‘!ﬂ' Iff eollector reaistance
18 to ba minimized, or if !1..:“ values of greater than 100 V are
desired, a punchthrough collector is advisable. (Another reason why

a4 punohthrough colleoctor is useful in such ocases is that it controls
H'-'mu accurately.)

{e) Take spitaxial layer description froa Flgures 2.13 (page §2).

For the non-punchthrough collector read the epitaxizl layer reaist-
lvity from line k. The epitaxial layer thicknes= 'lp for that
resistivity is given by line C.

For the punchthrough case the resistivity is obtsined from line B
end the layer thickness is one quarter of the value of Wp- {The
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drop in !l‘lm incrsases rapidly Af layers of thickness less than
Hn.'u are used, as the value of n does mot change significantly,
and it is difficult to achieve higher resistivities in epitaxy.)

2.6.8 The gate associated transistor (OAT)

In Section 2.5 it was noted that for the purpose of the high-
temperature surge test, the TE2A gecmetry which was only | mm aquare was
adequate. In production a 1,27 mm x 1,27 mm device (i.e. 61 per cent
greater in overall area) was used to emaure & low collector realstance,
Hc. and hence & good yield on the knee voltage, 'i:l'.'l:'

The gate associated tranaistor (GAT), first desoribed by Kondo
et lLﬂ. apparently offared a means of increasing BV... relative to
I‘lml:| without prejudicing any other parameters. This being the case,
it appeared that an epitaxial layer with a lower resistivity and thickness
than the ope in use for the PTOVA might be used with a GAT structure with
typioal "I:En values of > 250 ¥V being msaintained. This would make
posaible p significant reduction in area and hence cost of the FIDIE,
without increased collector reaiatance.

Experiments were carried out that were aimed at testing the design
rules given for the GAT and to establish possible drawbacks in the use of
the structure.

2.6.%.1 Principle of operation

Figures 2.15a and 2.15b (page ¥5) show seotiona of m GAT and statie
induction transistor (8IT), described by Kishizaws- . The OAT is & standard
trensistor with an additiomal deep P-diffusion. In commom with the SIT this
forma the gate of a vertical symmetry field effect tranmistor. In the OAT,
et high values of ceollector-base voltage, the atandard base reglon is
shislded by extended depletion around the desp P-diffusions, and the base
width is effectivaly inoresssd. The author had alresdy inveastigated the SIT
in availsble bipolar techrology (Smithies®?) and apprecisted that seemingly
eimple vertical structures were in fact frequantly difficult to realirze.
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2.6.5.2 Experipental structure

Figure 2.16 (page A5) shows a section of the axperimental structurs
sdopted by the author as applied to the standard FT01:X geometry. The fact
that an unbroken emitter diffusion was used is mot important, as the effective
base width of the parasitic NPN transistors formed by the deep P-diffusions
was about 6 um, sufficiently great to ensure that their gains would be low
enough not significantly to influence !'n'm of the GAT devices. Spacings
batween the deep P-diffusion stripes of 20, 28 and 38 jm were used in
three separate adjacent devices as shown in Figure 2.17 (page &7). The fourth
device, without the deep P-diffusion, was used as a standard reference trans-
istor. In the prooess used, the shallow P-diffusicn was about 3 jm and the
deep P-diffusion about E)n. giving a chanpel length L of scame 5 pm.

Kondo and Yukimotod° indicate that the inorease in BV, should
follow the relationship

[BVpp JGAT = [1 + exp(l x L/S)] x [BVegoIBIP
& II 4 fmm]ﬂﬂ EEEERERE R EES Evﬁc

whare

[mm]m' is the collector-emitter breakdown of the GAT;

[BVppq)BIF 1s the collector-emitter breakdown of the
standard bipolar device;

L is the channel length;
5 iz the separation of the deep FP=diffusions;
K is termed the breakdown volteage incremental factor.

In thess devices the anticipated incresses in l?“u vere !

Type DP38 : K = 1,51
DPEB : k' = 1,7%
PE2O 1 X' = 2,18,

To cover a= broad a base as poasible, tests were carried out
sipultanecusly on plein silicon subatrates of resistivity 1 chm.cm and
10 chm.om a8 well a= some of the standard epitaxial substrates for the
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SPACINGS WERE INCLUDED. THE SPACINGS , S, WERE -
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DP2a

S = 38 um

: S = 28 um
DP20 :

S = 20 um,
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PTO1Y4 transistors. Both <111> and <100> orientations were used for the
10 chm.om materizl and in all other casea the oriantaticn waes 111,

2.6.8.3 Experimental results

The results, obtained from sutomatic test date summarized in AppendiXx
5.5 (page 238), are presented in a reduced form in Table 2D (page 49). 1Im
all cases the GAT structures exhibited decreased gain, owing tc some degree
of overlap of the deep P-gates, the result of lateral diffusion. As a basis
of comparison, the mean K'-values and the associated p-values are given from
equation 2.5A (page 20}, relating BV, hpp and BVpp,. These values may
be compared with the predicted K'- and r~values presented in the first row,
labelled 'Predicted Results' in Table 2D (page 49).

2.6.4.8 Discussion of results

The results clearly indicate the follewing.

lald The GAT structure did yield a worth-while incresse in B‘Fm relative
to a standard transistor, The maximum value recorded of E', the
incremental factor, was 1,86 which represented an incresse in Bi'rE:E:I:I
of 46 per oent; however other walues of E' were generally nearer
ta 1,2 indicting a 20 per cent inorease in breakdown.

ib) In all cases, values of K' were lower than those predicted by Kondo
at al.a'ﬂ For the devices evaluated in this exercise, E' was thus
not given accurately by the simple geometrical relatiopship of
equetion 2.6C (page 86).

{a) In the cases cbserved, E' was & lunction of substrate resistivity
end orientation. On the lowep-resistivity substrates the value of
E' inoreased more consistently with decreased strips spacing. The
walfers with <100* orientation showed wvery little diffarence ip K'

for different spacings, armd increases of less than 20 per cent in
bregkdown were obtalned.

(d) With reduced values of spacing, 5, E' sctually decreased in two
cases, and in other cases repained virtually constant.
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Table 20 : A comparison of GATs and standard bipolar transistora
Substrate Standard ®/014 DP3B DF28 pF20
gr (1) 5 (2
3 1 <1113 1 4,60 1,09 |5,13 | 1,286,713 | 1,31 | T.A5
4 4 =l —
& 1 £111> 1 | k12 1,07 |a,88 | 1,285,890 | 1,31 ] 6,66
2H 10 {1113 1 5,85 1,23 18,19 | 1,218,718 1 1,16 | T.85
3H 10 {1112 i .35 1,46 |8,72 | 1,48 | B,83 | 1,30 | B,32
___
4H 10 <111> 1 5,08 1,2216,92 | 1,331 8,73 | 1,32 ] 9,35
- —T _!
141 10 <1112 1 5,14 1,96 | 6,86 | 1,18]7.,35 | 1,17 | 7,51
2T 10 <1003 1 B.52 7.1141'1'.1:1 1,12 7,34 | 1,12 ] 7,62
T 10 100> 1 c . &D 1,21 |7.82 | 1,23 8,56 | 1,27 | 10,2
5T 10 100> 1 5,92 1,i8]9,03) 1,19 11,3 | 1,19 ]| 12,8
_h—
3!:(]33* 50 <1113 1 5,57 | 1.26 7,23 ] 1,25]7.63 | 1,18 | 7.50
L

Hotes relating to Table 2D :

The K'=values for the OAT devices have been normelirzed and relate to

s standard transistor of the same gailn as the measured GAT.

In computing the n-values for the GAT tranaistors in the first row,
it was assused that o for & standard device was 5.

Epitaxial wafer as used for PTO1L,
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2.6.4.5 Observations on other resulta obtalmed

Device gain was very difficult to control as it was additionally
dependent on

{a) consistency of the critical spacing between deep P-diffusions,
which required particularly tight process control over photo=
lithography; and

Lb) the deposition resistivity and diffusion depth control of the
deep P=region.

The inclusion of the deep P-diffusion had l1ittle affect on the
measured values of collector resistance of the devices on epitaxial
substrates, so an overall reductiom in device area of about 10 to 20
per cent would have been poasible,

2.6.8.6 Decizion pot to produce GAT devices for the FIDY8 application

In comparison with the FT014, a device that more Lthan adeguately
pet the slettrical design objectives and was produced at an amcosptable
cost, the marginal improvements offered by the OAT were guite of fset by
2 number of negative factors, as followa.

(a) Design date were both ipadequate and inacourate in the cases

investigated, implying that & considerable additional development
effort was required.

(Bb) Control of gain was dependent on the additional varlables listed

gbove, where the difficulty of instituting sultable process
coptrals was considerable.

(e} The cost of instituting an additioral masking step would offset

the antiecipated advantage of 2 20 per ocent decreass in the active
area of the device.

Nevertheless, the foregoing experiments have shown that, in primciple,
the GAT operates as originelly described, and thus other benefits claimed for
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the structure ocould be of importance in different applicatioms. If, for
example, devices with the combined properties of high breakdown voltage,
fast switohing speeds and minimum ocollector reaistance were required,
further development of the QAT should be worth while.

2.7 CONCLUSION

In this chapter the proved design methodology bhas been documented
for a highly specializred high-voltage surge-resistant planar tranaistor,
developed for use in the Protea telephone. The aim of the project was
achieved with cutatanding success, and almost 1,5 million PTO1Y transistors
have been produced for the application.

What is even more important, however, is that the investigationa
have yilelded & number of pew valuable findings relevant to tranaistor
design. These are listed below.

(a) The punchthrough collector design provides a method of achieving
steble breskdowns controlled only by a gecmetrical factor without
recourse to complex junction termimation procedurea,

(b) Interdigitated emitter structures should pot be resorted to auto-
matically, but should be considered only if high-injection levels
are anticipated. With simple emitter structures the gain remains
virtuelly constant over a wider range of collector currenta; and
higher yields on emitter-base leakage current may be obtained.

{a) Bote wes teken of & previously unobserved reversible leakage
phenomenon, and a light emission phenomenon associated with the
former, these being the result of the inclusion of small P-diff-
used areas in the lateral collector depletion region. Thias
depletion region must be clear to the equipotential ring if nmo
FP-guard rings for field distribution are ipoluded.

{a) It was proposed that by means of equation 2.6B (page 37) a peripheral
corréction should be made to the emitter area when calculating the
corrected collector reasistence of a transistor, this correction
factor being found to be more accurate than existing cnes used
to compensate for parasitic collector resistsnce. As the proposed
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factor is a peripheral correction it is of applicstion to virtually
any emitter geogetry and any thicimess of silicon below the ssltter-
base junotion.

e It waa found that the [inger spacing on most commercial high-valtage,
m8di w-pouer devices I3 too lurge;, and the efTective mctive arasm 158
reduced, resulting in inoreassd collector resistance. The spacing
batudan the emitter Fingers should be less than the minimus epd basxdal
layer thickness., (This say be deduced [rom Figure 2.12c on pags 38.)

££) Daeful design curves For & very wide range of epitaxial layers weras
obtained. With these curves it becomes a simple matter for a das-
igner to derive a specification for an epitaxial layer thickness
and reaistivity ooce the regquired tranaistor gain and collector-
enitter breakdown voltage are kmown

(g) The gate associated transistor has been shown to provide a useful
increase in BV.., over that anticipated from a standard trans-
istor atructurs. Design data for the OAT are inadequate and the
deaign equations were not accurate within the limits used in the
experimenta.

The area where questions may arise concerming the design of the PTD1A
is in the target values of breakdowm voltage and gain that were used in
sections 2.5.1.2 and 2.5.1.3 for the epitaxial layer specification. Whilat
for practical purposes the geperous zllowances that were pade have proved
to be more than sdequate during the production phase, a scunder basis for
judging such target values is desirable. In Chapter 4 of this thesis, where
mmerical analysis technlgues are described that were developed to model
saturation in high-voltage transistors, the computer programs developed

are directly applicable to the determination of epitazial layer specification
limits from worst=case transistor parameters.
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PLATE 2 : THE LOREA AND DISA PUSH=-BUTTON DIAL TELEPHOMES
AND THE PTO18 INTEGRATED DARLINGTON TRANSISTOR DIE

The Lorea and Disa impulse push=button dial telephones for loop

disconnect dialling, and the die of the PT018 high-voltage high-

gein integrated Darlington transistor that was developed For use
in the disl eircults of both of these telaphones.

(Die size i3 1,0 % 1.4 =m)
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CHAPTER 3

HICH-VOLTAGE DARLINGTON TRAMSISTOR TYPE PTO18 FOR THE IMPULSE
FUSH-BUTTON DIAL TELEPHONE

3.1 SUMMARY OF CHAPTER

Details are given of an unprecedented success in South African micro-
glectromics. A high-voltage integrated Darlington transistor was devaloped
ineorporating several unique features, to meet the electrical requirements
of an electronic impulse push-button dial telephone that had been designed
for use in the npetlionzl telephone network.

This undertaking was handled in a manner unigue in the local -context.
For very sound reasons the approach avoided was that of making an integrated
equivalent of the two discrete transistors used during dial development,
which transistors hed parameters not pnecessarily related to the application.
The new device was developed to meet an electrical specification that was
drawn up to satisfy the combined requirements of the dial eircuit and tele-
phone system. This novel approach resulted in a highly cost-effective design
that wes better sulted to the dial appliecation than the two discrete trans-
istors used originally.

Another advantage of this initiative taken in developing an integ-
rated deviece, only marginally larger than any ope of the two discrete
transi=tors was that it obviated the pecessity of demanding from the NEERI
IC Facility that an unrealistically large volume of devices should be prod-=
woed. This facility had the planar high-voltage transistor process developed
for the FT014, and mlthough the devices that could be manufactured by means
of this process differed in & pumber of respects from the transistors used
during the development of the disl, the process proved to be well suited to
the production of integrated Darlington transistors for the application.

A further advantage was that the thorough investigations undertaken
also highlighted the key failure mechanisms likely to be encountered in
service. As 8 resuli it was possible to design & deviee impune to external
breakdown, one of the major failure modes of high-voltage transistors

subjected to the surge conditions commonly cccurring in the field,



A number of aspeots of this work, mentioned below, led to conaider-

ations regarded as important contributioms to the art of deaigning high-
voltage Darlington tranaistors.

(a)

(b)

(e}

(d)

Optimization of the active area of the device

For sconcmic reasons it was vital to minimize the active area of
the transistor without reducing the combined yield on low-voltage
gain at the upper current limits and the high breakdown voltages
that were sssential to the application. Hare the methods used
were particularly successful,

Partitioning of the active areas of the driver and output stage

In integrated Darlingtons the transistor industry traditionally
allows for area ratios of the output stage to the driver stage
that are a8 high aa twenty-five to one. For the operating corn-
ditiona in this design it was found that, when quasi-saturation
conditions were taken intoe account, optimum =aturation perforsance
wWes obtained with an area ratio of only 8ix to one.

Development of the "Inverted Metallization' (IM) structure

Critical evaluation of external breakdown phenomena in high~
voltage tranaistors showed that thia was an aspect that bhad bean
given too little attention by transistor desigpers. The findings
led to the development of a revised transistor layout technique
with an "Ioverted Metallization' (IM) structure where the emitter
metal rather than the base metal was used to surround the whole
device and act as a combined field plate and exterpal alectro-
static guard ring. Devicea made using this layout technique have
shown both resarkably stable and extremely low leakage currents
2t reverse=bias voltages of several bundred volts.

A unigque clamp ocirouit

A futher development was the incorporation into the Derlington
transistor of a novel clamp cirouit to equalige the values of

BVcpor BVppg and BVpgq. This innovation made it possible to
reduce the chip area significantly by reducing the clearances
required to prevent external breakdown phenomena.



(a) Device quality specification

The author was intimately iovolved when a comprehensive Quality
Assurance specification was drawn up for the integrated Darlington
transistor, this being the first such specification ever drawn up
for a locally designed and developed semiconductor component.

3.2 PHOJECT PROPOSAL FOR THE USE OF A HIGE-VOLTAGE INTEGRATED
DARLINGTON TRANSISTOR IN THE IMPULSE PUSE-BUTTON DIAL TELEPHONE

On the instructions of the South African Department of Poats and
Telecommunications, an impulse push-button dial (IFB) telephome for loop
disconnect dialling had been developsd by a local commercial cospany for
use in the South African telephope system.

Figure 3.1 (page 57) shows a simplified diagram of the telephone, The
transistors TR! and THZ as well as TR and TRE are conmected in Darlington
configuration and form buffers for the CMOS dial cirouit. Initially the
CSIR was requested to inveatigate the feasibility of diffusing high-voltage,
medium=-power tranaistora equivalent to the type 2N3439 devices that were used
during dial development. As the PTO18 transistor development and production
programmes had been extremely succesaful the author, who had ateered these,
was appointed to head this project. A will be seen below, the development
of an integrated Darlington tranaistor to take the place of both of the
discrets transistor pairs was finally agreed to and became the subject of
the development programme undertaken.

3.3 REASOMS FOR DEVELOPING THE PTO18 INTEGRATED DARLINGTON TRANSISTOR

3.3.7 Defining the target parameters of the buffer astages

A caraful amalysis of the project proposal revealed that it was
unrealistic to attempt to employ the CSIR plamar epitaxial process to make
a direct equivalent of the tranaistor type 2N3439, a device that was made
in Mess technology. Further, the 2N3439 type had been used in the dial
only because it was & readily available commercial device that seemed to
perfore the function satisfactorily, but was one that had never been field-
proved, henoe the actual circuit requirements still had to be accurately
defined and a detalled specification drawn up for the Darlington buffer

L& T L.



SIMPLIFIED DIAGRAM OF THE LOREA IMPULSE PUSH-BUTTON
DIAL TELEPHONE IN THE OFF~-HOOK CONDITION
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The author proposed that the following essential activies be
undertaken,

{n) The telephone manufacturer should carry out im-circuit measurements
on the buffer stages, regarding each stage as a three-terminal
device, at the limiting conditions of operation of the telephone.
The results would establish the essential saturation limits and
galin minima required for sach buffer atage.

(b Impulse voltages mcross the buffer stages, encountered during
dialling and under surge conditions, should be recorded to establish
the sinisum breakdown voltages reguired.

(o) Data pertinent to the limiting operating currents of both the
telephone and exchange should be made aveilsble to ensble maximus
leaksge currents for the Darlington pairs to be establ ished.

Appandix 3.1 (page 235) records the data supplied by the telephone
menufecturer. Whilst the information regarding (a) above was exhaustive and
partially complete regarding point (b), the data mentioned in (o) was not
supplied. After receipt of this doousent Ehe alm was to provide 2 device to
meet the electrical requiresents both economically and inm & form that could
be produced in suitable volumes by the NEERI IC Faclility. The various steps
taken towards this goal are desoribed below.

3.3.2 Evalustion of the FT0'4 in the buffer application

To verify that the planar process in use for the PTO1M would be
suitable for the production of a high=-voltage buffer, PTO1Y devices, which
by colncidence had the same mpproximate area as the 283839 but a rather
lower breakdown voltage, were evaluated for application in the buffer stages.

From the data supplied in Appendix 3.1 (page 235), & skeleton speci-
fication was drawn up, covering the most important electrical requirements
for a discrete transistor for use in a Darlington configuration in the buffer
stages of the the dial. This apecification is reproduced in Appendix 3.2
(page 237). Four specially selected PTOTY transistors with limiting values
of lower and upper gains, in terms of the TR2 - Issue 3 specification, were
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connected as Darlington paira and measurements were made Lo evaluate con-
forsance with the skeleton specification. The results presented in Figure
3.2a and 3.2b (page 60) clearly show that the PTO14 met the gain requirements
admirably. It should also be noted that the gain performance of a sample
pair of 2N3439 devices supplied by the telephone manufacturer was not as
good, and that thess devices ocould not satisfy one of the fault conditions
specified.

Tests carried out in the telephone showed that pairs of uprated
PTONS transistors, specially processed to meet the higher breakdown
requiresents of the akeleton specification rellably, performed in exem=
plary fashion. No failures occourred when the telephone was subjected to
the & kV surge test of 1,2 microsecond risetime and 50 microsecond duration
that had been specified for lightning simulation. Under these surge
conditions the ATS V gas arrester in the plug of the telephone always
struck in just over 1 s, mmtmuir.hlﬂmi 300 ¥ were found to
be adequate, as additional protection was afforded by the 250 V surge
diodes on the dial printed circuit board (Holmes, pers. comn. 73,

3.3.3 Proposal for the integrated Darlington transistor

An uprated PTO1R could not be produced in sufficient volume at the
CSIR, nor could the cost target be met. For these reasons, and also because
it offered the advantages listed below, an integrated high-voltage Darlington
fransistor wes proposed.

(&) The Darlington would meet the required electrical performance with

a die that would be only some 20 per cent larger than s discrete
device.

(b} The overall cost of components in the telephone would be reduced
since only one instead of two transistor packages would be employed,
the inereased die cost being more than offset by the use of one
package.

(el The component inventory for both the manufacturer and the Post

#R Holmez (1980) Telephone Manufacturers of Seouth Africs (Pty) Ltd, P O Box
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Offica Service Department would be reduced, also the parts count
on the dial boards; this would automatically improve the relis-
bility of the telephone.

(d) Electricel tests st all stages of manufacture would be both simpli-
fied and reduced.

(e) The MEERI IC Pacility could meet the production demanded.

All parties agreed that an integrated device should be developed,
and fimally it may be observed that the fact that the device was unigue and
that no similar high-voltage device existed obviated the need, when the
specification was drawn up, to conaider eXtraneous factors that would be
irrelevant for this specilic purpose.

3.k THE ELECTRICAL SPECIFICATION FOR THE PTO18 INTEGRATED DARLINCTON
TRANSISTOR

Table 3A on page 62 gives the final electrical specification for
the PTO18 Darlington drawn up by the author and accepted by all parties.
A short discussion of the origin of each set of test conditions listed in
the specification follows the table, as does a consideration of temperature
effects.

3.4.1 A discussion of the specified tests in Table 3A

Teat 1 Funotional tests

The two tests for '!E-[MT} and ".{:!EHTJ included in Test 1 are
termed 'functional tests' and are carried out at the beginning
of an sutcmatic test procedure simply to ensure that a device is
sctually being tested and that good electrical contact has been
made. The test listing enabled sither re-tests to be decided
upon or Test statiastics To be corrected.

Test 2 The sustaining voltage = YEED{EIE}

The figure of 300 V was suggested by the telephone manufacturer (see
Appendix 3.1 from page 235), presumably on the basis of messurements
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Table 34 : The primary electrical specilication for an
integrated Darlington tranaistor at 25 «/= § Ya

Test | Parameter Test condition Value Unit
| ey
Ho. Min Max
o
L BE(saT) Io = 100 m e v
2 'c:u{ms} Il: = 10 mi In s 0 300 v
Time € 250 m=
3 o I, =100 uh Ip = 0 300 v
| BVp I, =20 pA I, = (1] 10 v
5 Veg =280 ¥ L =0 500 pA
6 | Iops Veg = 280 ¥ 100 B
T Iﬂﬂﬂ 'm = 280 ¥V 1! =0 -1 it}
B Vep=6Y I.=20 1 A
3 hFEH]I I[: = 100 = Boo o
Vg = 1,87
10 Bep(2) I, =125 = 1 B0 -
Vp=3V

({Test 2 continued)

made, The suthor later found that this figure was questionable
and thus an additional safety margin was built into the PTO18.
4 test current of 10 mA was adopted, as this could eaaily be
sustained by the device for periods of up to 1 8 and as the
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magnitude of the current was not really relevant to the appli-
oation, as leakage currents at 280 V were defined. At & later
stage, as discussed in Section 3.9.3, it was found that the
sustaining current of 10 mA did indeed highlight an assembly
probles.

Collector base breakdown - E‘I’m

A value of 300 V was indicated in Appendix 3.1 (page 235) and was
agreed to, s there was no clircuit requirement suggesting that the
eollector-base breakdown voltage should be higher than the collector-
emitter value. A test current of 100 pA was used, as this would
help ensure 'hard' or low leakage junctions with & sharply defined
breakdown characteristic.

Emitter-base breakdown voltage - BV

From Appendix 3.1 (page 235) a figure of T V was suggested. However,
aa the dial was fed via a bridge rectifier, there was no actual air-
cuit requirement suggesting the necesaity for a reveérse breakdown
gpecification. For a Darlington pair with no pull-down reaistors
between the emitter and base of the output stage, the emitter-base
breekdown voltage is twioce that of a disorete device. In the planar
process that was used, the value of “HL’I of the FTO14 type trans-
istor was typically about 9 V. A test figure of 10 V for Lhe
integrated Darlington was apscified; sc that the intagrity of the
emitter<base junctiona of both stagesa ocould be checked. An assoc-
iated test current of 10 pA was used, as this would ensure that

only *'hard' junctions were accepted and as it was a current level
that could be handled easily at the probe stage, if required.

Collector-emitter leakage ourrent = Iulu

In accordance with standard practiocs, measurement was made at 240 V,
which £s B0 per cent of the rated collector-emitter voltage. Thera

was no apparent circuit requirement for an Iﬂtu teat, as the base
of the driver was at emitter potential with the device off. In this
condition only the leakage of the ocutput stage would count, Fer
device integrity, however, a test was introduced. The test limit
vag set by compariscn with a Darlington transistor pair made from
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two discrete 2N3839 devices where "r: x Im could exceed 2 mA at
240 V. The driver stage of the integrated Darlington was to be
leas than one quarter of the area of a 2N3439, hence an upper limit
of IEID = Eﬂlﬂ)ﬂ was imposed as the amplified leskege current of
the driver stage predominated.

The collector-base (short) leakage current at 240 V - II:BS

I‘.':BS vas an important paraseter from the point of view of the disl,
as this figure corresponded with the device being off but across the
lire in the Lorea telephone. It was important that the value of I"-':BH
should be set sufficiently low to obviete interference with key func-
tions. To eansure this, the following had to bs taken into scocount.

= Exchange operation : experiments conducted by the author showed
thaet currents s high as 2 mA could be drawn from the exchange at
the subscriber terminal and that such loading had no apparent
effect on exchange operation.

= Telephone operation : high leakages could be tolerated here, but
& subjective limit of a few hundred pik was indicated, as clicks
during dialling became prominent with exchange back-E.M.F's that
componly reached 250 ¥,

= Line testing : lines were tested with a 250 V megger and it was
important that these measurements should not be interfered with.
Figure 3.3 (page 65) shous a simplified version of the dial
circuit that was used in the Lorea and Disa telephones. The 1
megohm resistor B2, which supplies the dial memory continuoualy,
would pass about EII.'IJ::I- at 280 ¥, bhence a limit of 'IIHI}I.l WS
agreed upon as being acoeptably low.

The parmissible value of IEH is discusssd further under temperature
effects.

The collector-base (open) leakage current at 280 V - Il:l#

This parameter was not inoluded in the dial requirements but was
primarily used as a measure of the quality of the collector-bass
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junctions of both the driver and output stage in tha PTO18. As will
be sean later, it also provided a measure for the ocollsctor-emitter
leakage current of the clamp transistor used in the FTO1E. A limit
of 5)11 @t 240 V was agreed upon as being a value that would be
readily applicable on the test gear and would be a useful screen onb
the device.

The emitter-base leakage current - IIBI'J

As was the case for the emitter-base breakdown voltage, there was
no actual circuit requirement for a reverse leakage current test
on the smitter-base junction. From experience, the author knew
that leaky emitter-base junctions could be readily assoclated with
gain orowding at low collector currentsa. For this reason a low
1imit of 1 uA was used. The test voltage of 6 V vas used in
agroessent with the customer.

and 10 Gadns = hgg(yy and hpg(s

These gain limits were derived directly from the short-line condition
only, given in Appendix 3.1 (page 235) and have safety margina or
"insata" includsd.

The short=line condition mlone was considered, as this placed the most
stringent requirements on the buffers. From Figure 3.2 {page 60) it
is clear that the telephone and exchange requirements only approached
the gain limits of the device for this condition. A test, for use

on & Ssample basis only, wvas proposed by the suthor to ensure the
devices were suitable for long-line conditions.

On the instructions of the telephone memufacturer, the line-earthed

fault condition where collector currents could almost double was not
considered, as this condition could only result in the device being

pulled out of saturation and no cases of transistor failure had been
observed under such conditions of increased thermal disaipation.

Temperature dependence of leaksge ourrents

Leakage currents are highly temperature-dependent and were not over-

looked for the purposes of the specification. The maximum ambient temper-
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ature of the telephone was specified as 55 nl‘:. and under these conditions
the only critical leakage current, Iﬂﬂﬁ‘ should not exceed a value that
would interfere with either exchange or telephone cperation. As this case
would be exceptionel it was not considered vital if the 250 V megger readings
indicated high leakage.

Figure 3.4 (page 68) shows IEEE as a function of temperature. A
tenfold increase in I... was recorded for every twenty degrees Celsius
inoresse in temperature, which was anticipated.

Equation 7.288 from Burger and Donovan- | gives the leakage current
of & reverse-higssd dicde as :

fF2
s E, x ¢ x exp( E /2KT)
whers E'l iz a device constant;
EE is the band-gap of sillicon;
k is Boltzmann's oconstant; and

T i= the absolute Cemperature.

For a reverse-biased PN Junotion this gives an approximately tenfold
increase in leskage current for every 30 degrees increasa in temperature.
In thi=s case the leakage current measured is primarily the leakage ocurrent
appearing in the base circuit of the Darlington output stage. The gain of
this transistor must thus be included in the leakage equation. As shown
in equation 1-2'!131. transistor gain has a significant positive temperature
coafficlent, thus the seasured rate of increass of lesakage current was
raal istie.

Returning to the application in the telephone, it was expected that
the leakage current in a vorst=case device at 230 V could rise to & limit of
about 3 mA per device at a temperature of 55 % with the telephone on=hook,
giving a total for the instrument, with two Darlington tranaistors, of some
6 mA. This would give rise to an unsatisfactory reading on & megger test
but would not interfere with telephone operation at an exchange voltage of
50 V ¢ measurements made on a numbsr of prototype PTO1E devices showed
that the leakage current would drop by a factor of about ten or more when
the applied voltage was reduced from 280 to S50 V, giving an acceptable
total leakage current for the telephone of less than 0,7 mk at 55 °C.
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3.5 TEST VEHICLES USED IN THE DESIGN, DEVELOPMENT AND EVALDATION
OF THE PTO18 HIOH-VOLTAGE INTEGRATED DARLINGTON TRANSISTOR

Before the design of the prototype Darlington devices iz considered,
some of the test structures included on the same photomasks are deacribed.

5.1 A discrete device

It vas decided to include on the test wafer the ®/014 transistor geo-
metry to act as a control transistor, as the devioce had been axtremely well
cherscterized and was capable of fulfilling the requirements of a disorete
device for the Darlington stages. It was anticipated that with a modified
epitaxial layer giving an increass in “c:n from 250 V to 350 V, which was
regarded as a good target value for the prototype Darlington transistors,
the ®*/014 transistor would exhibit poorer, but adequate, saturation character-
isties. Breakdown stability was, however, the only difficulty with the #/014
transistor layout. Unstable collector=base characteristics at reverse
voltages of over 500 V had cocasionally been noted with this die when tested
in air, particularly at high relative humidity levela. (S5ee Section 2.5.6,
page 30.) These effects had not been cbserved on devices when tested either
under a dry nitrogen blanket or after encapsulation in hermetic packages.

A3 a result it was anticipated that with the inoreased values of “I‘.-‘Bﬂ that

were expected, instabilities might occur. Ko instability in !'fm was
anticipated at 350 V, however.

3.5.2 A test structure for high-voltage requirements

The ®/116T test structure shown in Figure 3.5a (page 70) was
designed in order to evaluate

(a) oxide dielectrio strengths available in the process;
(bl lateral depletion requirements for the collector=base Junetion; and
(e) clearances required between metallization and the scribe channel.

This test structure confirmed that the dielectriec propertiss of the
process oxides were excellent, and in addition the isclated aluminiums pads
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on the l.zjm thick field oxide yielded the following most significant find-
ing : External field strengths of 50 kV/cm could be sustained without any

discharge on the two pads that were 50 and 100 pm from the bare N+ secribe
channel. A field strength of only 0 kV/cm could be sustained on the pad
that was 150 um from the scribe channel, indicating that for collector-base
breakdown voltages exceeding 500 ¥, lower critical fleld-strengths were
applicable.

3.5.3 A process=control test structure

For the purposes of monitoring process uniformity and repeatability,
a test structure, the #/014T, was included on the photomasks. Figure 3.5b
{page T0) shows this device, which was merely & refined version of the test
eircuit that was used in the development of the FT01E (Figure 2.7d page 26).

3.6 DESIGN CONSIDERATIONS FOR THE FROTOTYPE
INTEGRATED DARLINGTON TRANSISTORS

1.6.1 External breakdown phencmena : The inclusion of B clemp transistor to

limit external fields and to reduce the totel area of the Darlington

In designing the integreted Derlington trensistor it was essential
to eliminate possible epvirommentally-dependent breakdown inastabilities as
experience had revealed susceptibility of the ®/014 to instsbilities in the
E‘qu characteristic, described above, and a detailed field lFailure
analysis study of TRZ-type transistors from the Protea telephone carried out
by the Dept of Posts and Telecommunications and reproduced in Appendix 3.3,
(page 238) had shown that a pumber of transistors had failed owing to external
breakdown phencmena. Figure 3.6 (page T72) shows a device that failed in ser-
vice a3 & result of external breakdown phencmena when the field between the
M+ scribe chanpel and base metallizaetion had become too great.

In the case of pany devices it happens in practice thaet as the
collector-emitter voltage 1s inoreased rapidly with the base clrcuit open,
the collector-emitter voltage reaches a value approaching B?ma before the

breakdown voltage suddenly collapses to the value of the lower collector-
emitter breakdown voltage. This effect is termed 'latchback', and devices
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exhibiting thi= phenomenon are far more likely to suffer a destructive
sxternal collector-base discharge than devices in which the effect i=
ginimal. Experience with the PT014 had shown that latchback effects were
sssentinlly absent in both the protess and layout used. Nevertheleas
exterral breakdown between the collector and base wes a phencmencn that
had been freguentiy observed by the author on & large pumber of high-voltage,
medium=-power transistors. In the casse of a4 working device similar to the
failed transistor shown in Figure 3.6 (page T2), & reverse-biss stresas of
only 100 phA at 500V on the collector-base junction was sufficient to cause
a collector-base short owing to external breakdown and trescking. {B'l'nu
for this device was over 650 V and the clesrance from metal to scribe
channel was about B0 um.)

A subsequent investigation on ZN3438 devices from six different
mapufacturers showed that in five cases a small strezs on the collsoctor=
base junction was sufficient to either destroy or degrade the tranaistor.
In no case could these junctions be stressed to more thapn a few mA before
external breakdown took place, despite the fact that the 2N3A39 had a rated
't!:ﬂtﬁl]!} of 350 V at 50 mi!

It was only well after this development work had been completed that
useful publications appeared dealing with junction termination that included
external conditions as well. & review by ll.li.pa'a described the state of
the art in 1082; edge effects on glass~passivated collector-base junctions
were reported on by Savini et nl.ﬂ. and more specific attention was given
to planar junction termimation by Yasuda and Yonezawa of Tnlhibls#-

The 1983 Toshiba 'Supreme Fower Transistor' catalogue > was the first trade
publication encountered by the author in which wera desoribed commercially
availzble products, both bipolar and MOS, that had been designed with dus
precautions for the elimination of external junotion termination problems.
None of the techniques described for junction termination was readily
applicable to the NEERI high-voltage plamar technology.

3.6.1.7 Limiting external fields with s clamp transistor

To reduce external fields, & clamp transistor was incorporated ss
shown in Figure 3.7 (page TH), and it had the effect of equalizing BVop0s
BV ge 20d :Bl'm to within the “EHIEI velue of the driver, T1. It had been



FIGURE 37 THE BASIC INTEGRATED DARLING-
TON TRANSISTOR .

o0

THIS SCHEMATIC SHOWS THE CIRCUIT CONFIGUR A~
TION OF THE INTEGRATED DARLINGTON TRANSIS-
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found on the PTO14 that external fleld strengths of 50 kV/ca could be
tolerated with the transistor in dry nitrogen, a rather higher [lgure
than the 83 kV/cm reported by Zoroglu and Elarkgi. In the design of

the prototype Darlington transistors, nominal clearances of about 100 pm
between metallization and scribe chennel were adopted, and it was later
ghown that valuss of BvﬂEﬂ of up to 500 V with po instabilities could

be achieved in air.

The decision te include in the design & clamp transistor that
could sink reverse currents greater than 10 mA for periocds of 1 second
or more, was obviously well justified as it had the effect of limiting
externgl fields both simply and reliably. The high-voltage failure mode
was no longer found to be external in any cases observed, and in the case
of all surge test failures only the output transistor wes damaged.

3.6.1.2 Effect of the clamp transistor on leakage ourrants

Although it was clear that when measuring IEEG in the integrated
Darlington transistor the IEED valus of the clamp trepsistor would pre=

dominate and that IEBE would be gpproximately hFE X IEEDEL' it was found
in later production that at 240 V, values of ICBD and IEBE were typlcally

in the low nd region or even less then 1 ndA et room temperature.

3.6.1.3 High-temperature effects

Where junction temperatures greater than 100 °C are expected, use of
such clamp devices without pull-down resistors must be considered carefully,
&5 leakage currents across the collector-emitter terminals of the Darlington
are g very strong funoction of temperature, &s shown in Figure 3.8 (page T6).
Jupetion temperatures in the region of 90 % meximum were projected for the
prectical application of this device, and the reverse-blaz accelerated-1ife
testing was limited to 100 % in order to prevent thermal runaway in the case
of devices with leakage currents pear the specified limits,

3.6.1.8 The clamp device to reduce the total Darlington area

For the economie reason of having a5 many integrated devices per
wafer as possible, it was essential that the integrated device should not be
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FIGURE 3.8 COLLECTOR-EMITTER LEAKAGE CURRENT
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OF ANY PULL-DOWN RESISTORS IN THE BA-
SE CIRCUIT OF THE OUTPUT STAGE.
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significantly larger than the /014, The value of H‘lm was to be increased
to 350 ¥, and using equation 2.5A (page 20), to relate gain and breakdowns,
with n = 5 and a gain of 100 the projected value of M‘m was almost 900 V.
Here it was anticipated that the clearance from wetal to soribe channel would
have to have been increased from 100 ym to at least 180 pm if the clamp
transistor were left out. On a die of dimension 1,27 x 1,27 == this would
have resulted in a loss of motive area of 0,8 '2 = & large portion of the
die indeed,

The clamp transistor used had a base area of leas than 0,05 -Z_ and
when the lateral depletion regions of 96 pm were included, the total ares
used for the clamp structure was about 0,14 -2. A net saving of over
0,2% -E of usable silicon was thua realized.

3.6.2 A further measure to provide a greater usable silicon area

The use of & modified mcribe margin layout yielded more usable silicon
active area. In the %/014 transistor layout, the scribes margin consisted of
a 52 ym Ne diffusion surrounding the device that consumed about 0,25 ms® of
potentially usable ailicon area. This leyout was on the traditiomal lines
used for integrated circuits, with all the data normally required for reso-
lution targets and alignment and issue marks incorporated into the surrounding
soribe margin. In the prototype Darlington transistors all these features
were included in one 68 um strip along the base of the device. On the other
three aides of the device, the soribe margin was reduced to 16 pm. A totsl
of 0,16 “2 of usable ailicon area was saved in this way.

1.6.2 Isolation of the Darlington stages

In sn integrated Darlington transistor the base regions of the driver
and the output transistor form & parasitic lateral PNP device with the N
epitaxial layer forming the base. This parasitic device is shown in Figure
3.9 (page 78). Elsborate precautions are commonly taken to minimize the
effect of this parasitic element, which could become active when the Darling-
ton approaches saturation or is reverse-bissed, and such measures include :

(a) the separation of the driver and output base regions by a
long meander path as of'ten seen in Mesa technology; and



Figure 3.9
The integrated Darlington transistor

T4

T T2

T3

THIS REALIZATION OF THE INTEGRATED DARLINGTON
TRANSISTOR, SHOWING REAL AND PARASITIC TRAN-
SISTORS

Tl - THE DRIVER TRANSISTOR

T2 - THE CLAMP TRANSISTOR (TO EQUALIZE BvVggg ,
BVegpg AND BVegs ).

T3 - THE OQUTPUT TRANSISTOR

T4 - A PARASITIC PNP DEVICE IBETWEEN THE
BASE DIFFUSIONS OF TI AND T3] THAT IS
INHERENT IN A MONDLITHIC DARLINGTON
STRUCTURE .
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(b) the ineclusion of a separate P diffusion to form & collector
diode connected to the smitter of the output transistor to
prevent reverse-bias operation, where T is active.

Fields3® has shown how the parasitic PNP may be used to advan-
tage in improving the saturation perforsance of integrated Darl ington
transistors. Referring to Figure 3.9 (page TH), the base of the driver
transistor forms the emitter of the parsaitic FNP, the Darlington ocolleoctor
forma the base region of the FNP, and the bane of the ocutput tranaistor
forms the collector region of the FNP. As the Darlington transistor
approaches saturation, the smitter-base junotion of the parasitic PNP
becomes forward-hiased, and if the gain of this parasitic PNP is increased,
more current is forced into the base of the output stage (collector of the
parasitic PRP). This enables the minimum saturation voltage of the
Darlington transistor to be reduced from the traditional limit, which is
in the region of 0,8 V, to less than 0,3 V.

This effect was not observed on any of the transistors labricated
during the development programme and, indeed, such effects would not have
been welcomed by the customer as they would have represented a deviation
from the design objectives.

3.6.3.7 Usable area : Inclusion of a collector diode?

Despite the ease with which a diode, as in 3.6.3 item b, above,
could have been included in the structure, it was essential to minimige
the device area if cost objectives were to be met. As the integrated
Parlington transistor was fed from the exchange via a bridge rectifier,
it was not expected that in practice any significant reverse bias con=
ditions, enhancing the operation of the parasitic FNP would be encountered.
No dicde was included in either the prototype or production Darlingtons.

3.6.3.2 Isclation technigques adopted

Two simple techniques of isclation were included in the deaigns lor
the prototype Darlington transistors. The first was 'Resistive Isolation'
(RI). T™his technique is used in integrated circuit layouts, and simply



relies on a sufficiently large clearance between the two P base diffusions
to reduce the gain of the parasitic PNP to an insignificant level.

The second i=plation technique was the use of the N+ smitter diffusion
in the N- collector region to effectively mullify the lateral FNF effect
between the base regions of the driver and ocutput stages. This was analagous
to the so=called 'channe]l stop' diffusions commonly used in MOS technology.
The disadvantage of this Ne Isolation (NI) techmnique in high-voltage devices
was that an adequate lateral depletion clearance for the P base diffusions
was required on both sides of the We diffused reglon, which would consume

usable motive area.

3.6.3.3 Dielectric_strength of oxide over N+ isolation

The oxide above the smitter area was the thinrest of all the oxides
grown, having a thickness of only 0,5 pm in the process used. It was antici-
pated that voltages of only some 300 ¥V could be tolerated across this layer
bafore destructive breakdown would ocour [kil:hiu?li In the case of a
E0D V dovice this would automatieally imply either a long meander pattern
for the conmection between driver and output device, or a short break in the
N+ diffusion over which the interconnect layer passed. The lattar approach
was adopted.

The Rl and NI versions of the prototype */118 Darlington transistors
are shown in Figures 3.10a and 3.10b respectively (page B1). For the RI
device, a depletion clearance of 100 um was used between all the P base
diffusions and the N+ equipotential ring arcund the transistors. A clear-
ence of 96 um wvas used between the metallization and the N+ scribe channel.

In the case of the KI device, the break in the N+ diffusion, over
which the aluminium interconnect passed, was located in such & way as to
provide the largest distance between the driver, clamp and cutput tranaistor
base diffusions. The clearance between the P base diffusions and the Ne
equipotential ring was only B4 jm, and the metal te seribe channel minimum
clearance was B0 um, These smaller clearances were adopted in order to
preserve the area of the driver and ocutput transistors so that the gain
requiresents of the NI device would be met.



FIGURE 3. 10 ¢ THE PROTOTYPE INTEGRATED
DARLINGTON TRANSISTOR TYPE # /II8RI1,
INCORPORATING RESISTIVE ISOLATION(RI)
BETWEEN THE P BASE DIFFUSIONS.

1,27

mm

THE CLAMP TRANSISTOR IS IN THE TOP LEFT=-

HAND CORNER.

I

FIGURE 3.10b THE PROTOTYPE INTEGRA-

TED DARLINGTON, TYPE #/IIENL, INCORPO-
RATING N+ EMITTER DIFFUSION ISOLATION
(NI). THE CLAMP TRANSISTOR IS IN THE
TOP LEFT-HAND CORNER. A SMALL BREAK
IS MADE IN THE N+ DIFFUSION TO ALLOW
THE ALUMINIUM INTERCONNECTIONS TO
PASS OVER THE THICKER FIELD OXIDE.
NOTE: THE EXTRA AREA CONSUMED BY THE

N+ DIFFUSION .



1,6,4 Apportioning the driver and output tramsistor areas

As there were no precedents to follow im the design of the prototype
transistors, and as there were certainly no suitable modelling programmes
with direct application to the probles in hand, the approach taken was to
ponsider first the actual telephope requiresents, and ito continoue from there
on as described below.

3.6.4.1 Load impedance of the buffer stages

The Darlington transistor was pot only required to make good certain
galn conditions at specified voltages but also to form & low-impedance path
for both the speech amplifier in the 0.M.* position and the dial in the
impulsing position and the exchangs, This factor had been totally ignored
in the telephone manufacturer's requirements given in Appendix 3. 1 (page 235).
Measurssents by the author on the 2N3439 type device then in use had shown
that, certainly for short-line conditions, these transistora were not truly
saturated. When dV/dl seasuremenis were made on the collector terminal of
5 2M34%9 4in the O0.N. position at IE = 100 mA and Vg = 1,8 ¥, impedance
values as high as 200 chms were not uncommon. Figure 3.11 (page B3) shows
& typical IE Ve “:t characteristic of a 2N3439. Quite clearly the output
device could operate below the knee voltage {certainly not above) in quasi-
saturation rather than true saturation. Tha parformance of the driver wes
thus most isportant, as the output device should be driven as hard as
possible towards saturation to minimize the impedance of this stage.

3.6.8.2 Design inforgation from discrete Darlington pairs

Three tranaistora with 1,27 mm x 1,27 mm die were investigated, and
pormalized ho. vs I, plots are given in Figures 3.12a, b and o (page B5),

#The O.N. or '"On Normal' tranaistor is used to turn on the speech amplifier
in & telephons and i= apalagous to the '"0f Noreal' dial switeh in & rotary
diel telephone which shorts across the speech circult during dialling.

A Dawson, pers. comm. (1980) Post Office Telectronic Inatitute, (Potelin)
Private Bag XTi, Pretoria 0001, Republic of South Africa.
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Figure 3.1

Saturation characteristics of a 2N3439

transistor. (Vceo(sus) 2 350 V). It is clear

that the operating conditions fall into three
distinct regions, which are

Region { : true saturation below Vce =0,3V

Region 2 : quasi-saturation, below the knee voltage,Veek
Region 3 : normal operation above Vogy-

(See Figure 2.2 page |3 for a definition of Vogk)
(Device code: CCSA 2N3439L. Date of
manufacture: 80/27) .
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The three transistors consisted of two 2N3U430 type devices, one manufactured
by RCA and the other by Texss Instruments, the third being a PTO14. The
2N3439 types had 31";:31: valuss of sbout 400 V, some 100 V higher than the
PFT014, 1In the integrated Darlington transistor it wes to be anticipated thaet
the resistivity and thickness of the epitaxial layer would inerease, and the
gctive aresa of the output device epparently ipevitably decresse; therefore
i1t would have been unrealistic to base the design on the =mall gain drop at
high collector currents measured on the PTO14 and consequently for the cale-
ulations below use was made of the olrve for the RCA 2N3839, in Figure 3.12a
(page 85), in which this effect was very pronounced.

fa) The impulsing gain condition

Here hFEﬁ > 1 B00 at ?ﬂE = 3V endI. = 125 mh

whare hFED is the gain of the Darlington pair.
The collector current is given by IC = hFED X IB' and

hFED = {1+hﬁ11:hFEE+ hFE1 ----- B s EE SRR 3!3“-

where hFE1 is the driver gain and Npga 1% the

cutput device gain.

For the 2N3439 &t 3 V and 125 mA (Pigure 3.12a, page 85)

Pegz = 0425hpey

where hFEH is the peak gain measured in the normal

operating region above the knee voltage.

Assuming hFE1 = 0y8hegy (Figure 3.12a, page B5) and
Bpen, = 1 B00, it mway be shown using equatien 3.34 that
hFEH = B7.
(b} Maximum permissible collector resistance of the driver EE1

With the fipures sbove and = Darlington collector current of



GAIN

NORMALIZED

Figure 3. 12

Normalized gains of three high-voltage tronsistors as
a function of collector current.
( All three devices had die sizes of approximately
|,27mm x 1,27 mm )
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125 mi, equation 3.3A gives the collector current of the driver :

I, = 5,5 ok

From data on the 2N3439 at a basa current of 5,5 mA, 1"35 WEE

gabout 0,8 ¥V, henoa ¥ 2,27 amd

%3

K 2,2/0,0055 = 400 ohms maximum.

iy

3.6.4.5 Thickness and resistivity of epitaxial layer

Figure 2.13 (page 42) gives ourves for the thickness and resist-
ivity of the epitaxial layer vs H‘{:!D for hFE'.H = 100. 0O=e of the assumed
value of “EE'IJ
through collector yields :

r 50 ohm.om; and

epi

Capi

ﬂﬂ}m below the base region.

These figures, corrected for the thickness of silicon used in the
processing, were used for the prototype Darlington experiments. Teking
inte aceount that at that stage the =ilicon manufacturer could guarantes
a spread of only +/- 20 per cent on both resistivity and thickness of
gpitaxisl layer, the following limits were sgresd to i

r&p.i. = 50 = TO ohm.om; and
tED.’. & .5 - EE lJ.I!Ifl-

Ain evaluation lot of 20 wafers was obtained.

3.6.8.4 Aetive collector ares of the driver

The gctive collecter area of the driver, 'll:lr' wes glven by the
relationship rapi X t‘epi"'nl.‘.‘!

By = 50 x 0,004/400 x 100 = 0,05 mo® (minimum),

The emitter areas used in the prototype designs for the driver for

B6

of 350 V and a gain of 100, rather than 87, with a HDJ"‘! punch=
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2
both the NI and RI types were approximately 0,044 mm™, and these, corrected
for the epitaxial layer thickness (equation 2.6B on page 37), gave effective

collector aress of 0,052 mm® for both devices.

3.6.4.,5 The O.N. condition

Although in the foregoing discussion the O.N. condition {hFE > Boo
for EBE = 1,8 Veand I, = 100 mi) was neglected, it was possible to
gstimete the velus of the 0.N. Darlington gain by using Equation 3.3A
with Voo, = 1 ¥, hppy = 87 and assuming hpp, had dropped by 50 per cent,
owing to the driver moving into quasi-saturation.

The satimated velue of galn was

h!"ED s 012

which was well above the specified limit of 800.

It was found in practice that this estimate was very pessimistic,
and that with */118RI prototypes delivered for evaluation, the largest drop
in gain ip moving from the impulsing to the D.N. condition was 2T per cent,
whilst the average drop was 12 per cent for the batch. Thus a device just
meeting the impulsing gain lower limit of 1800 would have had a gain greater
than 1300 for the 0.N. condition.

3.6.4.6 Remainipg area for the output device

The additionm of & base bonding pad about 0,25 mm Equare and s 96 p=
clearance for depletion and isolation meant that the total area including
the active ereas used by the deiver and clamp transistor was 0,51 mm?.

This left approximetely 0,78 mu? for the oubtput trensistor.

In the RI leyout the corrected collector area of the putput
transistor was 0,36 IIE. giving a collector region resistance of :

En = FHPI X t!pifn,35 = 5b ghms.

For the KI version these figures were 0,33 mr® and 61 ohes

e e Tl T -DE
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3.6.4.7 Collector impedance

In accordance with the above figures for the collector resistance
of the cutput stages of these Darlingtons, they would be operating in the
quasi-ssturation region below the inee voltages, which would be above 5 V
for the short-line impulsing condition. A mmber of dV/dI measurements for
both the short-line impulsing and O.N. conditions gave impedances of
between 100 and 150 chms.

Measurement of the collector impedances under both medium and long-

line conditions showed that the integrated Darlingtons approached full
saturation, and that the collector impedance tended to drop even lower,

3.,6.4%.8 Usa of an 1ntardigitatld emitter structura

When laying out the prototype %/118 Darlington transistors inter-
digitated emitter structuresa were used for the following reasons.

{a) The emitter injection levels anticipated were higher than those on
the PT0148, At a meximum collector current of about 66 mA at 6 V the
current density in the FT014 was 0,15 .!u-"mE. gnd departures from
ideal tranaistor operation were minimal. In the case of the RI
Darlington the impulsing current density at 125 oA was 0,35 H-:E
agnd in the line-earthed fault condition this could rise to 0,7 l..r'mE.
A comparison of the PT014 with & simple emitter and & Texas Instru-
pants THZ devieca with an intepdigitated emitter atructure indicated
that at theése higher-current densities the dV/dI characteristic in
the Iatter should be steaper, resulting in a lower ococllector impadance,
In addition, trapnsition to normal active transistor operaticn above
the knee voltage, where the collector impedance characteriszstie is
high, should be more raplid and better defiped,

b) With an interdigitated emitter structurs, the forvard bese-emitter
voltage, uEE" of the output stage of the Darlington transistor
could be reduced. FEE Vs IH measurements made on the PTO1Y
indicated a larger resistive component in the Vg characteristic
than that on interdigitated devices that were tested. These results

were confirmed by measurements made on both Texas Instruments TR2



devices and 2N3E39 devices oparated at the short=lines impulsing
condition of Icﬂzﬁnmvm- IV

As vBE for the output device affects ‘I.I'r_m of the driver, it was
important that ?BE should be minimized to improve driver perforsance
and hence the saturation characteristics of the device a= a whole. An
interdigitated structure was thus ipdicated for this reason as well.

¥o publication was noted wherein the importance of reducing 'i'“ in

the output stage was mentioned s & factor in either discrete or integrated
Darlington design.

3.7

3.7.1

FABRICATION AND EVALUATIOR OF THE PROTOTYPE INTEQRATED DARLINOTOM
TRANSISTORS, AND FINDINGS RELEVANT TC THE PRODUCTION VERSION

Fabrication of the prototypes

The specification given in Table 3A (page 62) was used a= a basis for

the manual probe evaluation of two batches of five laboratory-produced wafers.
Two walers were sent for assembly, one a= s control medium to ensure that
assesbly procedures were correct. A total of 473 devices, 230 RI types and
283 NI typea, vers returned to the CSIR and were fully evalusted at room
tamperature.

3-T:2

(m)

Analysin of test results on prototypes

The sustaining voltage = "nmuus:-
The resulta of the tests ere given in Figures 3.13z and 3.13b
(puge 90).

HI - "
typas 33,7 par oent passed the test of "c:m-:ms: ¥ 300

NI types - 24,2 per cent passed the same test.

The lower yield on the NI type had bean expected, as only B4 pm
wis allowed for lateral depletion in the collector region and BO =
between metal and the scribe channel, compared with 100 pm and 96 pm
for the RI type. The larger clearances were thus important and
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Population distributions of Vego(sys) for prototype integrated Darlington transistor
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wers further increased for the prodoction geameatry.

At the time it was not clear why the distribution of 'tED{BIISJ WEE
not Gaoszian in mature balow 300 V. Sobsequent investigations on
the production geometry of the PTO18 indicated that contamimation,
probably occurring during the assembly phase, wes the most likely
cause of this,

Collector-bame breakdoun voliages = “m and “{!HE

In all casas the seasured values were within about 10 ¥V of the
recorded valuas foo ':mmsr

Emitter-base breakdown - l'l'mn

Figure 3.4 (page 92) shows the excellent characteristics of this
parameter, both the RI and NI types displaying a sharp peak batween
18 and 20 V.

m D-'- F.'I..n = hn[,.l}

The gain histograms shown in Figure 3.15a and 3.15b (page 93)
indicate a2 good Caussian-type distribution with yields of 92
per cent for both the BRI and NI types.

The Impulsing gain - h!:[z]

Again it may be seen from Figure 3.16a and 3.16b (page 93) that
& good Osusslan-type distribution was obtained with yields agein
above 92 par cent.

Leakage currents

A 10 per cent sample of the NI and RI typea was checked against

the specification in Table 3A (page 62). Consistently high values of
Iﬂﬁ and, to a smaller extent, IEE-S were measured, and this indicated
a potential yield problem. A relaxation and stabilization of Il:'.‘Eu
was also noted when Vep was sdjusted, but this did not appear as a
marked effect when Ims was peasured, thus indicating that the



WAFER No. DIO TRANSISTOR TYPE % /1I8 R |
TEST CONDITION: 1g = SuA, Ic=0

TOTAL DEVICES ' 230

ABOVE IOV AND NOT OPEN ' 225

YIELD : 97,8 %

GROUPS OF BVggp IN 2V STEPS

®/7118 POPULATION DISTRIBUTION OF BV gap

Figure 3.14

BVeso distribution for prototype integrated Darlington
tronsistor. Both the RL and NI types showed excellent
yields (in the region of 98 %) on this parameter.
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pajor contributor to this effect was the driver tranalstor rather
than the clemp transistor, which had no external base conmection.

Talues of Imn and I!HL'I
limitsa, and were stable.

were generally well below the specified

The problem with high leskage currents had not been encountered at
the waler probe stage. Several of the assembled devioes showing
high leskages were de-topped, and visual inspection showed severe
particulate contamination. As reported later in the chapter, this
problem was only thoroughly lnvestigated during early production af
the PTO18.

3.7.3 Evaluation of the prototypes in the IPRE dial teléphors

Twenty devices, covering a wide range of gains and a range of break-
down voltages above 300 V, were selected and fully charactarized according
to the specification. Ten were RI type devices and the other ten NI types.

These prototypes having been fitted to the IPE dial telephone, Lheir
perforsance under all line conditions was evaluated by the telephone manu-
31, and found to be sdequate in the case of both types, whilst
there appearsd to be no marked difference between the NI and RI types.

faotursr

A % kV surge test caused three of the NI type devices to fall, but
the breakdown characteristiocs of the KI type were degraded only alightly,
the leakage currents having been inoreased.

It was thus evidently advisable to employ the resistive isolation
teohnique in the production device.

3.8 THE FINAL DESIGN OF THE PTO18 FOR PRODUCTION

3.8.1 Oprating the breakdown voltages

As the upper limit on “ﬂ:um not extend beyond %00 V on the

prototype Darlingtona, and as the peak of the spread in the accaptable "i:ll:l

distribution was between 300 and 350 V for both types, it was clear that a



more systematic approach was required to provide a revised limit in order to
ensure an adequate production yield.

From the polnt of view of test limits, the required value of BV,
would be increased above 300 V. It was known that after insets had been
applied by the tranalstor assembler, quality assurance during aasembly and
probe testing (each 2 per cent) the BV opo should exceed 318 V. From exper-
ience gained on the PTO1S project, the gain in the high-veoltage process
would range between about 100 and 300. Applying equation 2.5A (page 20)
with n = 5; a breakdown of 318 V and n gain of 300, the ccllector-smitter
breakdown associated with a device of pain 100 was @

BVopo = 318 x {31"5 = 396 V.
The use of Figure 2.13 (page 42) with this new breakdown limit gave

e pi

HDH = I-EF

e 55 chm.om

and, after adding a conservative 10 pm for silicon used in processing,

t'tpt = 55 Jm-

Thess, then, were taken as the lower limits of the epitaxisl layer
specification, After pegotiastion with the silicon manufacturer, who was
then able to offer a +/- 10 per cent apread on layer thiockness and a «/- 20
per cent spread on resistivity, the following limits were agreed to :

rﬂﬂ 5% = 75 ohm.on

tmiﬁl-ﬂl)n

The silicon specification is reproduced in Appendix 3.4 (page 239).

3.6.2 Increase in Darlington area - & limit imposed by economics

Quite clearly this pew epitaxial layer specification neceszitated an
area increase for the production Darlingtom im order that the gain require-

ments should be met. The prototypes were diffused on silicon as apecified
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in Section 3.6.8.3, and = highly satisfactory 92 per cent yield on the gain
tests was obtained, despite the fect that collector reaistance values would

mest the design values only at the lower resistivity and thickness end of the
epitaxial layer specification.

In the production geometry, it was deolded that the HL‘: values should
rather be met in the middle of the new epitaxial layer specification. The
inorease in area required was given by the ratio between the new epitaxial
layer parameters and the old :

Aypa’MoLp = (55 « 75)/(2 x 50) x [(58 « T0)/2 - 81/(45 - B)
a2 1-?71-

(The rigure of B pm, which was the approximate base junction depth,
waz subtracted from the full epitaxial layer thicknaas to glve the
actual thickness of the collector region.)

An enormous increase of 97 per cent in active area was thus required
to ensure that both breakdown and gain requirements would be met, but as
production costs were the overriding consideration ip this programme this
increase could not be accommodated since the area of the device would have
become too great for economically viable manufacture.

A two-inch wafer process was in use, and in terms of an internal

“. the processing cost for the high=voltage transistor wafers,
irrespective of the transistor gecmetry, was constant, and was in the region
of R150. For the PTO14, as noted in the data management section of Chapter
5, total wafer losses during processing and rejections in teating were in
the region of 35 per cent. From data recorded during the prototype runs, it
Was relliably assumed that & similar figure for wafer rejects would apply to
the integrated Darlington transistor and this would bring the actual cost of
b wafer to about R230.

coatling repart

If a 50 per cent yleld could be maintained, then, for a die price of
50 centa, which was the practicsl limit, no less than 920 transistor dies
would have to be diffused on 2 single two inch wafer. From this figure a
practical upper limit on the die sfze was 1,8 x 1,4 mm representing an in-

crease in overall ares of only 22 per cent when compared with the prototypes.
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3.8.3 The inoressed sctive area of the production FT018 Derlingtion

The key task was to increase the active area of the device as much
as possible within the 22 per cent increase in total area of the die 50 as
to approach the required increase of 97 per cent.

Figure 3.17a (page 98) shows the layouts of the emitter and base
diffusions adopted for the production geometry, together with the key clear-
ances used. With the new 58 pm nominal epitaxial layer thickness under the
base, the active areas, corrected using equation 2.6B (page 3T}, are given
below, together with the increase in area relative to the RI prototype :

2

lll.r = 0,092 mm

Ao = 0458 zs° (4increase of 61 per cent in area).

{increase of 77 per cent in asrea)

Larger increases would have been possible if overlap clearances
between subsequent mask layers had been reduced. From the experience gained
with the PTO14 it was decided that gemsrous clearances were desirable in order
to limit to less than five per ocent the wafer rejects due to bad registration,
undercutting and other photolithography-related problems.

In practice it turned out that an outstanding compromise hed been

achieved on the PT0T8 with excellent simultaneous yields of between 50 and
T0 per cent being obtained on both breakdown voltages and gains.

3.8.% Clearances and oxide dielectric strengths

The */118T structure shown in Figure 3.5a (page T0) was used as a
vehicle to evaluate the metal to soribe channel clearance requirements and
the adequacy of the existing process oxide dielectric strengths.

As it had been shown that the clamp transistor limited all breakdown
voltages to values close to the l\‘m of the cutput stage, which should not
exceed 500 V in practice, and the metal pads floating on the oxide of the
E/118T test circuit showed that e 100 = clearance was sdequate for operaticn
up to this voltage, a conservative figure of 110 jm was adopted in the fipal
layout, together with a field plete overlap of 20 j= over the base diffusion.
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For lateral depletion in the K-collector region & conservative figure of
114 ym was used, as clearances below 100 pm on the ®/118T test structure
did not give stable and 'hard' breakdoun characteristics.

The reaistive isclation (RI) technique was used in the PTO1E8 layout
a8 it had been the most successful in the prototype devices, and as all
the petallization surrounding the device wan on the 1,3}- field oxids,
no difficulties were experienced with imadequate oxide dielectric strengths.

3.8.5 Leakage currents and the 'inverted metallization' (IM) structure

As Im was the problem parsmeter on the prototype devices, and
a3 some relaxation effects had been moticed when ?“ wvas varied, partic-
ularly on devices with gains of over 10 000D, it appeared that the ssnsitive
base region would benefit from some form of electirical shielding. This was
achieved by using the field plate metallization, partially surrounding the

9

output tranaistor, to surround the whole device, including the sensitive base

contact metallization of the input stage. Totally contrary to convention,
this electroatatic guard ring was electrically connected to the emitter of
the output stage rather than the base, and wvas hence always very close to
ground potential. This layout was termed an '"ioverted metallization' (IM)
structure by the author and the layout is shown in Figure 3.17b (page 98).
A photograph of the "/018 Darlington die incorporating the IM astructure is
shown in Figure 3.18 (page 100).

The benefit noted in the production of PT018 Darlington transistors
was that highly stable and extremely low-leakage currents, typically of
the order of & few nA at 280 V, were recorded even with devices exhibiting
peak gains approaching tu’.

3.8.6 Further benefits of the inverted metallization structure

Referring to Figure 3.6 (page T2), showing a field failure due to
external discharge, it is clear that in the event of external breakdown
conditions arising - certainly mn unlikely event in the PT018 Darlington
due to the inclusion of the clamp transistor = the surge energy would be
diverted into the emitter cirouit, preventing possible destructive damage
Eo the sensitive input stage of the Darlington and even the drive circuitry.
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FIGURE 3.18 A I100x PHOTOGRAPH OF A PRODUCTION
PTOI8 INTEGRATED DARLINGTON TRANSISTOR. ALL THE
LAYERS OF THE DEVICE MAY BE SEEN, AND IT IS CLEAR

THAT THE METAL FIELD PLATE, CONNECTED TO THE EMITTER OF
THE OUTPUT STAGE,ACTS AS AN ELECTROSTATIC SHIELD
OR GUARD RING FOR THE WHOLE DEVICE .

100



Al though mumerous transistor dies from most of the najor manufac-
turers were inspected during the development exercises for the FTO14 and
PT01B, no layout technique similar to the IM structure was found on any
device. The IM structure could also be applied with esapa to disorete
transistora wvhen highly stable electrical charascteristics are required.
A= with the FT01E, the emitter electrode would act am a combined fiald
plate and externsl electroatatic guard ring shielding the base region.

3.9 A CRITIQUE OF THE DESION OF THE FTO'8 TRANSISTOR

Data gathered during pre-production runs for the PTO18 indicated
that the basic transistor desaign was sound and that all the deaign object-
ives bad bsen pore than adequately set. Despite this, in order to note
any shortoomings, the author critically conaidered the device and analyzed

1M

the commenta of users of the die, also evaluating other information gathered

during processing, besides data gathered from the various teats and trials
that the device had been subjected to.

3.9.17 Outstanding performance of the FTOVY Darlimgton transistor

During the production run=up of the PTO1E, seversl batches of
the transistors were prooessed and more than two thousand devices were
assembled for the formal '"Qualification' exercise, where tests against the
full specification described in Section 3.9.8 were carried out as pert of
the acceptance criteria for introduction of the device into service.

A comparison of the parameters with those of the prototype devices
follows.

{a) Improved 'ﬂ'qm suS) characteristics

Tha firat comparison is with the “l.‘.!ﬂfﬂllﬂl histograms glven in
Figurea 3.13a and b (page 90) for the prototype devices, Figure
3.15 (page 102) gives the probed results from a typical production

wvafar. The mopt strikipg difference is that only 18 per cent of the

PTO18 devices had sustaining voltages of less than 318 V compared
with mors than 66 per cent of the RI, and over 75 per cent of the
NI prototypes that had values of less than 300 V.
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Figure 3.19
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The probed results showed that eighty per cent of the FT018 product-
ion geometry devices had sustaining voltages of grester than 380 V.
(It should be noted in Figure 3.19 that values in exceszs of 450 V were
not recorded, s this was the upper voltage limit used on the tester.)

{b) Extremely low-leakage currents

A semple of eighty assembled devioces, issued by the transistor
assembly plant on a non-selective basis after fimal electrical
testing, was fully characteriged on the NEERI automatic tranasistor
tester, and all devices were found to comply with the specification
given in Table 34 (page 62).

Immmuwnd at ‘FE!=EIIJ Vand T = 25 nﬂ. and here the minisus
recorded value of this paremeter was 870 pA and the maxisus value
was 120 pd, which was well below the specified limit of 500 pA.

Of these BO devices, TO had values af Iﬂlﬂ smaller than 1 pd.

This result can be regarded as outstanding when it 18 considered
that samy of these deviosms axhibited psak gaina conaiderably

greater than 1tl-h cutzide the guasi-saturation region.

All other leakapgs currents measursd were wall below the specifisd
limits; many below 1 nid.

The conclusion drawn by the suthor was that the outstanding suoccess
achieved in the PT018 devices with both their extremely low leakage
currents and also high stability could be attributed firstly to the
use of the IM technique, where the metal interconnection layer was
used as 8 fleld shielding guard ring to surround the senaitive areas
of the dewvice, and secondly to the proocemasing of the devicea on
epitaxial silicon, manufactured to the revised apecification.

o) Comparison of the gain spreads

Figure 3.20 (page 108) shows the distribution in gains on the same

vafer, measured at ?c! = 3V and In = 100mk.

Approximately B5 per cent of the gain values measured were in the
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Figure 3.20 Gain distribution for the impulsing condition

(Veg = 3V and I = 125 mA). The spread is somewhat
smaller than for the prototypes shown inFigures 3,160

and 3.16b, due to tighter process control measures.
Without dropping the gains, a considerably improved
breakdown yield is shown for this waferin Figure 3,19
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region between 2 000 and 5 000. This represents an only marginal
improvement in the spread obtained for the prototypes shown in Figures
3.16a and 3.16b (page 93), but does demonstrate that the combination
of both adequate gains and breakdown voltages could be achieved

with the production layout and the revised silicon specification.

3.9.2 Surge failure mechanisms

The only specified parameter contributing really significantly
towards the sim that the Darlington transistors should be resistant against
surge failure in the telephone was the high collector-emitter breakdown,
greater than 300 V. When surge testing the prototype integrated Darlington
transistors, the telephone illlllflﬂ'l‘.urlf'r had applied a 4 kV surge to an
of f=hook Lorea tast telephbons. The O.N. tranaistor, which was conducting,
was thus severely stressed in the 1 ps or so before the gas arrester struck
and redoced the surge voltage to less than 20 ¥. Three of the NI types
subpitted for evaluation had failed, and displayed a collector=emitter
short, whilat five of the RI typea had shown some degradation in "mtmr
Inspection of the falled NI types clearly showed that fallure was due to
damage in the centre of the emitter regliom of the output transistors,

A limited number of prototype RI Darlington tranaistors were installed
into pre-production Lorea telephones for fleld trial, and one device failed
during a storm whilat in the on-hook condition. Again a collector-smitter
short of the Darlington output stage had occcurred, and the failed device is
shown in Figure 3.21 (page 106). Measurements carried out on the tslephone
by the author, later confirmed by Parsley, pers. comm.”, indicated that
the protectlon afforded by the surge diodes in the dial circuit was inadequate,
particularly when the voltage appearing across the terminals of the telsphone
was too low to strike the NTS V gas arrester originally installed in the Lores
model of telephone. In this case, surge voltages of 300 V or more could
appear across the Darlington tranaistors, a voltage that waas higher than the
collector-emitter breakdown voltage of these devices, stresaing them into a
destructive failure mode. In view of this, the increase in I'Im to a target
mipigum of 400 V for the PTO1E was a poaitive step to counter this type of
fallure in the Lorea tealephone.

™ Parsley (1983) Post Office Teleotronic Inatitute (Potelin), Private Bag
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FIGURE 3.21 FIELD FAILURE OF A
*/118 RL DARLINGTON IN A LOREA
TELEPHONE WHICH WAS ON=HOOK
AND THE TRANSISTOR SWITCHED
JFF. "H';:_E|HCHEA5ED TO BEYOND
vﬂEﬂlEUEI AND DESTROYED THE
TRANSISTOR BY A REVERSE SECOND
JREAKDOWN MECHANISM. THE MARK
ABOVE THE EMITTER BONDING WIRE
S FUSED ALUMINIUM AND SILICON .

FIGURE 3.22 LABORATORY-SIMULA- FIGURE 3.23 A REVERSE-BIAS
TED SURGE FAILURE OF A PTOI8 IN STRESSED PTOIB TRANSISTOR.THE
A DISA TELEPHONE IN THE OFF-HOOK COLLECTOR-EMITTER VOLTAGE
CONDITION . THE TRANSISTOR WAS WAS 400V AT A COLLECTOR CUR-
CONDUCTING, AND THE SURGE ACROSS RENT OF 50 maA,

THE TRANSISTOR WAS 240V AT 2A THE CURRENT WAS INJECTED AT
FOR {ms. THE BOTTOM LEFT=HAND SIDE OF
A COLLECTOR-EMITTER SHORT RE-~ THE EMITTER, BUT THE HOT SPOT
SULTED FROM LOCALIZED HEATING WAS FORMED IN THE CENTRE OF
UNDER THE EMITTER BONDING WIRE. THE DEVICE.

( TESTS: SMITHIES3® AND PARS- ( TEST CONDUCTED AT NEERI).
LEY40)

9201
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In the mewer Disa telephone, the probles was somewhat different, as
the dial and speech circuits were switched off in the on-hook condition.
Nevertheleas failures of the O.N. Darlington, that conducted in the off-hock
mode, oocourred. These failures could simply be attributed to the faot that
if the surges voltage was insuffTiciently high to strike the gas arrester, the
full current of the surge could pass through the 0.N. Darlington. Figure
3.22 (page 106) shows a laboratory-induced failure of an O.N. PTO18 from a
Disa Telephone. Again, failure cccurred in the emitter region of the
tranaistor, near the bonding wire.

Failure of both discrete ZN3839 transistors and PTO1E devices in the
the Disa telephone was due to the same mechanism, and such failure took place
at simllar voltage and current levels. The failures could certalnly not be
attributed to any shortcomings in the design of these devices, but rather to
ipadequate protection in the Disa telephone, Suitable protection aystems

for the Disa were proposed and evaluated by Smithies > and Parsley l.

3.9.3 Failure mechanisms and their influence on device layout

Neither the driver nor the clamp transistors in the PTO18 had suffered
any apparent damage during any of the failures encountered, hence significant
changes in the design of these two devices were not called for.

Further testing of the PTO18 in the laboratory bhas shown that the
only major failure mechanism is the thermal destruction of the output stage
during surges. With additional protection, the surges in the O.N. stage of
the [isa telephone were reduced but not eliminated, and it was found that on
one pre-production batoch of FT018 transistors, significant device degradation
did take place on surge testing. In this betch of transistors the cause of
the problem was found to be the use of over=hard bonding wires during assembly.
Bond strength testing resulted in the removal of silicon fragments from the
die, snd microscopic examination showed that the damage peretrated into the
Junction region. That this damage was the cause of the degradation was oon-
firmed when a batch of devices, assembled with softer bonding wires, was surge
tested in the telephone and subsequent measurements revealed no degradation

af the devices {hithill.ul.

Devices asseabled with the harder bonding wires showed unstable
Vero(sps) charscteristics at 10 mA, clearly visible on a curve tracer but



pasasd by the autosatic test gear.

In eny future design, or revision of the existing design, two additional
factors in locating the emitter bonding pads should be conaldered.

(a) The bonding pad should be remote from the thermal stress regiom, and
this could ba done with the #/018 die. Figure 3.23 (page 106) shows
s case where emitter ocurrent was injected at ope side of the emitter
metallization and the site of localized heating remained in the middle
af the emitter region.

(b) For better surge resistance, the location of the emitter bonding pad
and layout of the emitter should provide & larger and less localized
'hot spot'. This location would necessitate mmerous experimental
structures as the proocess of hot spot formation in bipolar transistors

is still not fully understood, and design data are lacking {Hubh“}.

3.9.4 Improved bonding pad placement for the */018

In the case of the */018 die, 2 diagomal placement of the device on
the hender was pecessary and could have been gvoided if the bonding pads
for both base and smitter had been situated to ome side of the die.

3.9.5 Contsmination susceptibility of the PTD18

The FT018 was an unpassivated device, primarily because no proved
passivation technique suitable for sedium-power high-voltage device prod-
uotion was loeally available. Time and cost welghed heavily againat the

development of a peasivation process, but use of an unpassivated devioce
could be justified, for the following resasons

(@) the device was to be encapsulated in a setal hersetic package
only end would be in & dry nitrogen atmosphere; and

{b) many millions of unpassivated transistors, assembled in this manner
ever a pariod of some twenty years, wers in sucossnful oparation im
subsoriber equipment throughout the country.
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Although point (b) was a moat attractive precedent for the use of
&n unpassiveted die, it did not offer a sound guarantee of reliability, as
failure statisties did pot exist for unpasaivated devices manufactered
at the asseshly plant.

During 1981 the Quality Assurance Inspectorate of the Department
of Posts and Telecommunications parformed two comprehensive fallure amalysis
studies on transistors removed from falled Protea telephones and forwarded
from the country-wide field service stationa. Appendix 3.3 (page 238) gives
a summary of the report on the analysis of 602 type 'TH2 - Issue 3' unpass-
ivated high-voltage transistors dating in mancfacture from 1977 to 1961.
Visual inapection of 476 tranaistors led to 86 per cent of the failures being
attriboted to assembly fsults, and 18 per cent of the latter failures in turn
being attributed to contamimation.

To assess further the effects of aspembly contamination on the PTD16
Darlington, the suthor carried cut an independent inveatigation on an early
batch of these devices. The findings are presented in detail in Appendix 3.5
(page 2M0), measurements before and after sassmbly showing conclusively that
contamination was a major factor leading to increased leakage currents and
consequently a dramatically low assemhly yleld.

On presentation of the data in these reports, the transistor assembly
plant, in collaboration with the Department of Posts and Telecommunications,
radically revised their sssembly procedures and soreens, with the result that
the quality of the devices after assembly improved very parkedly.

3.9.6 Future peed for a passivation layer?

The information gathered for the previous section clearly set a
requirement for high assembly standards for the unpassivated Darlington
transistor. Provided these standards were saintsined and the devioces were

assembled in hermetic packages, there appeared no necesaity for passivation.

At present there is a move in the telecommuniocations industry towards
the use of plastic-encapsulated devices, particularly in systems serving only
one or a few nop-oritical circuits, for example subscriber lines. If at
some future stage, it were desired to assesble the Darlington in plastic
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packages, a paasivation layer would, im all probability, have to be developed
and a pumber of further investigations become mecessary, indicated below.

{a) The layer would have to adhere well to the die and remain intact
during extreme thersal stresses ocourring during assembly and
glectrical operation of the devioe.

(b) The layer would have to be able to withstand acy extremes of temp-
erature and humidity that would be encountered in both testing and

in service and be capable of protecting the device against these.

(e) Simple, econcmical and reliable processing techniques would have
to be developed for depositing the layer.

{d) The layer would have to have excellent stability under the influence
of high electric fields, with no degradation of device reliabdlity.

(e) Layers should of fer no degradation of the intermal processes in
the device and maintaln the good resistance to exterpal breakdown

phenomena displayed by existing device designsa.

(£ Layers would have to be compatible with plastic encapsulants.

3.9.7 BReducing the critical clearances on the ®*/018 layout

With the exce]llent results obtained on leakage currents and breakdown
stability of -the PTO18, it would be inadvisable to reduce any clearances that
would affect thess paraseters. One aspect not covered in the development
prograame was the optimization of the clearance of 114 ym used between the
F diffusiona of the adjscent bapes of the driver, clamp and output transistors.

Measurements made on unmetallized */018 devices showed that the gain
of the parsaitic PNP transistors, uaing the opllector of the Darlington as
the N base region, was typloally leas than 0,2. Indeed during none of the
tests and seasurements conducted, did lateral PNP transistor action manifest
iteell 4in any way deleterious to the operation and reliability of the device.
In the lignt of this it appeared that a decrease in the clearance betwean the
P diffusions could be evaluated with a view to enlarging the mctive areas of
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the driver and output stages and to improve the saturation parformance of the
output stage in particular. This would allow devices processed with a lower
gain, measured above the lmee voltage, to meet the Darlington gain require-
ments, resulting in improved yield figures. The cost of introducing a proved
change would be low, as changes in mask layout alone would be required. The
overriding factor to be borne in mind would be the requirement that lateral
PEF gains should be prevented from becoming too high thereby reducing the
saturation voltage in the manner described by ﬂllda“.

If additiomal process steps were decided upon, together with
the inclusion of a passivation process, then some decrease in the P to N
depletion clearance could be considered. Two posaible approaches to the
problem of providing stability with reduced clearances ocan be suggested.
One would be to implant an electriec field shislding layer into the upper
layer of the oxide in a manner similar to that used in buried :E.wz layer
MOS structures described by Nakashima et u.“‘ The second approach
would be to modify the silicon surfsce dopimg level by lon implantation as
indicated by Baligac. The adopticn of either technigue in the present
case would have necessitated considerable experimental work and involved
extra proosssing steps that oould not have been carried out on aite at
NEERI,

3.9.6 The specification for the FT018 transistor and 1ife testing

A full specification for the PT01B was drawn up in a joint effort by
the author, the Engineering and Quality Assurance sections of the transistor
assembly plant, the Quality Assurance section of the Department of Posts and
Telecommunications and the Quality Assurance Division of the telephons
sanufecturer. It 18 important to note that this was the rirst time that a
specification of this mature, relsting primarily to the guality of a semi-
conductor component, had been drawn up locally. This was indeed an event
of particular loocal importance as the device had no commercial equivalent
and there wvas hence no equivalent specification.

This specification, reproduced in Appendix 3.6 (page 2%3), not only
glves the primary electrical specification for the PTO18, as listed in Table
3A (page 62), but lists the 'end of 1ife' parameters that may not be passed.
These parameters gave a clear indication of the permitted parameter drifts
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between measurements on the device after assembly and at the termination of
a 1 000=hour, high-temperature accelerated life test.

Two samples of 80 transistors have been evaluated according to the
apecification, one batch at the transistor assembly plant and one at NEERI.
The devices wers subjected to the accelerated life test, as specified.

Only one device at NEERI failed (parametrically out of specification) during
the first 48 hours. Beyond this, there were no failures over the 1 000-hour
period, and parapetric changes were negligible. Calculations by Schoombie,
pers. cnmm.', indicate 2 mean time to failure of almost 3 million hours at
5 °C for reverse bias stressed devices and over § millien hours for the
forward biazsed condition &t the same tempersture. Any such prediction of
the in-service lallure rate; based on Buch limited dats as was avaellablae,

is pot reliasble as the aceeleration Factors depand critically on the fallure
mechanism(s) for the device, and these had still to be estsblished, As the
accelerated 1ife tests were to be carried out obm a regular basis and, where
failures ococourred, failure analyses were to be carried out to help provide
more reliasble lifetime data. In order more rapldly to establish the fallore
mechanises likely to ocour ip the device, the author has sugpested stressing

additional batches of test devices at successively higher temperastures until
feilures were induced.

On the basis of data thus gathered an accurate reliability record
would, for the first time on the local scene, be provided. This would
enable timeous action to be taken to modify or improve both the process
tachnologies apd the design of the device, 1f reguired.

3.10 CONCLUSICN

The succesaful development of a unique high-voltage integrated
Darlington transistor proved that the mathodology applied in the design was
sound. The development period from inception to completion of the fimal
component design was only about nine months, end in the long evaluation
pericd of almost two years before the component was put into producticn, no
design changes of any form were found to be necessary. As indicated in the
sub-seotions of 3.9, a number of mipor changes and improvements could be
made to the PTC1B, but these would not be undertaken unless there were

#F Schoombie (1984) Quality Assurance Inspectorate, Dept of Posts and Tele-



atrong reasona for doing so.

The most important, and indesd highly succesaful innovations in
the device design were the incorporation of a clamp transistor to minimize
external fields and the development of the 'Inverted Metallization' (IM)
layout technique to shield senaitive oircuit elements from high external
Fialds.

Should any subsequent designs be undertaken, & well-defined
and more general design procedure would be of the greatest assistance,
particularly for devices exhibiting quasi-saturation effects. Here, the
design of the PI01E was primarily empirical, with major decisions on the
layout and active areas required being based on the properties of known
or pre=-production prototype devices.

fumerical methods to masist in the design were not availahle, and
attempts to model quasi-saturation using the simulation programme *SFICE!
pat with failure. If a wmethod of modelling two-region ssturation had been
available, it would undoubtedly have been possible to optimize the active
areas of the devices without recourse to a second layout iteration, and it
is likely that the other design deteils deocided upon after the prototype
fabricetion exercise wes completed could have been introduced as refinements
to an alpost complete design. This lack of a suitable modelling method
acted as the catalyst for the development of the graphical and numerical
modelling procedures presented in Chapter 4.
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CHAPTER &

A VERSATILE GRAPHICAL MODEL FOR THE ACCURATE NUMERICAL FREDICTION
OF THE OPERATING CONDITIONS OF BIPOLAR TRANSISTORS IN BOTH THE
QUASI-SATURATION AND CUT-OFF REGIONS

b1 INTRODUCTION AND SUMMARY OF CHAPTER

Chapter 2 covered the sucoessful design of a high-voltage trans-
istor, the PTOV4, that had to operats in the norsal regionm in which quasi-
saturation played an insignificant role. In Chapter 3, however, the
sucocess of the design of the integrated Parlington tranaistor, the PTO1E,
relied on the fact that for acceptable perforsance in the telephone the
output stage of the device had to operate either in full saturation or
quasi-saturation. Indeed, when successfully optimizing the area of the
PT018, which was essential for & cost-effective device, the key requirement
borpe in mind was that the output stage should operate in quasi-saturation
at the upper limiting current conditions. The methods used in designing
the PTD1B relied chiefly on measurements made on similar discrete devices,
and the design was evaluated by using a prototype integrated Darlington.
Bo svailable systesatic design method was found to be applicable for deal-
ing with the requirements of the PTOVE integrated Darlington.

In order to fulfil the requiresent for & general and straight-
forvard design technique for predicting operation in quasi-saturation and
cut-of f in bipolar transistors, 2 radically new graphical design technique
was developed, introducing two entirely new parameters to quantify condit=
ions in these reglons. This design technique is presented in this chapter.
The twe parsseters, the Quasi-saturation Resistance, 'ﬂrﬂ' and the Cut-=off
Voltage, ‘lm. were both easy to measure and the methods by vhiech they oould
be 2pplied were suitable for use by either the devioe technologlist or the
circuit designer. It was confirmed experimentally that for devices operating
at low to pedium injection levels, operation in the gquasi-saturation region
ocould be adequately characterized using the new parameter RI}E' Extension
of the model to ipclude both high-injeoction levels and temperature effects
widened the [ield of application comsiderably.

Whilst the model was developed primarily as a design aid for high=-
voltage transistors, it was observed at a very early stage that the method
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pould be used to predict saturation operation in virtually any tranalstor,
When gain crowding at high-injection levels was included, the graphical
model was successfully applied, as an example, to & design evaluation of
the PTO!8 integrated Darlington transistor. This evaluation covered both
the specified operating conditions and what is more the limits of operation
of the device at both high-voltage and high-current levels, Presented in
this chapter is a comprehensive set of computed performance curves relating
to the PTO1B and the fabrication process used, In addition to showing that
the deaign of the FT018 was far more conservative than originally supposed,
the curves serve to demonstrate the large number of variables to be con=
sidered in the design of a Darlington transistor and demonstrate, for the
first time, how it is possible reliably to predict optimized saturation
performance for & Darlington transistor in any given fabrication prooceas
and for any set of operating conditions.

In the wider context, the author strongly feels that owing to its
ipherent simplicity and eccuracy, the saturation model presented here should
be readily applicable to common integrated circuit analysis programs, and
beocompe available for thiz purpoas.

8.2 MODELLING SATURATION IN HIGH-VOLTAGE DISCRETE TRANSISTORS

%.2.1 FRegions of operation in high-voltage bipolar transistors

As noted in the preceding section, Chapter 2 dealt with the deaign
of a transistor that had to operate in the normal region, whilst Chapter 3
was concerned more closely with operation in the gquasi-saturation region
but did not cover the transition in operating point from saturation to
quesi-saturation. This section further describes the reglons of operation

in order to clarify the reasoning behind the proposals for the saturation
models.

Figure 4.1 (page 116) is a tracing of a family of 1. v& Vpp curves
from a curve tracer, with the regions of operation marked. These regions,
not to be confused with similar terms used in modelling with the program
'"SPICE' are the following.

Region 1 The true saturation region

At high-injection levels the collector 18 saturated with majority
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Figure 4. | Saturation regions of
a transistor meeting the PTOI4
electrical specification

100 I
m -
60 3
E —
u 40 =
20 -

o L

5

"H'I:E (V]

REGIONS |,2 AND 3 ARE DESCRIBED IN THE TEXT



17

carriers and behaves essentially as a conductor. At lower levels
of injeotion, transistor action modulates the resistance of this
region, and at the low collector-emitter voltages norszlly assoc-
iated with saturation the transistor, for the purposes of this
chapter, is conasidered to be operating inm the collector cut-off
region.

Region 2 The quasi-saturation reglon

Owing to high collector-region resistance, the collector-bas=e
Junction itselfl is not necessarily reverse-biased and the
collector region only partizlly saturated with majority carriers,
As a result, the collector resistance ia modulated, producing
the steep charaoterliastics observed.

(Note : The Collector Resistance lc' referred to frequently in
this chapter, 1a the passmive resistance asscolated with the
collector region of m transistor. Colleoctor resistance is not
measured directly, and ia usually calculated from the slope

ef the the line separating regions 2 and 3 on the I.c s ir.:
characteristic, )

A fuller discussion of gquasi-saturation is given by Ehlndi"s.

Fegior 3 Norsal bipolar transistor operation

Here the collector-base junction is reverse-biased, and normal

bipolar transistor operation applies, as characterized by the
Early voltage.

4.2,2 Operation in the quasi-saturation region and the need for a model

Guasi-saturation is commonly emcountered in a wide range of small-
signal cevicea. To demonstrate this, the typical charscteristics of &
BC1OT, a msall-signal &5 V NPN Jevice, and a 2N3439, a medium=-power 350 V
NPN device, are given in Figures 4.2a and 4.2b (page 118) respectively.
Both devices exhibit the effeoct, but it is more marked in the higher-
voltage tranaistor. The chief features of quasi-saturation pertiment to
this chapter are listed below.



FIGURE 4.20 A LOW-VOLTAGE TRANSISTOR:
SATURATION CHARACTERISTICS OF A BC 10T
SMALL-SIGNAL TRANSISTOR WITH A Vceoisus)

OF ONLY 45V,
THE DEVICE SHOWS QUAS|-SATURATION OPE -

RATION AT WELL BELOW THE DISSIPATION
LIMIT OF 300 mW.IT IS CLEAR THAT QUASI -
SATURATION OPERATION SHOULD BE CONSI -
DERED IN THE APPLICATION OF THIS DEVICE.

(DIE TYPE #/003. MANUFACTURER: NEERI ).

FIGURE 4.2b A HIGH-VOLTAGE TRANSISTOR:
SATURATION CHARACTERISTICS OF A 2N3439
MEDIUM - POWER TRANSISTOR WITH A Vego(sus)

OF 350 V.
QUAS| - SATURATION OPERATION IS VERY

MARKED IN THIS DEVICE EVEN THOUGH THE
DIE AREA WAS APPROXIMATELY TEN TIMES
GREATER THAN THAT OF THE BCIOT.

(DEVICE CODE : CCSA 2N3439L. DATE OF
MANUFACTURE 1980,WEEK 27. THIS IS THE
SAME DEVICE USED FOR FIGURE 3.1l, PAGE 83)

=11



(a) Quesi-saturation is a charscteristic that transistor manufacturers
generally ignore in any transistor specification, although it
is so commonly encountered. To aveid the problem of having to
consider it directly, the usual approach is simply to gusrantee
minimum gains st fived operating points, generally outside the
quasi-saturation region.

() Quasi-saturation is & phencmenon that is not modelled by the widely
used sipulation program 'SFICE', incorporating the Gummel-Foon model
for the bipolar T.rlnlintu'“. The measured gquasi-saturation
characteristic of 8 PT01S§ transistor, and saturation as predicted
by "SPICE', are compared in Figure 5.3 (page 120). (The reason
for the very large gain difference between measured and predicted
characteristics, once the device has reached the normal operation
region, is that the gain measurements for the SPICE simulation were
made at zero collector-base voltage at the terminals of the PTU14.
Although it may be common practice to characterize amall integrated
ecirouit transistors at zero applied collector-base voltage, the
pethod is obwiously quite unsuitable where the transistor has a

subatantial collector-region resistance.)

In conclusion it is useful to highlight a paragraph taken from
Getreu'" who, in discussing the bipolar transistor models used in SPICE,
states 'Probably the most significant limitations of the models described
here are a lack of modeling of three dimenaional effects, junction break-

down and an acourates saturation model.®

§.2.3 lNon-availability of a numerical method to quantify quasi-saturation

Inr-u“ discusses the physical aspecta of quasi-saturation and
indicates how & numerical technique, of some conaiderable complexity, can
be developed to model the effect. The methods described are certainly not
user-crientated and would be extremely difficult to apply by a designer who
did not have available conaiderable information on both the process para=

meters and the varicus physical values that would be required to use the
technigue.

The need for a simple user-orientated model to quantify two-region
saturation i» now obvious, and in Sections 4.3 and 4.8 two simple graphical
models are proposed for aimulating the phenamenon.

119
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§.3 THE FIRST GRAPHICAL MODEL, "MODEL 1°

Two graphical models were developed in this study, and although the
second was preferred to the first because it proved to be more simple to use
and was more accurate, the first model is also presented as it does satisfy

most of the objectives laid down for a graphical model. & suitable model
should

(a) be simple but nevertheless fairly accurate;

(b) have model parameters that relate simply to easily
measurable device parameters; and

(e) be of use to both device and circuit designera.

5.3.1 A desoription of "Hodel 17

As a basis of the first model, it was assumed that extension of the
IL‘ ¥s FEE. curves in region 2 should intercept at some, hopefully unigque
point, typlcally where the values of 'i'cg and I,: are pegative. The inter-
cept values gre termed the Quasi-saturation Voltage, '“. and the Quasi-
saturation Current, I,,. 'Model 1' is shown in Figure 4.4 (page 122).
The collector cut-off characteristic is the classical model given by Buarger
and Donovar'®, and this part of the characteristic is shown in more detail
in Figure 8.5 (page 122).

k.3.2 Shortcominga of "Model 1°

In use, Model 1 had a number of shortcomings, listed below.

(a) Difficulty was experienced in measuring ‘FH and 1“. There
was no direct method of obtaining these values and it was
necessary to extrapolate from Ic va 1,:: measurements. It
was also found that the values obtained varied greatly
according to which ocperator performed the measurements.

(b) The values of Voo and Ing wers valid for less than a tenfold
change in collector ourrent Iﬂ before now estimates had to
be made. The error was greateat pear the cut-off region, and
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ip proctice it was also found that the slope of the actual
quasi-saturation characteristic tended to decrease at higher
current levels, instead of inoreasing as indicated in this model.

{a) Wo unique value of saturation resistance R, could be deter-
mined in the high-voltage transistora inovestigated, where
emitter current denaities did not exceed about 0,5 ”-2 .
This inconaistency was the result of differing drive
conditions causing variations in la-

(d) The model had no physical basis that could be cited as &
justification for assuming that convergence to & unique
set of values of 'lns end 103 should ocour.

R.% *MODEL 2', A SIMPLER AND MORE ACCURATE GRAPHICAL MODEL

In view of the potential value of Model 1, & second graphical model
with fewer shortcomings than Model 1 was proposed in order more adequately
to mest the requirements listed at the beginning of Section £.3. This sode],
tersed Model 2, covered all three reglons of operation of a transistor below
breakdown. Model 2 is shown in Figure &.6 (page 128). As the egquations for
operation extend dowmnwards from normel operation throogh quasi-ssturation
into cut-off, the model is described in this order. In pore general appli-
cation of the model, to prevent unrealistically high collector currents from
being predicted, a correction factor was included for gain crowding at high-
injection currents, Compensstion for temperature effects was also included
into the model.

§.5.1 PRegion 3 : Normal operation characterized by the Early voltage, 'I'I

Feferring to Figure 4.6 (page 128), the noreal operation region is
that where FEE. > l{: x Iﬂ. for any given value of I‘C" end the collector
current is calculated using the classical Early voltage uq-.-unn“ 1

I{:‘ = h'm X IB{1 +* t'm e 'l.]'!tvz'*' vl]] G E R R R R EE R R R R .'ii..
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vhere

heew is termped the 'Process Oain' and is the common
amitter current gain at the transition to reglon 3;

is the base current;

c is the oollector current;

‘i'r:E is the applied pollector-emitter voltage;
Vg s the Early voltage; and

'l.'t is the "Model 2 Enee voltage' at the transition to normal
operation in region 3; it is a function of the cocllector
current Ir.: and the collector resistance llc

HII should not be confused with the knee voltage ?u“,
defined apecifically for the TR2 - Issue 3 Specifi-
cation, as shown in Figure 2.2 (page 13), because
‘EEI is not related in definition to the collector-
region realstance, Ic.}

4.4,2 Hegion 2 : Quasi-saturation operation

M though good physical amalyses of saturation, including quasi=-
saturation effect=, have besn given by I!-".I.I.rlf.“. ﬂhudnhilklg and Ewirsn.
none of these analyses was suitable for simple numerical modelling, owing
te the large number of physical parametera that would need to ba measured
or eatimated. At best, only the devioe designer would be able to use these
models, and even then only in a sufficiently well-characterized proceas,

4.5.2.1 in entirely new parsmeter : The Quani-saturstion Hesistanoe, 'ﬁﬂ

Observation of the quaai-saturation characteristios of a large number
of devices under emitter injection conditions of less than 0,5 .I.flmz led to
the copclusion that the best graphioal approach was to aasume that the It va
Vpp characteristics formed a family of parallel lines in region 2, the quasi-
saturation region. This conjecture is certainly plausible LI Figure 4.1 (page
116) and Figures &.2a and 8.2b (page 118) are considered, Assuming this, the
inverse of the slope of the collector characteristic has the dimenaions of
resistance : @& constant resistance in fact, if the lines are parallel.

This i= an entirely original proposition, and this resistance is termed the
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"Quasi-saturation Resistance', lﬂ Figure 4.6 (page 124) shows the
graphical representation of this parameter.

Except at high-injection levels of greatar than 1 I.Jng. whare the
collector characteristics may be very distorted, 1t 15 a pimple matter Lo
measure Ry.. The method found to be most successful and repeatatle
with a mmber of different operators was to take the gradient between two
points on the Ic va 1'“ characteristic. These points were at 20 per cant
and B0 per cent along the quasi-saturation characteristic and were measured
at the onset of quasi-saturation at low-injection levels.

It was also found that one valus of l“ was sufficient to character-
ige guasi-saturation operation accurately enough for the full range of current
densities encountered for both the PTO14 discrete transistor and the PTO18
integrated Darlington transistor at all specified operating conditions.

5.5.2.2 A second constant : The Proosss Constant, IC

Since B“ vas bteing assumed constant, and the collector resistance R,
was a constant proportional to the area of the device, the ratio of I“.rlﬁ
was a constant. This quantity is termed the Frocess Coostant, PC. In
practice it was found that the valus of PC ranged from about 1,2 to 2,4
depending on both type and sanufacture of the device. Fram a mmber of
measurements made on the four differsant tranaistor patterns available at
NEERI, it was also found that the geometry and area of devices, vhen these
wore made by the same procesa, did not have anmy effect on the value of PC :
the process used was the sajor factor influsncing FC.

4.8.2.3 Caleulation of collector current in region 2 using lu

From Pigure 4.6 (page 128), conaidering regions 3 and 2 :
Io = bpgy *Ip = (hpgy x Iy x Ry = Veg)/lgg
= hm X 11{1 - tc.-"nqai - 'ctfha R E R R ‘v‘.‘!

where the symbols are as given in Section U.4.1 for regiecn 3,

and Rae 18 the newly defined parameter, the Quasi-saturation
Reaintance.
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h,h,3 Modelling the saturation and cut-off regions

It was noted in Section 4.3.2 that there was no uniquely defined

saturation resistance HE that was acceptable for modelling. Therefors
a new model termed the Constant Cut-off Voltage Model was proposed, and
this is described below.

I,4.3.1 The Constant Cut-off Voltage, Vo,

Measurements were made on & wide range of medius-power devices,
some exhibiting marked quasi-saturation effects, and others not. The
results have shown that the transition from cut-off to active transistor
operation takes place at a virtually constant voltage, generally in the
raglon of 0,15 to 0,3 V. Thia haeld for virtually all collector currents
below the injection level of 0,5 A/ms". Figure 8.7 (page 128) illustrates
that the voltage at which the transition ocours from cut-off to normal
transistor operation or gquasi-saturation opsration, was virtually constant
over more than four decades of collector current. This 'constant voltage'
wis termed the Conatant Cut-off Voltage and is represented by the symbol 'Gﬂ‘

4.5,3.2 The Conduction Threshold Voltage, 'Im,

Active tranaistor action was found to cease at a threshold
voltage in the region of 25 oV (= kT/q) at low-injection levels. This
‘constant voltage' was termed the Conduction Threshold Voltage, V..

At higher values of base ocurrent there is a tendenay for Vop to dec-
rease, but this decrease was neglected as it was found during the computation
of I. vs Vop for the Darlington transistor (described in Section 4.6.%, page
151} that the cut-off conditions matched the measured values very well in
terms of the general requirements for a model, ms given in Section 4.3.

h.B.3.3 The graphical cut-off model for region 1

The out-off model for region 1 is shown in Figure 4.8 (page 129),
and it incorporates the two new parameters : the cut-off vol tage 'I'm
and the conduction threshold voltage Voy+ The collector current in the
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Figure 4.7

Collector cut -off characteristics of a PTOI4 transistor.
The four figures, spanning over four decades of collector
current, show quite clearly that the transition to normal
operation (or quasi- saturation at higher collector currents)
takes place at an almost constant voltage which, for the

large number of device types tested, was generally between
200 mV and 300 mV.
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cut=of f region is caloulated as follows. Starting with equation B.4B, the
purrent ICD at the transition from cut-off to guasi-saturation is given by

As the transistor is assumed to cease operation at
FEE = VET = 25mV, which is kT/rq, then :

- = - - e R B R EELE NN '-'I.ll-l:
I = Ipg X {‘L’EE kTe’q}a"{‘i’m kT/q)

In practice a default value of T = 300 “ 27 °C) was used.

y 4.4 Correction for high-injection operation

Model 2 im itz basioc form was found te be gulte adeguabte for simu=
lating the operation of the PT014, and later the PTO1B Darlington transistor,
ender their specified operating conditions. In order, however, that the
model should be of more gereral application, it waa neocessary to include
the effects of decrease in gein st high-injection levels, so as to obviate
the likelihood of unreslistically high currentzs belpg predicted. AS gquasi-
saturation was not pormally epcountered at very low injection levels, where
Model 2 simply excludes the phenosenon by showipg 2 normal transistor
cheracteristlic with immediste trenszition from reglon 1 to reglon 3, no

attempt was made to cover gain erowding at very low collector currents.

4.4.4.1 The gain droop equation at high-injection levels

It was noted that the transition from region 2, guasi-saturation, to
region 3, normal operation; becape ill-defiped, particularly at injection
levels sbove 0,5 lfmmz. Az the collector resistance HE WAE A Decessary
constant ip Model 2, & further graphical model, compatible with Model 2, was
developed to compensate for high injection and to epable use to be made of

values of collector resistance RE measured at lower injection levels.

The gain of a pember of high-voltege transistors was measured over
& wide range of collector currents, with the collector-emitter voltage equal
to the knee voltage, a3 given by
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'ﬁ E 'V: = lc X I!t FEEFEFEE AT B ql"n
For the PTO% and both the driver and output stages of the FTO18
{ measured separately) the gsin was constant up to about 0,3 lt—z and was
simply the same as the value of the process gain, h.., used in Model 2.
Figures &.9a and 4.9b (page 132) ahow the normalized gmins of the
FTO14 and PTOVE measured as & function of current density. On the log-log
soales used, it is seen that above a collector current density ‘lr: of about
1 u-z the decrease in gain becomes linear and is of the form :
Inthﬂ] = ]} x I.II[J"E.'I L 2 c BEEAEEE R R R .--h!

where hn is the gain at collector current density J:,
and both D and C are constants for the device.

By extrapolating the linear portiona of the graphs to meet unity
norpalized gain at a limiting collector current denaity termed the '"Knee
Current Density' J it was possible to use equation h BE to caloulate
the gain of the transistor in the gain droop reglon for current densities
excesding 'II‘

The Enee Current Denaity .'.ll., when divided by the corrected
collector area of a tranaistor, i3 egquivalent, in principle, to the Knee
Current l! used for approximating high=ourrent injection in the modelling
progras "SPICE'®'. The two are sgulvalent only provided that the measure-
ment is carried out in accordance with equation 4.4D above. This fact is
eanily overlooked when the knee ocurrent of a transistor is measured, and can
lead to values of :lI which, when measured at an applied -.rm = 0 ¥, are more
than ten times too low for many high-voltage transistors. Reference to
Figurs 4.3 (page 120) shows how grosaly misleading results can be arrived
at if equation B, 4D is disregarded.

For computation, only the alope D is required, together with the
Knee Current Denaity JI such as shown in Figures 4.9a and 4.9b (page 132).
A number of measurements that were made have shown that de (or Ly if the
active area of the the device is not known) may be found using hn 20, Thepy

messured at a collector voltage level that is in accordance with equation
5.4D.
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4,4,4,2 Dependence of the 'Knee Current Density' on process and layout

A comparison of Figures 4.9a and 4.9b (page 132) for the FTO1X and
the PTO18 output stages respectively, reveals that, despite the considerable
differences in layout and epitaxial layer thickness and resistivity, the knee
current densities are very similar, whereas the slopes of the gain fall-off
characteristics differ greatly. This behaviour was also confirmed with
medium-power, high-voltage devices from other manufacturers. For the pur-
poses of the computations described later in this chapter, default values
of .II = 0,65 ”“2 and D = 2 were used, so that direct comparison wilth
measurements on PTO18 devices was posaible.

§.4.5 Temperature correction for Model 2

The temparature dependence of nm, nc, RDE and PC was inveatigated,
and methods for temperature compensation of these parameters are presented
in this section.

When measured in the normal operating region (regien 3 of Model 2)
the gains of a mmber of transistora incressed with temperature, with a
linear coefficient of about 5 x 10°3/°C, as may be seen in Figure 4.10a
(page 134). This behaviour was in acocordance with the figure presented by
Burger and Donnuna'. A totally different atate of affairs was encountered
when gain was mpeasured as a funotion of temperature with the devices cperating
in region 2, quasi-saturation. PFigure 4.10b (page 134) shows that in this
condition both negative and poaitive temperature cosefficiente may be encoun-
tered. For this reascn it was important “o conaider all the key parameters
introduced with Model 2, so that meaningful temperature corrections might be
computed.

8.5.5.1 Temperature corrections for HC' the theoretical mspects

If temperature-compensated gains were to be calculated, it was
necessary to introduce & temperature correction factor to relate the collector
resistance fi, and the quasi-saturation resistance EII:JE. to temperature. In
this sub-section it is shown that & logarithmiec corrsotion factor is the most
appropriats for these two parameters,
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Hamilton and Howard - provided useful data on the thermal behaviour
of the properties of bulk silicomn. In their Figure 8.3a the conductivity of
N-type silicon was plotted as a funotion of temperature over the ranges =50 %
to 250 "C, For silicon with a bulk resistivity of between 1 =nd 100 ohm.om
the resistivity increased with increasing temperature. OUnder these condit-
ions & power series, shown in equation 6.9 of this reference, was simplified
to a first-order approximation :

ltT] : “qu I [1 &* d- X [T"' Tn_}i EEREmEEE RS R R .li-.r

where

R(T) 4is the silicon resistance at temperature T;

H'E'I'n.'! is the silicon resistance at temperature T ; and

d is the temperature coefficient of resistance for the
temperature range being conaidered,

This equation could be used to compute the collector resistance IE
of & high-voltage traraistor. The main disadvantage of equation 4.AF waas
the fact that it vas socourate over only & relatively small temperature renge.
Figure 8.5 in Hemilton and Hnlll.ﬂtﬂ shows that for an epitaxial resistor, the

coefficient d dropa by a factor of almost two over the tamperature range
30°%¢ to 130%C.

As an alternative approach, Mertinelli et ll..H bave made use of
an sxponential equation of the form

IT = 'Emlcnm I- .ﬂ{-l-.m} Faddamemiddees tl-.
where
kT is the product of Boltzmann's constant and absolute

temperatura;

E is an empiriocally determined activation epergy for
the partioular reaistive property of the device;

"l' is the resistance at temperaturs T;

Haw is the resistance at 300 °f.
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Equations 4.8F and 4,40 differ in form, but do express an increase
in !tc with temperature, and in principle both could be used for computing
R, at = given temperature. Mo direct information could be deduced on the
temperature dependence of the quasi-saturation reaistance Eﬁs' so this
relationship was investigated sxperimentally.

4.58.5.2 Bvaluation of lﬂ’ ’ﬂﬁ and PC as a funotion of temperature

As predicted in the section above, and in acoordance with the physical
model of Ehudnhilk“. the value of != was found to inocrease with temperature.
In the peasurements made, the best linearity was obtained when the logarithms
of both R, and Ry were plotted as a function of temperature. Figure .1
(page 137) shows the results for a FTO14.

Here further confusion arose, as neither equation 8.4F nor N.EG was
aquivalent to such a logarithmic function. The difference between the twe
theoretically derived equations and the experimentally derived relationship
could be reconciled only if it was acoepted that '1': over the temperature
range 20 °C teo 170 °C changed absolutely by s factor of only about two, and
that under these conditions any of the thres relationships would be suffic-
iently mécurata.

Figure 4.12 (page 137) shows the process constant PC plotted as a
funotion of temperature on a linear scale. A general dowmward trend with
inoreased temparature is obvious.

4.5.5.3 Procesa Oain, hm, 88 & function of temperatures

Process Oain, hm. waz also temperaturée=dependent and ocould be
compensated for using a linear equation similar to that given for ocollector
resistance in equation 4.4F, Two main precautions were cbserved in making
méasurements for the temperatiure coefficient : first, it was pecessary to
ensure that the transistor was opersting at & collector current close to the
value for peak ourrent gain, and secondly the collector-emitter voltage was
set to m value mlightly above the knee voltage 'fl.. using equation 8.8D. 1In
practice the measured temperature coefficients did not differ markedly from
the figures of 5 x m"ﬁ’c given by Burger and I:I-n:nru:", and 8 x m":"c
given by Hamilton and Howard <.
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.5 NUMERICAL SIMULATION USING MODEL 2

Model 2 am also the sssociated equations derived in Section 8.5,
lent themselves to numerical simulation. Figure 5.13 (page 13%) shows &
flow diagram of the computer program written to calculate the collector
current of & tranaistor operating in any of the three regions descoribad,
and the FORTREAN listing is presented in Appendix 4.1 (page 2&7).

§.5.1 Sisulation of the output stage of the PTO18 transistor

As an example of the use of the mmerical model, the collector
charscteristics of the ocutput stage of a PFT018 transistor were simulated
using the parsmeters as listed in Appendix 5.2 (page 288), and the resulta
were plotted as shown in Figure 4.7%a (page 180). The results of the program
were in acoordance with Model 2 and in addition, gain crowding at higher-
injection levels may be seen. Figure L.18b (page 150) shows how numerical
smoothing of the data used for Figure 4.718a produced a set of collector
characteristic curves that coppared well with esctual measurements made on
the output stage of a PTD18, shown by dotted lines.

4.5.2 Temperature effects

To ensure that the numerical model handled variations in tempersture
adequately, méasurements were made on & PT0OT4 tranaistor at 25 % ard 125 %,
and the peasured collector current curves are presented in Figure 4,15 (page
151) together with the curves computed from data for the PTOY given in Appen
dix 4.2 (page 288). Clearly the mmerical model provides data that are
sufficiently accurate for the majority of applications.

§,5.3 Merits of Model 2

Model 2 was set up with 2 specific objective in mind, viz that of
modelling quasi-saturation effects in medium-power, high-voltage transistors
in order to predict the DC operating conditions, Considersble success with
this aim was achieved, as detailed in the following list.

(a) Model 2 had nope of the shortcomings of Model 1, ms listed in Section
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Figure 4.15 Saturation as a function of tempera-
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§.3.2 (page 121) except that the physical basis might still
be argued. Experimental results from a wide range of tests
on NPN transistors have shown this to be a readily usable and
sufficiently acourate model.

(b) Only two parameters, vis IT: and EIJS' both of which are easily
peasured, were required uniquely to define quasi-saturation
cperation of a transistaor.

{e) The new parameters V.., the cut-off voltage, and V.., the
oconduction threshold voltage, required to characterize operation
in the ocollector ocut-off region, were both found to be wirtually
constant, 80 that default values gave good accuracy.

(d) Although the model was a straight-line approximation, it
¥ielded accurats results and, indeed, as will be ssen when the
modelling of the integrated Darlington transistor is described,
the linear nature of the model has merit, as transitions between
the operating regiona of tranaistors may be seen clearly, and this
readily simplifiea deaign optimization of a device.

The model has subsequently been shown to have far wider application,
ranging from small low-voltage devices through high-voltage power devices
to integrated devices such as the Darlington tranaistor. A detailed analyais
of the Darlington transistor i{s given in Sections 4.6 and U.T.

4.5.4 Limitations of Model 2

It has been found that the application of Model 2 has its limitations

and cauticon should be exercised in applying the model to the cases listed
below.

{a) If Model 2 is used for the A.C, analysis of circuits, this
will lead to incorrect results when distortion products are calou-
lated, owing to the linear nature of the model. The problem would
be particularly manifest when transitions from reglons 1 to 2, and
g2 to 3 are encountered. It should be noted here that the sisulation
program 'SPICE' was not blapeless in this area either, as may be
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seen from Figure 4.3 (page 120), showing only m smell asount of
rounding of the transition from the resistive saturation region to
porsal cperation.

When Saithies ', used 'SPICE' to amalyze & multi-frequency (MF)
dial mmplifier ipcorporating high-voltage transistors, It was
found that the measured and predicted AC harmonic amalyses did
rot agree at all well. This was doubtleas the result of both
poor modalling of saturation by 'SPICE', and the rather abrupt
transition from saturation to normal operation predicted by this
Frogras.

Numerical shaping could be applied to the resulta from Model 2,

as was shown in Filgure 5.1%b (page 180), but this would certalinly,
as a first move, entail computing the collector characteristics at
& number of points surrounding the particular operating point.

This computation would be a slow procedure in a2 sequential analysis
of oollector currents, as was performed for the MF dial, unlesa
data from the computation of seguential points were re-used and

an interpolation technique epplied to round off the transitions.

(b) If no correction for high-injection levels is applied, the use of
Model 2 has an arithmetical limitation that must be guarded against,
and which is described below.

The limitation was encountered when it was attempted to use Model 2
to minimize the area of & device that should meet given operating
conditions in quasi-saturation. Figure 4.16 (page 184) shows m plot
of "‘m vE :r..' for a hypothetical transistor with a process constant
PCof 1,5, a base drive of 10 mi, Tu- 1V and I:' 14 It is
seen that initially as lc increases, the inorease in hm necesaary
to yield the required collector current is also large. The curve,
bowever, flattens out, indicating an unrealistic condition of
virtually no increase in required process galin to meset the operating
copdition= for increazing values of I:.

Although the limitation sentioped did not sanifest itselfl in compu-
tations of collector current a2 & function collector-smitter voltage for
the values of gain and current demsity that were used in the design of both
the PTO14 and PTOTE, it will be seen in the detailed amalyses of the PTDI1B
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that follow in Sections 4.6 and 4.7, that the incorporation of a correction
for high-injection levels sdequately compensated for this shortcoming in
the basic model.

4.5.5 Fossible wider application of Model 2

In the case of & large variety of lov to medium-voltage devices
covering the whole power spectrum, the onset of high-injecticon effects may
almost coincide with the onset of quesi-ssturation, and indeed Eain crowd=
ing due to high-injection effects might be greater. The application of
Model 2 has not as yet been thoroughly pursuved for thess conditions and
further investigation is required to determine its full scope. However,
high-resistivity silicon epitaxial wafers may be proocured with ease, and
the suthor has noted that the ocollector-emitter breakdown voltages limits
specified for modern transistors are regularly exceeded, of'ten by as much
as a factor of two. In these cases the probability of a significant
modification to the saturation pearformance of a device owing to quasi-
saturation should not be overlooked, and use of Model 2 would make it
possible to predict cperating conditions more accurately.

4.6 MODELLING THE INTEQRATED DARLINGTON TRARSISTOR WITH *MODEL 2°
In this section is described the very succesaful epplication of

HModel 2 to a design verification of the PT018, it being found that the
design of the device was well optimized,

4.6.1 Precedents in designing Darlington transistors

A ccaprehensive analyais of Darlington transistor design was published
by Wheatley and Hﬂhﬂlnslj in their classic paper on how the area of multi-
stage Darlington power transistors should be proportioned. That this paper
iz of great value to the designer of low-voltage, high-power devices is
undisputed, but the amalysis presented was general in nature and fall-off in
gain wvas dealt with only in terms of the drop that ccours at high emitter-
injection levels. Collector effects leading to quasi-saturation operation
vers not conaidered. In addition, a number of parameters introduced in this

publication would not be available to a oircuit designer, nor would they be
of interesat.
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4.6.2 Background inforsation for modelling the PT018 uaing Model 2

A cost-effective design for the PTOTE Darlington transistor was
achieved by minimizing the mrea of the device by operating the output sCage
in quasi-saturation at the specified upper ourrent limits. For the oper-
ating conditions encountered, the active area of the device was such that
operation was always below the knee current I! Arped with Model 2, it was
possible to simulate a wider range of conditions than those considered in
Chapter 3, but in order that a design verification exercise could be carried
out on the PTOVE, it was first necessary to confirm or establish the infors-
agtion listed in the following sub-sections.

4.6.2.,1 Proportionality of collector resistance to active device area

The collector resistance Hc should be proportiomal to the
sotive area of the device. Meassurements made on both discrete high-
voltage devices and the driver and output stages of integrated Darlington
transistors, all febricated on the same wafer, have shown that if the
correction for sctive srea given in equation 2.6B (page 37) is applied,
the seasured and predicted values of collector resistance are in close
agreesent. This observation covered a range of devices that had corrected
areas differing by a factor of up to nine.

4.6.2.2 _Prnu-ll: constant PC to be independent of device area and layout

The process constant PC, which is equal to the ratio Eﬂsﬂlﬂ‘
should be & constant indepandent of the active mrea and geometry of the
device. It could be shown that this was the ocase for both the prototyps and
production versions of the integrated Darlington and the adjacent discrete
drop-in test transistors, but it should be borne in mind that plamar epi=
taxial structures bhad been used, where the N+ substrate served as the
oolleotor ocontsct. Integrated circuit transistor layouts, where therae is
i passive elepent of collector resistance dependent on the layout of the
transistor, could easily show a layout-dependent velue of PC.
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4.6.2.3 The base-emitter voltage of the output stege of the Darlington

The value of the base-emitter voltage {YH!!} of the output device
had to be determined in order that the collector-emitter voltage of the
driver transistor (?EEIJ could be caleulated. The relationship between
v and the base current of the output stage, Ig,, is derived in

BE2
Appendix 4.3 {page 250) and is

FBE = ETrq I IH{IE} -+ HE I IE + : B E RS EE SRR E W o ”-.E-ﬂ-

wheprs

k i= Boltzmenn's constant;

E is a constant for the output device when operating
with collector current flowing;

q is the electronic charge;

HBE is the pessive base resistance of the outputb stage;

T is the absolute temperature.

In practice it was found that eguation Y4.6A gave a better fit to
measured V., characteristics if & factor L was inoluded as kT/fq. The
value of £ was typically about 0,8 for a transistor opereting in the active
region. {Sukhanjnﬁﬁ has reported the use of a constant such as £ for the
case of diodes or the emitter-base junctions of tramsistors operating with
no collector current, The principle of inclusion of the constant £ into
equation 4.64 has been found to be equally applicable in the ealculation of
the base-emitter voltage for an active tranmsistor.)

In early measuregents mpade oo dizerete devices exhibiting quasi-
saturation, it was noted that with constant base current, the base-emitter
voltege increased rapidly as the device passed through region 1 to region
2. In region 2 the base-emitter voltage varied only alightly, and then
tended to approach & constant value only when the devipe resched pormal
cperation in region 3. Values for E and EHE that were used were measured
at the transition to region 3. Nevertheless, sgreement between measured

and modelled results for the PT018 was excellent, with colleotor-emitter
voltages even a5 low es 1 Y.



4.6.3 Simulstion of the FTD18 integrated

Parlington transistor using Model 2

The equivalent circuit of the Darlington used in the simulation
1s shown in Figure 5.17 (page 189). It consists of two transistors with
the same process constant PC and values of sollector resistance that can be
scaled according to the active areas of the devices. The scaling factor
was the Ares Ratio N', the ratic of the active area of the output stage to
the active ares of the driver stage. As the devices were adjacent, the
gains were identicsl. The computer program referred to in Section 4.5 was
of immediate application in the computation of the colleotor current of the
Darlington transistor.

The only diffioculty that arcse in this simulation wvas in caleou-
lating Vg, directly, using equation 4,64 (page 147). A regression
technique was adopted, & rather lov eatimate of 'lﬂ (0,857) beirng made
in the first iteraticn to ensure that the driver was in the asctive reglon.
¥ith 2 given value of IH and "i',.._.E a first estimate was obtained of the
driver emitter current IE'I" Using equation 4.6A a pew value of 'lﬂ
{and hence ?m} was obtained. This procedurs was repeated until the
chenge in FHE on successive iterations was less than 0,1 m¥V. For further
iterations in the progress of the program it was possible to use as a
sterting valuve & better estimate of FIH' derived from earlier iterations,
It was important that this regresaion should be carried out rapidly if
progres times were to be minimized, If lerge changes in ﬂm vere allowed
during the regression, then instability oould coour., It wep necessary to
test for stability and to relax the change in "r'ﬂl! to & value mmell enough
to ensure stability and yebt provide rapld regresslon to an acourate valus.

Once V.., bad been established, it wvas s straightforward matter
to smloulate the operating conditions of the driver and ocutput stages,
and thus of the Darlington transistor as & whole.

The flow diagram of the program used to compute the collector
current of the integrated Darlington transistor as & funotion of collector-
emitter voltage is given in Figure 4.18 (page 150). The FORTRAN listing
of the program is presented in Appendix 4.5 (page 251).
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FIGURE 4.17

Ti

"33

simulation of the integrated Darlington transistor

EQUIVALENT CIRCUIT

==

B2

is the driver transistor.

is the output transistor, having an area grester tham that

of the driver T! by a factor N'.

represents the Model 2 parameters for the collector resistance

of T2 ERE] and the quasi-saturation resistance of T2 {EQE}.

represents the scaled values of collector resistance and quasi-
paturation resistance of the driver, T1. The values are

N' = EE and K" x RQS respectively.

is the hase resistance of T2, and the voltage drop across
RE? plus the forward emitter-base junction voltage of T2
are subtracted from the Darlington collector-emitter voltage

to give the collector-emitter voltage of T1.

EACH TRANSISTOR STAGE IS MODELLED SEPARATELY USING
MODEL 2
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4.6.4 Computed and measured Iﬂ- vs Tt:l characteristics of the FT018

To verify that it would provide the D.C. transfer characteristic of
the PT018, the simulation program was run with the parameters listed in
Appendix 4.2 (page 248). Figure 4.19 (page 152) shows the measured and
computed ocurves of IE Ve 'ur,:. Agreement was better than 10 per cent over
the range 0,8 V to 100 ¥V, the upper limit that oould be reached at the NEERI

Laboratory before thermal effects caused large errors.

Later measurements by Ssithies ’ and Parsiey °, on the O.N. transistor

in the Disa telephone with surge tests of up to 350 V, using equipment for
high=-voltage transient testing at the Post Office Telectronic Institute, gave
measured collector currenta that were in good agreesent with those prediocted
by the model.

Model 2, initially developed to model saturation effects, waa thus
also able accurately to predict the transfer characteriatios of the Darling-
ton transistor over almost three decades of applied collector-emitter voltage,
making it a useful toocl in predicting currents that would be measured during
transient overvoltage conditions.

The computed curve in Figure 5.19 (page 152) shows mmall irregular
changes in the slope of the collector current curve over this wide range of
voltages. It will be shown in Section 4.7.1 that this is & useful property
of the model which makes it possible easily to identify the cperating
regions of both stages of the Darlington.

E.6.5 (Use of Model 2 to minimize the area the Darlington transistor

Here the simulation program for calculating the collector current
of a Darlington tranaistor was used together with a process constant PC
of 1,5 and an area ratio N' of output to driver of &, being the sctual ratic
used in the FT018. The value of hPEH' or the '"Process Gain' &s it waa
termed, was calculated as a function of the collector resistance of the
output stage HEE to obtain & value for the Darlington gain that would
meet the C.N. and impulsing gain requirements for the IFE telephone, as
listed in Table 34 (page 62).
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Fliuru 4.19
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Figures 4.20a and 4.20b (page 154) show the process gain as a
function of collector resistance. Both these curves have the =ame basic
form and there are five distinct segmente as listed below.

la) The flattest segment of the curve, AB, corresponds to the
condition where both the driver and cutput stage are in
region 3, normal operation.

{b) In segment BC where the process gain begines to rise fairly
slowly, and the output stage is in region 2, quasi-saturation.

(e) The third segment, CD, is that where the process gain rises
even more rapidly owing to the driver moving into region 2,
guasi=-gaturation.

(d) For the fourth segment, DE, high-injection gain droop commences

ip the output stege, above the knee current density JB:' and
further compounds the increase in required proocess gain.

(1) For the fifth segment, EF, high-injection galin droop commences
in the driver, resulting in the greateat increase in process gain.

In choosing an eppropriate value of collector resistance, it was
clear that the decision to operate the driver in region 3, normsl operation,
and the output stege in region 2, guasi-ssturation, was & sound decislon, as
any attempt to put Hl:: above about B0 ohms would have had two consequences :
firstly it would have been necessary to have had exceptionally good process
control to meet both galn and breakdown roquiresents, and secondly the
gquasi-saturation resistence would have inocreased proportionately to collector
resiastance and materially added teo the impedance of the telephone, to the
detriment of transmission performance.

R.6.6 The PTO18 shown to be an unexpectedly conservative design

The active area actually required was determined by using the upper
limits for epitaxial layer resistivity and thickness given in Section 3.8.1
{page 95) and ealculating the collector area, ﬁnut" that was required to
Eive HG = 80 ohms, using the relationship

F‘nut = 100 x {J"‘EF‘1 x “’ﬁﬁ - 8)}/B0 = 100 x (75 x 62/B0)

= 0,582 oot



PROCESS GAIN

PROCESS GAIN

Figure 4.200
Dorlington process gain vs R with the correction for high injection levels included

e IMPLLSING TRANSISTOR
i g * 70uh
Te * 12Sma F
aRe— Veg * AW

=~ YEAY RAPID INCREASE 1N PROCESS
GAIN RECIRED DUE TO GaIN

o0 CROWDING IN BOTH THE DRIVER
AND QUTPUT STAGES

IL0-

240

AP0 INCREASE IN PROCESS GAIN
REGARED DUE TO GaIN CROWDING
IN THE QUTPUT STAGE ONLY

Ba
AFTH
al | | i | | j f | | | | | | ]
12 50 ac 130 170 2 220 290 330 IrQ
A | OHME)
Figure 4 20b

Crarlingten process gain vs Rg with the corraction for high injection levels included

300
| oM TRANSISTOR F
g = 125 ud
260 iz = 100 ma
Veg * @Y VERY RAPID INCREASE IN PROCESS GAIN
- REGUIRED DUE To GAIN CROWDING
IN BOTH THE DRIVER ANO CUTPUT
] STAGES
i B
[T o
el
RAPID INCREASE IN PROCESS GAIN
REQARED DUE TO GAIN CROWDING
IN THE QUTPUT STAGE OMLY
63
B
a By 0 1 1 '] i i i i 1

154



where B pm 1s the epitaxial layer thickneas used in procesaing.

In caloulating the ares of the driver, it should be ncted that the
figures obtainad from measurements of Rt:a and R.,, the collector resistances
of the cutput and driver stsges respectively, yielded a ratioc of approxi-
mately 6 for Hm,!!m. Using N' = 6 the driver area should be :

= 0,097 Ma.

Aor

In Table LA below, these computed areas ars compared with the actual
areas of the PT018, corrected using equation 2.6B (page 37).

Table 54 : Computed and measured active arcaz of the PTOVE

Qutput tranaistor PTO1E Driver transistor PFTO18
Ares Inz] Periphery (mm) Area {-21 Periphery (mm)
¢ [
0,3393 6,83 0,0532 1,36
.
Bqn 2.6B & 62 um epl Eqn 2.6B & 62 pm epi
AS USED 2 2
iwt = 0,60 mm 'ldr ¢ 0,095 mm
From 'Model 2* simulation A, w ik . IB
SIMILATED 2 e "
lﬂl.lt u ﬂ.EEE lﬂ? L l'.I.I:IETT ol

#The sctual geometrical area of the emitters before correction.

The sgressent 15 axcellsnt beatween the predicted areas required
for the PT018 end those aresz that were used in the actuzl leyout. A most
important point to note is that in Seoction 3.8.2 (page 95) it was shown
that the astusl active area of the Darlington that could be used was
less than that sctually required, solely for economic ressons. The sur-
prising finding from the sipulation using Model 2 was that at a process
gein of only 60, the area of the PTO16 was sufficlent to mest the satur-
ation requiremants at the upper limits for epitaxiel resistivity and

thickness. This was quite contrary to expectations, and the FTO1H design
thus



Measurements made during the production of the PTO18 confirmed that
a minimum process galn of 60 was required in order that the device should
peet the impulsing gain condition, thus lending conaiderable weight to the
validity of the model.

4.6.T PTO18 production controls derived from the aimulation

During production it was found that the most oritical step was that
of 'targetting' the gain of the Darlington transistors acourately, using
two "pilot' wafers to obtain the emitter diffusion time. Only after thia
gtep had been sucocessfully ocompleted could the balance of the batch pass
through emitter diffusion. A major difficulty was experienced in attempts
to measure the gains of the Darlingtons mcourately at the specified 3 V at
125 mA and 1,8 V at 100 mA. This could not be done with the simple probing
equipment in the diffusion area, as testa at these low voltages required
*Ealvin' probes, where the current ia foroed in through two probes and
voltages are sensed on another two. In addition the operation had to be
carried out in darkness, because under ambient lighting conditions large
photocurrents were produced in the high-gain Darlingtons.

To solve this problem it was decided to measure the process gain
of the output stage of the Darlington by itself. This was essily achieved
with the simple probing equipment available. A lower limit of 65 for the
process gain was used, derived using Model 2 with & small safety margin
added. Measurements were made outmide the quasi-saturation region at
iu #= 10 Vand I, = 60 sA. Under these conditions it was found that no
special precautions were required with the probes used, and that it was
noct necessary to keep the device in total darkness.

In Section 3.8.1 it was estimated that, in production, the process
gain would range between 100 and 300. This, in view of the results from the
modelling, was revised to a range of 65 to 200. The net effect was that the
peak in the distribution of 'BIDI s08) values moved from the anticipated
valus of 400 V to approximately 450 V, as may be seen in the distribution
Eiven in Figure 3.19 (page 102).
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§.6,8 Discussion of the FI018 design verification exercise

The exercise has shown conclusively that the use of Model 2 coupled
with information on the epitaxial layer specification, origimally derived
from Figure 2.13 (page 42), has not only verified the Darlington design,
but has yielded results that were far closer to the data obtained in prod-
uction than the initial estimetes made during the design of the Darlington.

It still remaiped important to establish that N'; the ratic of the
active areg of the output stage to that of the driver, had been optimized
in the PT018 design. From Figure 4.20b (page 154), computed using the more
stringent requiresents for gain for the impulsing condition, it can be ssen
that with a maximum collector resistance of 80 chms the driver is only just
meving into the quasi-saturatlion reglon. SEhould N' be increased beyonod the
value of & that was used, it is certain that the performance of the Darling-
ton would suffer, as the met gain of the driver would drop. Conversely, if
' were decreased significantly by increasing the area of the driver, this
would alsp yield little bepefit; as the Darlington would iporesse in overall
gize but would not offer enhanced performance, The cholee of N' = 6 thus
eppeared to have been extremely well founded.

To conclude Section 4.6, it may be confidently stated thet the
optimization of the PFTQ1E design required, as essential inputs, an acc-
urate knowledge of both the in-circuit operating conditions and a well
characterized process technology. Lack of informetion in either direction
would have led to the development of a device that would either not have
met the electrical requirements consistently or have been wasteful of
silicon area. Both cases would have proved fimsncially embarrassing.

Certainly, it is now clear that the only way successfully to design
a Darlington is first to undertake a complete evaluation of the process(es)
avallable, and follow this evaluation by a thorough device design exercise,
using Model 2 as an aid.
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§.7 MORE GENERAL APPLICATION OF MODEL 2 TO DARLIRGTON DESIGN

The purpose of this section is to demonstrate how Model 2 may be
used in & more geteral sense in the design of Darlington transistors. To
of fer full gererality would present & task of enormous proportions, thus
parsseters relating to the well-characterized PT0OV8 integrated Darlington
were used where required, and it is essential to appreciate thet the
computed curves refer specifically to the production process and layout
methods used for the FTD18, no unjustified and posaibly mizleading gemeral-
izations being made.

In fact, from the date presented, it is clear that as far too many
variables can play an important role in Darlington transistor deaign, the
use of & gereral simplified approach is precluded. To reinforce the view
expressed at the end of Section 4.6 it must be stated that any design exer-
giss for a Darlington should be carrisd out in the full knowledge of the
intended epplication({s) together with a knowledge of the production proocess
characteristies.

In gl]l ceses pressented in this section, the approximation lor high=
injection levels was inoluded in the computeér programs used., If this were
not dope, unreallstic results stemming from impossibly high collector curr-
ents would have grosaly distorted the results, particularly where optimiz-
ation of current-bandling ability was computed. All the values of the
paremeters used in the ocomputations refer specifically to the PTO18, and
are listed in Appendix 8.2 (page 288). Case-specific parmmeter values are
given on the graphs.

From the axanples given, use of the programs developsd should maks
it an easy matter to analyzre other transistor designs and applicstioms,
using the techniques described in this section. The parameters required
for the sisulations may be readily measured with standard, unsophisticated
laboratery equipsent.

B.7.1 .I.G va ?J;:_ characteristies

Using constants given in Appendix 8.2 (page 288), 1. was computed as
g function of 'h‘ﬂ for Il m 125 1].l.l|.. &= 2 pontrast to Figure 8.19 (page 152},
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graphs were drawn of the gains of the driver stage, output stage and the
deviocs as a whole, and these curves are presented in Figure §.21 (page 160).
This was dope in order to galnm a better understanding of the mode of oper-

ation of each stage of the Darlington. (It should be noted that owing to
the wide range of opereting voltages and currents presanted, logarithmic
scales were used on the abscisss and ordinate. These scales obacure the
linear nature of the curves in the operating regions enocountered in Model 2.)

A disoussion of the reglons of operation of both transistor stages follows.
() Driver transistor operating regions

The driver passes predictably from vn., the conduction threshold
voltage occurring at a Derlington collector-emitter voltage 'EE of
about 0,7 V, into region 1, the out-off region. At a 'I'.I of
about 1 V the driver passes into region 2, quasi-saturation, and
at a !ﬂ of 3 V reaches region 3, normal operation.

(b) Output transistor operating regions

Owing to the very low colleoctor ourrent the output device, contrary
to expectation, commences operation in region 3, normel operation,
and the gain drops rapidly with inoreassd collector current as the
device moves into reglon 2, Quasi=saturation. The output transistor
returna to operation in region 3 only when the collector-emitter
voltage exceeds about 30 V.

(e) The combined curve for the Darlingtor gain

Four regions of operation are shown, and thase are

cut-of f (driver transistor in region 1);

= driver transistor in region 2 and output transistor moving
from region 3 to region 2;

= driver transistor in reglon 3 and output transistor in region 2

- both devices operating in region 3; in this case it is worth
while noting that the measured Early voltage of a two=stage

Darlington transistor is just half that of a single tranalstor
stage.
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§.7.2 Effects of the basa resistanoe 'ﬁ.

In this instance the colleotor current of the Darlington transistor

with L = 125 ph was computed for different values of Ry, and plotted a=

a function of Vop. The results are given in Figure 5.22 (page 162), frem
which it is clear that the value of .ﬂ bas a significant &ffect on the
saturation perforsance of the Darlington, and that at 3 ¥ and lower the
g2in is reduced parkedly with inoreasing values of Iu. This 1i» due to

a reduction in the oollector-emitter voltage of the driver, Tm, which
moves this stage from region 2 to region 1, the cut-off region.

In Section 3.6.8.8 (page B8) it wes mentioned that one reason for
using an interdigitated emitter structure was the possibility that the base
resistanos of the output stage could affect the saturation performance of Uhe
Darlington. Probed measurements on the drop-in %/04 discrete transistors
on & wafer with the Darlington transistors indicated, after scaling of the
sctive area to equal the PT018, that the figure of Ry, would have increased
from sbout & chas to 10 chas if ap interdigitated structure had not been
used. From Figure £.22 (page 162) 1t may be seen that at collector currents
of even below 150 mi this would have made & small but definitely detrimental
difference to the ssturation performance of the PT018 Darlington.

8.7.3 Current bandling limits of the Darlington

In practice a clrouit designer may have control only over the
collector-emitter voltage and the bese drive current of the Darlington,
and may wish to use the device inm a condition where onée or both of the
stagen of the device are in a region where gain drops repldly. A paraseter
over which the designer would not mormally have control would for instance
be the process gain, where the device would aimply meet specified upper and
lower boundary limits and the designer would have no direct information on
how the device would perfors st such high ocurrent levels. In the sub-
sections following it is shown, with the aid of Model 2, how the current-
handling capability is affected, firstly by the applied collector-emitter
voltege - an external variable - and secondly by process gain, solely a
property of the devica.
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4.7.%.1 Current=handling limits as a function of TEE

In this section a process gain of 60 was used and the Darlington
gain computed as a function of collector current by inoreasing IE at four
fived values of ?EE' The gains a&re recorded as & function of I for valuss
down to a lower limit of 10, and are shown in Figure §.23 (page 164).

Before commencing & discussion on the importance of the whole ourve,
it is useful to explain the mature of the various reglons of operation that
the stages of the device pasz through as the Darlipgton gain deoreases,

The explanation is a parallel to that given in Section 8.6.5 (page 151},
where process gain was computed g2 & function of collector resistance Hl:'
Here; & sixth mode of operation is considered for low wvalues of collector-

emitter voltage. The operating regions are listed below.

{a) Segment AB, the flat segment, where the Darlington gain is
approximately egusl to the sguare of the process gain,

(b) Segment BC, where the output stage operates in region 2, quasi-
saturation, and the driver in region 3, normal cperation.

(el Segment CD, where both the driver and output devices operate in
quasi-saturation, thereby compounding the drop in gain.

fd) Segment DE, where galn droop due to high-injection effects
in the output device contributes to the overall drop in gain.

(e} Segment EF, where high-injection effects commence in the driver
stage, further compounding the gain droop.

() Segment FG, which is applicable only at low values of the collector-
emitter voltage. Here, as the base-smitter valtage of the output
device increases, the driver moves from quasi-saturation into the
cut-off region. The start of this region on the curve for
Veg = 049 V in Figure 4.23 (page 164) is indicated by the symbol 'X'.

The sequence in which these various regions of cperatien begin mEY
not always be the above as it depends, ipter glis, on the gecmetrical design
of the device, the properties of the epitaxial lsyer, the process gain, and
even the operating conditions.
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The curves in Figure 4.23 on the previous page show what is probably
the most marked difference from those presented by Whestley and E:i.nthnrul:rﬁ.
In the ocase presented here, gain crowding owing to the effects of the coll-
eotor region resistance is the predominant ressonm for the imitial fall in
Darlington gain. Only at higher collector currents do the effects of high
injection contribute significantly to the fall in gain. It will also be
noted on thess ourves that the value of the collector-smitter voltage plays
a most important role in determining the current level at which the gain
beginas to fall, a point that is given scant attention by the above authors.
Apoording to them, the applied collector-spitter voltage should have a much
smaller affect on the gain, but in fact this is only true at the uppar
limiting currants. For optisus saturation performance, the curve for
vl’.‘l ® 0,9 ¥V doas reinforoe the finding fn Section 8.T7.2 that the minimiz-
ation of ‘il'“ in the output stags playa an isportant role in optimizing
saturation in a Darlington transistor.

Quasi-saturation operation has thus been shown to be a vital faotor
in determining the maxisus current level at which & certain minimum gain
may be obtained from a Darlington, particularly at low collector-emitter
voltages.

4.7.3.2 Liziting Darlington gain as a function of process gain, h?!.ﬁ

Figure §.25 (page 166) shows the Darlington gain computed, as in
Lthe previous section, for five different values of process gain, with the
collector-emitter voltage fixed at 1,8 V. Noteworthy features that emerge
are listed below,

(m) Although an bad bDeen anticipated, with the process gain increasing
from 35 to 300, the peak gain of the Darlington transistor increases
by a factor of almost 100, at high-injection levels the valus of the
collector curreot at which the Darlington gain drope to 10 increases
from 0,38 A to only 1,1 A, i.e. by a factor of less than three.

{b) For higher gaina, the cnset of gain droop owing to high-injection

effects ir the output stage may occur before the driver moves into
quasi-saturation operation.

(a) The value of the collector current at which the gain begins to
fall is quite independent of the procass gain,
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§.7T.4 Effect on Darlington gain of the arsa ratio, RK'

At Fm = 3V, which is the maximum operating voltags of the FTO18
for the more stringent impulsing condition, the Darlington gains were computed
for three values of N', viz 1, 6 and 25, and the results are plotted in Fig-
ure 5.25 (page 168). In performing these ocomputations the total active area
for the Darlington (i.e. the sum of the active areas of the driver and output
stagea) was kept constant and equal to that of the FTO18 transistor. The
procesa gain hl'lﬂ was held constant at 60, as this value was the lower limit
initially used to meet the minimum specified gain of the PT018 during manu-
facture.

The total area under the curve with N' = 6 is the greatest, and offers
the widest posaibility of meeting specific gain requirementsz at high ocollector
currents. In addition, the curve for N' = 6 drops more smoothly tham is the
case for the curves with N' values of 1 or 25.

%.7.5.1 Comparison with practical results

For the case where N' = 6 it was possible to confirm good accuracy
for the curves, as this was the ratio for a PT0O18. For the case of N' = 1,
only the cutput stages of two similar PT018 transistors, assembled specially
for the test with bonding wires to this stage slone, were connected in a
Darlington configuration and the measured current values halved so that the
results could be compared with the computed curve. MAgain good agreement with
the computed curves was obtalined

It was not possible to coofirm experimentally the velidity of the

curve for N' = 25, as another set of photomaesks would have been requi red
for this exerciss.

§.7.8.2 An unexpected result

Intuitively it had been expected that as N' increased, the collector
current at which the gein of the Derlinmgton would reach a lower limit of,
say, 10 would increase owing to the increased area of the output stage.
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Quite the converse oocourraed, and a smell decrease in this limiting current
W3z computed. This decresse was ascribed to the fact that, as the area of
the driver was decreased, the gain of this stage decreased more rapldly
because high-injection effects became the predominating factor. This made
it igpossible to take advantage of the increased area of the cubtput stage.
That this observation was indeed due to gein crowding effects wes demon-
strated by removing the correction for high injection from the simulation
program. In this case the peak current inoreased continuously with N°.

In coneluding this section, it may be said that it would appear
that the value of only 6 for the area ratio W' in the case of the FTO018
has again been shown to have been well chosen. The fect that much higher
values of N' are encountered in commercial devices indicates that it would
be difficult toc make any generalized rules on the partitioning of the areas
of Darlington tranaistor stages at this point. To gain further insight into
area partitioning, the importance of the erea ratio N' is anmalyzed in greater
detail in the following section.

4.7.5 Optimizing the area ratio N!

It was shown in Section 8.7.8 that the area ratio N' had only a small

effect on the peak current-handling capability in the gain drocp region of &
Darlipgton, but had a marked effect on the shape of the gasin droop curve,
For a Darlington transistor exhibiting this type of characteristic, it was
decided that the total ares under the gain versus collector current curve,
termed the 'gain integral', would provide & good figure of merit for comp-
aring devices with different N' velues.

Sterting with N' = 1, the gain integral was computed above & thres-
hold collector current at which there was po gain droop (1 m& for the PIO1E).
In the computation the base current was inoreased in =small geometrical steps
and the increase in collector current at each step multiplied by the Darling-
ton gain at that step to form an element of area under the gain curve. By
summation of all the ares elements between IE = 1 mA and the limit of coll-
ector current, where the Darlington gain had dropped to 10, yielded the total
area for the gain integral associated with N' = 1 and this was recorded. The
same procedure for caloulating the gain integral was carried out using s
geometrical increase in N', the area again being recorded. Although a wide
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range of N' values wvas used, the total active area of the device was held
constant, so that the resulting 'normalized gain integrals' could be oco=-
pared as a funotion of area ratio, W'. In these computations the process
Bain hpp, vaa held at the minimum value of 60.

Figures 8,.26a and 4.26b (page 171) show the curves for the normal-
ized gain integral and peak current-handling capability of the device for
a gain of 10, computed at the same time, for V., = 3 Vand 1,8 V reapect-
ively. Compariscn of these two Eraphs shows that the optioum area ratlo
appears to be & function of the collector-emitter voltage. At ?EE e 3V,
the optimum value of N' is approximately 5, and at 1,8 ¥V it is about 3.
This strong dependence on collector-emitter voltage was not anticipated,
and is analyzed in more detail in Seotion 8.T7.6 (page 172).

The normalized gain integral, peaking at N' = §, rwtunjl',
actually refers to the current-handling capabdlity of the device, up to
limiting collector currents many times greater than the 125 md limit for
the impulsing condition. It may be seen from Figure &.26a that for the
PFTO18 with N' = 6, the gain integral was only 2 per cent below the valoe
for optimized operation down to a Darlington gain of 10. At 1,B V, where
i* pemks at 3, & reduction of only 6 per cent in gain integral may be
seasured from Figure 4.26b. From these results it is clear that 6 was
indeed an excellent value of K' to have used in the PTO1B design, as the
device was not only optimized for the specified operating conditions,
but alsc well optimized for operation over a very wide range of collector
currents even up to limiting velues &t high=-injection levels.

It is elsoc worthy of note that the optisim current-handling capa—
bility of a Darlington made imn the PTO1E proocess occurs for an area ratio
of about 1,1 in Figure 5.26b, the Veg = 1.8 V curve. Thereafter this
capability decreases a3 N' increases. A peak in the collector currant-
handling capability doez not appear on the 3 V, curve which does not give
results for values of N' less than 1 vhere this peak ocours.

Tnesse results were not verified experimentally, but the =sisplest
and lesat expensive manper in which this oould have been done would have
betn to provide, say, 2 5 x 5 matrix of mall discrete transistors that
could be connected in Darlington configuration with a sufficient veriety of
intérconnection patterns to provide ares ratios ranging between 0,25 and 28,
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4,7.6 Peak N' as a function of three different variables

In this section the computed peak values of N' are presented a=
functions of three separate variables ; the collector-emitter voltage
'EI' the process galn hFIH and the process constant PC.

5.7.6.1 Peak N' a8 & funotion of Vm

To compute values for the curve, the collector-emitter voltage was
increased in gecmetrical steps from just above the voltage at which the
Darlington commenced operstion, and the optimum value of ¥' computed for
esch value of the voltage.

Figures 4.27a and £.27b (page 173) show the peak value of area ratio
as a function of collector-emitter voltage, for values of process gain of 60
ard 180, respectively. For a gain of 60 there is a =light inorease in N'
&s the transistor commences operation, leading to an initizl peak value of K*
that was just under 5. A drop then follows to N' Z 2,5 at 1,5 volts. There-
after the value of N' increases steadily and the ourve flattens cut at a value
of about 18,5 at 30 V. The second curve shows no drop in N' at low voltages,
but again flattens out at about 30 V, this time to a peak of N' = 24,

Certainly the major implication when designing a Darlington in the
the PT018 process appsars to be that, at lower voltagea, lower values of N'
are required for optimum Darlington gain characteristics. When optimum
saturation characteristics are aimed at, low valuesa of N', certainly values
below B, are called for, irrespective of the proocess gain. It should be
noted that for the lower value of hl"!!l lower values of N' are required to
ensure optimum Darlington gain performance at low ocollsctor-emitter voltages.

§.7.6.2 Area ratic as a functiom of the process gain

The only control that a cirouit designer rormally has over the pro=-
cess galn is an acoept/reject criterion against an electrical test. If,
however, it should be desired to evaluate the Darlington device for appli-
cations other than those for which it was designed and where different
process galn limits would apply, the following computation would be of use,



OPTIMAL ARES RATIO N

OPTIMAL AREA RATIO W'

73
FIGURE 4 270
s‘ OPTIMAL VALUE OF AREA RATIO N' AS
.- A FUMCTION OF COLLECTOR=EMITTER VOLTAGE
2]
= hEEM = 80
3
-¥
=
=
8
S -
3
Mg
2
=2 — T T - T ¥ e = ]
ol Lo 10 100
COLLECTOR- EMITTER WOLTAGE Vg (V)
g FIGURE 4 2Th
2 OPTIMAL VALUE OF AREA RATIO, N' AS
Ly A FUNCTION OF COLLECTOR -EMITTER VOLTAGE
J
o4
E-. EEMm = 180
o
)
!4
2.
o
2
m
8
-
3
(=]




174
giving the optimum ares ratio as & function of process gain.

Figures 4,28a and 4.28b (page 175) show the variation of W' with
process gain at collector-emitter voltages of 3 V and 1,8 V respectively.
Thess curves reveal that the inerease in N' with process gein is rapid
initislly, but the rate of increase drops at the higher-gain end of the
curves.

Referring again to the PTI0VB transister, with ‘ﬂ! = 3 ¥, Flgure
5.28a shows that for ' = 6, the associated process gein for optimumm
performance over the widest range of collector currents would be BO.

From Figure &.2Ba, for ‘il'u £ 1,8 Vv, the PT018 would be optimized at a
process gain of 180, Both these process gains are within the normal
production limits for the device, thus it would be possible to select
devices withk optimm gain integrals for either of these cperating voltages
if such were regquired.

§.7.6.3 Optimum area ratio as a function of the process constant, PC

The process constant PC is simply the retio Hqs"’"c and haa been
found to vary very little for & given discrete trensistor production process.
An imvestipgation of over 20 different transistor types from various manu-
fasturers, has shown that the ranges of valuss for PC was betwean 1,2 and
2,% at ambient temperatures, The value of PC for the NEERI high-voltage
trensistor process wes approximstely 1,5.

FC is an important variable for the following two reasons.

(=) It i= tempersture-dependent, decreasing with increasing temperature
for the NEERI process, &8 indicated in Figure 4.12 (page 137),
implying that a velue of N' should be chosen sulted to the operating
temperature of the deviee,

(b) If it should be necessary to find a second source for the PTO18
Derlington transistor, it is probable that even if the same set
of masks were used in apother manufacturer's proocess, & different
process constant sight adversely affect device performance.
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To investigate {b) further, Figure 4.29 (page 177) was plotted and
shows N', calculated as & function ef the process copstant over the range
frem 1,1 to 3, for a device with a process gain of 60 at an applied

oollector-emitter voltage of 3 V.

It is clearly seen that for any value of the procesa constant below
1,2, & high velue of N' is indicated, but above PC = 1,2 very little change
ip N' is required for values of PC up to 3. There would thus appear to be
no objection to the use of another manufacturer's technology, provided that
the process constant were above 1,2, bearing io mipd, of course, that PC is
reduced at high temperatures (see Figure 4.12, page 137). It would now
appear that the major considerations would be to ensure that appropriate
values of collector resistance and collector-emitter breakdown voltage were
achieved in an alternative technology.

5.8 CONCLUSION, AND DISCUSSION OF THE VALUE OF MODEL 2

4.8.1 Deductions from the use of Model 2

Model 2 was initially developed to characterize saturation apd quasi=-
saturation operation in high-voltage transistors, and it has been shown to be
a viable tool that provides gratifyingly sccurate nmumericel predictions of

ocperation in these regions.

Crly two radically npew parameters were lotroduced; these belng the
'Quasj-saturation Hesistanoae' qu gnd the Cut-off Voltage ‘ifm, al though
the Conduction Threshold Voltage ?ET (= kT/q) used in Model 2 is mt least
new in name. Heasuresent of the parsmeters for Model 2 is geperelly simple,
rapid and accurate; end velues can be obtalned without the ald of expanszive
equipment. It was found that defeult values of 'I.I'm e 200 mV and ?n. = 25 oW
ggve good agreement between measured snd compubted curves. This implied that
if a rapid assessment of the ssturstion and quasi-seturation performance of
a transistor is required it should be necessary to measure only RE" HQE
and hI‘EH'
The applicability of Model 2 was demonstrated for the =pecific case
of the PTO18 integrated Darlington. The modelling procedure is, however,
confidently believed to have far wider application, provided the following
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precautions are obaerved.

(a) The mumerical limitations of Model 2 should be appreciated.

{b) Current densities should be used for which Model 2 is & valid
arithmetic tool, or a valid correction for high-current injection
should be introduced into the calculations.

(e) Operating points chosen for computations should be realistic and
such as do mot violate points (a) and (b) above. It has been found
s simple matter to do this in ocertain cases either by moving the
operating points or adjusting device parameters, such as the
proceas gain.

§.8.2 Application of Model 2 in more geperal simulation programs

If it were wished to apply Model 2 directly in a designer-orientated
sigulation prograa for integrated circuits, such as *"SPICE', it would be
necessary to conaider the following.

{a) A simple and rapid numerical sethod should be devised for rounding
of the transitions between the three regions of operation, so as
to cbviate harmonic products of unrealistically high order being
caloulated in AC analyses.

(B) Additional parameters suitable for Model 2. In addition to those
pormally ossd in *SPICE' the only other peremeter would be the guasi-
saturation resistance IQS measured in the manner required for
Model 2. As noted in Section 4.6.2.2 (page 186), the parsmeter IE
ip an integrated circuit trenzistor would heve components froe both
the active transistor area and the path to the collector contact.
This would only mean that the method of measuring B, should relate
to the total value, instead of just the parasitic resistance measured
with the tranaiastor driven hard on, which is present practice. As
the value of lc would depend on the layout of the transistor, the

ratie anf e would no longer be a constant, and the concept of a
process constant would no lonmer be velid.
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(o) It would be neceasary to sssess the limits of the performance of
Modal 2 at higher frequencies. The only such experience with the
podel was in the case of surges of duration of about 1 microsecond,
whare the predicted values of collector current agreed well with
thoss measured during surge testing of the FTO18 in the Disa tele-
phons. (See Section 5.6.% on page 151.) Here the results referred
to operation cutside the saturation regions, where voltagea of up
to 350 V were applied to the device. As the PT018 had a transition
frequanoy rT in axcess of 10 Miz, Model 2 was found to be acourate
for these surgs conditionas. {hudnhilkﬂ has demonstrated the time-
dependence of saturation, and the effects of the collector epitaxial
layer in high switching-speed transistors wera considered by Tang et
il.“. These studies could well form the basis for the extension
of Modal 2 to prediction of saturation at high freguencies.

In concluding Section 4.8 it may be said that from the resultas
derived during the production of the PTO18, the soundness of Model 2 as a
design tool for steady-statea saturation prediction has been borpe out, and,
viewed as a whale, the model has been shown to be an original concept.
Having been developed on the basis of conclusions drawn from experimental
data, Model 2 forma a tool that promises to find wide application, partic-

ularly in view of the ease with which it say be applied and the accuracy it
can provide,

To sumsarize the deaign techniquea developed in Chapters 2, 3 and
§ a flow diagram is presented in Appendix 3.5 (page 258%) giving a possible
sequence of steps in the deaign of a transdstor,



CHAPTER 5

PROCESS TECHNOLOGY DEVELOPMENT, TECHNOLOOY TRANSFER AND
DATA MANAGEMENT FOR THE PTO14 AND PTOVE PROJECTS

5.1 INTRODUCTION AND SUMMARY OF CHAFTER

The preceding three chapters have covered certain research [indings
and development activities associated with contracts for the development of
two high-voltage transistors. The whole programme spanned more than five
yeara. To date almost two million working devices have been successfully
produced, processing being handled in a small integrated ciroult facility
that was not initinlly intended for the manufacture of devices of these
types. The success of thess undertakings represents a unique record in the
history of South African mioro-electronics. In analysing the programmes as
a vhole, it turns out that almost 20 per cent of the time was davoted to
device and process development and the associated research. The balance of
the activity was essentially of a technical administration mature, as it
vas necessary to liaise impartially at all levels and stages with the die
marufacturing parsonnpel, and at pore senlor levels through the production
chaln to the purchaser of the subseribsr telephons. With the objeet of
improving device quality and system reliability, and reducing cost, data
were gathered at all stages of the programme {rom whatever sources were
avallable, and the neceasary refinsments, both technical and procedural,
made on & contlpuous basls.

A brisl Bketeh of the chronology of the programmes 1s glven, and
this is followed by a discussion of three key aspects of the undertaking :

(a) process development, Lincluding the specific constraints relating
to the production mctivity;

(b) transfer and industrimlization of the process technology; and

{e) data asoquisition and data management Bs an aid to production.

5.2 CHRONOLOGY OF THE PHOORAMMES FROM DEVELOPMENT T0 PRODUCTION

The transistor development programmes embraced s large number of
activities, and the purpose of this section 1s to 1ist the major ones in
chronological order, while imparting some conception of the breadth of the
undertaking to complement the depth detailed in the previocus three chapters.
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Figure 5.1 (page 182) is in the fors of a flow diagram and shows
the sajor constituent activities from the inception of the programmes.

5.3 FACILITIES AVAILABLE FOR FROCESS DEVELOPMENT

In the development of the process technology for the high-vol tage
transistors, the author had laboratory eguipment available dating £n design
from the late 19602 whilst more advanced technologies, such ss ion implant-
ation, were not available. The NEERI Integrated Cirouit Facility (ICF) had
in uss a planar bipolar integrated cirocuit process dating from about 19648,
used for the manulfacture of integrated circuita with a paximem collector-
emitter breakdown of 20 V.

Resources related to analytic tools and aveilable at the C3IR were
good, comprising moat of the modern surface analysi=z techpniques. Freguent
use was made of the scanning electron microscope (SEM), both during
development and for trouble-shooting during production. The process
control measurement facilities available for production were not advanoced;
they included good optical microscope facilities, a groove and photo-
chemical stain method for junction depth determination, and a four-point
probe for the control of boron and phosporus depositions.

In order briefly and clearly to compare the requirements for the
development programmes with the resources available, a tabular approsch has
been adopted, the maln conalderations appearing in the first three tables
that follow.

Table SA (page 1831) compares avallable facilities and processes
with those required for high-voltage transistors, and indicates each type
of change that was required. Table SE (page 184) deals with the required
process changes ir more detail, and Table SC (page 185) compares the aveil-
eble snd required inspection and quality screens.

Table 5D (page 186) is not directly related to the development
progra=ses as initially set out, but does show how the total involvement of
the author extended into related areas of high-voltage transistor activ-
ities outside the CSIR, and how these considerations led to positive
contributions to other aspects of the undertaking.
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FIGURE 5.1 THE DEVELOPMENT OF THE PTOI4 AND PTOIB. THIS DIAGRAM

SHOWS THE CHRONOLOGICAL SEQUENCE OF EVENTS IN THE DEVELOPMENT
PROGRAMMES FOR THE PTOI4 AND PTOIB TRANSISTORS.
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Table 54 : A comparison of required and availsble process capabilities
Item Required Avallable on site Change Hature
1 Epitaxial silicon Epitaxinl silicon Yes Specification
33-50 ohm.cm 5 ohm.om
b5 pm thick 18 pm thick
2 Deep diffusions Shallow diffusions Yes Proceas
for BV, = 500 ¥ BVog = 150 ¥
1 Stable lpgg charac- | Instability in I“D Yas Proceas
teristics after after stress
reéverse-hbiss stress
4 High reverse “m <TV Tes Frocesa
smltter-base
breakdown > 7 ¥V
5 Oxides with high Emitter oxide Yes Process
breakdown=-vol tages inadequate
and low EIH
] Large active area Emall mctive area Yes Layout
(= 0,4 aa) (0,04 ae?)
) Ability to handle Only 500 p.a. Tes Equipment
2 000 wafers p.a. hand] ed Organization
8 Electrical testing Testing to 100 V Yes Fevised and
to 300 V then 450 v later, new
test gear
9 Quality assurance & | Quality assurance & Yes Few limits
procass control process control

Items 2 to 5 imply considerable process changes were regquired, and
sose key features of these changes are covered in Table 58 on the next page.



184

Table 5B : Details of changes for high-voltage tranalstor prooess
Item | Process requirement Process svailable Type of change made
—————
1 Field oxide > 1 Jm First oxide 1,2 )= B change
2 Base deposition (high | 90 obm/square No change
sheet-resistivity)
3 Base drive=in to Base drive-=in to Dae of imolation tube
approx. T jum 3 pm at 1150 % at 1180 °c
(2 hours) (& hours)
] Emitter depoaition Emitter drive-in at | Use of spare smitter
and drive-in 1050 °C (1/2 bour) | tube for up to 5
to 2 pm hours at 1050 °C for
6 pm (later modified
to 1080 “c)
5 Post-emitter anneal Poat-emitter anneal | Oxidation system added
with oxide regrowth at 900 °C in K, to existing anneal
tubs, use dry-wet-dry
oxidation and IE anneal
6 Metal : 1 ym Al Metal : 1 pm AL No change
T Sinter 500°C Wet sinter 500 “c Mo change
!! via 25 °C water
B Fhoto-engrave : asll Base, emitter, Eteh times podified
stages contact & metal (only single masking
photo-engrave exist step on emitter used)
9 Lapping and gold Nope available Lapping and gold
backing sputtering equipment
constructed
— *_ = = —

Changes to existing inspection screens and tests were sade whers
required, and standard inspection sereens adopted where posaible.
Details of the action tsken are given in Table 5C (page 185).
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Iable 5C : Inapection screens available and modifications made
85 & result of initiatives taken by the suthor
R
Item | Screens regulired Sereens available Changes or additions
1 Incoming siliecon Optical and visual Optical and visual as
inspection per manufacturer's
specification. Add :
{a) Fracture test for
erientation
(b) Groove and atain
for spitaxial
thiockness
2 Oxide thickness Measurement on New limits set for
Dektak instrument base oxide and emitter
oxide after anneal
3 Four-point resis- Four-point resist- New limits set for
tivity probes for ivity probe base drive=in and
(a) Base deposition epitter deposition
(b) Base drive-in
(o) Emitter dep.
& Visual inspection
{a) Etck limits (a) Sereens as for (a) Ne change
bipolar ICa
(b) Alignment limits| (b) Alignment limits| (b) Mo change
{e) Final visual (e) Final visual {e) New specification
inspection inspection
4 Eleoctrical teats Electrical tests
(a) In-process tests| (a) In-process tests| (a) Messuring
for low=voltage conditions changed
dévices
(b) Final electrical| (b) Low-voltage (k) Test gear modified
probe test probs Etaat end constructed
a Field failure Not available System set up for
apalysia recovering deviess and
analysing failures
e e——— -




Table 5D :

Contributions by
outaide the CSIR

186

the suthor to progremme-related activities

Key : (1) Direct interaction with author (2) Indirect intersction with author

Ttam

Process and socreen

rogud rement

Processes and soreens
available

Additions and changes

doourate test for
knee voltage at
probe and final
test (PTD1A4)

Contamination
reduction in
assembly

Die bond isprove—
ment reguired

Pre-encapaulation
visual inspection
to be improved

dpecification for
electrical para-
meters and device
quality. Accelera-
ted lifs teat
specification

Surge testing
and the identifi-
gation of failure
modes

Exlsting scresns not
relisble for knee=
voltage testing
(PTO14)

Hethods mot suited
to minimizing
contemingtion

Gold backing process
oot characterized

Inadequate eguipment
and documentation

Specification of
alectrical para-
meters

Surge testing
available gt
Fotelin

| Procedural changes

Acourats sorting
limits computed (1)

Contamination sourcea
identified (1)

instituted (2)

Suitable specifi-
cation for gold layer
derived (1)

Gold plating inveati-
gated (2)

Assistance given in
setting up new inspeot=
ion doocumentation (2)

Complete component
quality specification
produced with scoslers-
ted life test specifi-
cation and end-of-1ife
paraneters (1) and (2)

Failure modes of
transistor identified,
énd recommendations
made for telephone
protection (1)
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B4 DETAILED SECTION COVERING PROCESS DEVELOPMENT
This section relates primarily to Tablea 5A (page 183) and 5B (page

188) and elaborates on the most important processes for the high-voltage
transistors developed in the laboratory.

£.k.1 Base diffusion proceas

This was & key prooess step in the fabricatiom of the PTD1A, and
later the PTO18. Both devices required very good control and repeatablility
of gain. For the PTO18 alone a high reverse value of “m vas required,
preferably excesding 8 V, as it had been found experimentally by Hesson'©

that thi=z was 8 desirable proparty for the devioe.

Frocess development was experimental, but puidance was taken from
Slotboom and De Graaffo? in adopting a low level of boron concentration
that would not degrade device performance owing to bandgap narrowing in the
base region. A summary of the final base process follows, covering both base

depozition, using boron nitride disc sources, and drive-in at a higher
temperature.

(a) Base deposition was carried out im dry argon st 915 °C using oxid-
ized boron nitride ceramic discs, The deposition value was §0 plua
or pinua § ohes per square, (This represented the lowest concen-
tration available in a characterized process in the IC Production
Faollity.)

(B) The base drive-in was carried sut st & tempersturs of 1180 °C, as
the spare lsclation diffusion drive-in tubes had to ba used and was
set at this temperature. The drive-in sequence was as follows.

= One hour in dry oxygen to drive the junotion uniformly in
to about & um without depleting the surface concentration
rapidly and thereby causing large spreads in resistivity.

= Ooe hour wet cxidation to reduce the boron surface concentration
for increased Vg0 {The partition coefficlent favours an
increase in boron concentration in the oxide rather than in
silicon during oxidation processes. During wet oxidation the



boron is leached rapidly from the silicon surface.) After the
significant drive-in of boron in the previous step, the subse-
guent wet oxidation process had little effect on boron concen-
tration in the active region near the junction.

- Three hours in dry oxygen to drive the junotion in to sbout T um.

= Fifteen minutes in dry nitrogen to reduce '-'I'“.

As the btase drive-in proocess wes highly reproducible, veriationa in
sheet resistivity were generally the result of variations in the boron dep-
osition process. No provision wvas made in the drive-in step for varying
the time of the wet process in order to modify the sheet resistance, as it
was found that after the ope-hour drive-in in dry oxygen, compensation 1in
this sanner did not pecessarily modify the transistor gains in a predictable

mANmEr.

5.8.2 The mitter-diffusion process

The emitter-diffusion process was a compromise, as only one tube
was avallable and it was desired to carry out the deposition and diffusion
in n single step. To decrease phosphorus concentration, the measures
indicated by Morris and Katz® were adopted as far as was possible, The
purpose of reducing the phosphorus concentration was to reduce the density
of diffused-in defects (DID) and emitter cdge defects (EED) that can degrade
the electrical properties of the emitter. Stojadinanovic and Pnpmr.lam
Bave indicated that an over-reduction in emitter phosphorus concentration
can, whilst virtually elimimating DID and EED, resilt in reduced gains at
lower values of collecter current. However the method described by them
for eliminating EED includea performing a shallow boron diffusion before
the emitter diffusion, and was not suitable, as additional processing would
have had to be added. Hﬂrrinﬂ emphasizes the importance of a slow cooling-
rate after the emitter diffusion to optimize the gain of integrated injection
logie transistors, as this conaiderably reduces the magnitude of edge dislo-
cation grids (EDGQ) between the N+ and P diffusions.

The process adopted for emitter diffusion was optimized for & short
deponition time in order to yield the lowest reproducible concentration of

pheaphorus from a liguid Fﬂﬂla source, followed by & long drive-in time and
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g slow cooling-rate. Figure 5.2a (page 190) shows the deposition sheet

resiztivity as s function of percentage of the oxXygen carrier gas passed

through the source bottle. From the flatter part of the curve a value of
16 per cent was used, Figure 5.2b (page 190) shows the deposition resist-
ivity as = function of the depomition time, and here ten minutes was found
to be adeguate. In a separate study, carried out by Hiaunudtﬁh under the
direction of the suthor, the emitter process was optimized for the product-

ion of the PTD18 Derlington.
The following is a summary of the process sequence adopted.

- Load wafersa into furnace at 1050 °c (later 1080 °C) over
g period of 5 minutes, and allow to reach thermal equilibrium
gvar & further 20 minutes in an oxygen atmosphere.

= Deposit phosphorus for 10 minutes.

- Drive-in for a pre-determined pericd derived from a test
run using two 'pilot' wafers to obtain the correct gainm.

= FRemove wafers from furnsce over a pericd of 15 minutes,

5.8.3 The post emitter-anneal process

Post emitter-diffusion anneal followed by the alumipium alloy
process (described in Section 5.4.4 on page 192) are essential processes
for the optimization of the properties of double-diffused transistors.
One of the parameters most strongly influenced is normally deviee gain,
and the discussion centres mainly on this.

It is atandard practice to apply a thermal oxidatien process during

the emitter diffusion, and to follow this by & nitrogen anneal step &t a
lower temperature, typleally in the reglon of 900 %c. This was the case
for the HEERI integrated circults and low-voltage transistors. Unfortup-
ately in this process the oxide thickness over the emitter region was only
slightly greater thapo 100 mm and highly phosphorus-doped, the latter being
shown by the difficulty in controlling the rate at which this oxide layer
was etched. A further problem was that considerable gain changes alweys
occurred if the emitter-base junction was ever reverse-blas stressed.
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For the PTO1% application susceptibility to reverse emitter-base bias streas
wes totally unacceptable, &8s the devipe might be subjected to reverse
emitter-base bias stress when fitted to older telephones without a series
diode in the base circuit.

In an effort to overcome both these problems, the suthor decided that
part of the annesl cycle at 900 °C should be an oxidation step to provide
g thicker oxide with a lower copcentration of phoaphorus thet would eteh in
g ocontrolled manper and would have good dielectric properties. Comventional
thermal cxidation during this atep was geperally regarded as undesirable,
owing to phosphorus pile-up at the oxide-silicon boundary (on the silicon
side, as the partition coefficient favours this). Eurnlsmﬁﬁ has shown that
for B process temperature of 900 °C oxidation can cause stress at the oxide-
gilicon interlace, and it wes concelveble that this stress combined with
silicon lattice deformation due to pile-up ocould degrade transistor gain.

The approach adopted by the author was to add a wet oxidation step
during the anneal process; 85 1t was known that wet coxides are less dense
and would therefore be more likely to take up this stress. This procedurs
would also cause a stable passivating layer to be grown, with & lower con=
centration of phosphorus. It was known from earlier experiments {hithiaaT:I
that reproducible dielectrie strengths of & MV/em could be expected from
such an oxidation process. 4 target oxide thickness of 0,5 Jm was set, to
provide an oxide dielectric capable of handling voltages of wp to 300 V, in
case more complex circults with metal crossovers should ever be required,

Once again the importance of & slow cooling-cycle was taken into
account to help anneal out disloecation grids at the end of the anneal oyele.

A summary of the wet oxide anneal process is given below.

= Slow insertion into process tube over 30 minutes in oxygen:

= dry oxidation for 30 minutes;
- wet oxidation for 60 minutes;
= dry oxidation for 30 minutes;

= dry nitrogen anneal for 30 minutes to rediuce QH {Emithi&a.r};
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- withdrawnl in dry nitrogen over a period of 30 minutes.

At the end of the anneal process the phosphorus sheet resistance had
increased by 10 to 20 per cent compared with the value measured immediataly
after diffusion, indicating that the wet oxidation did not result in further
phosphorus being absorbed into the silicon. In addition the etching of the
oxide has at all times been well controlled, indicative of a less than orite
toal concentration of phosphorus in the oxide. The total oxide thickneas
was pominally 0,5 jm, and the dielgotric strength, as messured on the */118T
test circuit (Figure 3.5a& page 70), generally exceeded T MV/om.

5.5.8 Sintering or alloying of the aluminium layer

The alloying step was vital im providing good ohmlc contact to the
diffused device, and the results of numercus experiments indiocated that the
gains measured before and after alloying increased by a factor of between 3
and . The mechaniss of gain increase has been ascribed by lrinu“ to a

powerful scavenging effect produced by the slloying process.

The alloy prooess adopted for the high-voltage transistors was ome
alresdy available in the NEERI IC Facility, carried out at 500 °C for 15
minutes in nitrogen that had been bubbled through water at 25 °C.

The advantages of "wet' sintering were investigated by Itult:l.q“. and
in the oase of the PTO14 transistors it was found that the gains were boosted
by 10 to 20 per oent when compared with the gains of those devioces Eintered in
dry nitrogen.

£.4.5 Eveluation of PTO14 devices produced with the new procszses

Measurements made on PTO1Y devices showed that the gains were ex-
tremaly stable, and not affected by reverse-=bias stress on the emitter-base
Junotion. Tests carried out on the equipment described by E-nmnnn“
btipolar transistor parameter evaluation showed that despite the relatively
large area of the PTO1S, the gain of the transistor dropped to 310 per cent
of its peak gaip at a collector current less than 1 uA, as shown in Figure
5.3 (page 193), this being an extremely small drop in gain for & device
with =n active ares of approrimately 0,45 -2.

for
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To reveal defects in the silicon, a wafer with a high yield of
PTO14 devices was stripped of aluminium in a mixture of concentrated
sulphuric acid and hydrogen peroxide., Next, all the cxide was removed in a
buffered oxide eteh containing hydrofluoric acid, and then the whole wafer
etehed for 30 seconds in & '"Sirtl' etch consisting of a mixture of chromic
and hydrofluoric acid. Figure 5.4a (page 195) shows the secondary electron
igage (SEI) of an area of a davice extending from the emitter of & FTD14 to
the scribe chenpel., It can be =een that the soribe channel, where there
was no boron diffusion but only phosphorus emitter diffusion for the
equipotential ring, was singularly free of defscts. The emitter region,
however, shows & very high density of defects, but these tend to disappear
towards the edgs of the emitter in the reglon that remained under the
thermal oxide. Figure 5.45b (page 195) shows an electron micrograph made in
two seotions, the first of which is a standard SEI pioture and the second
an electron-beam induced contrest (EBIC) image. When the SEI and EBIC
ipages are compared it is quite clear that there 1s significant lateral
diffusion of the emitter into the base region and that in thiz case the
defects shown in Figure 5.4a would not reach the emitter edge. That these
defsots were not emitter edge defects and that they were not electrically
active was supported by the finding that the device exhibited good gain

properties at low collector currents.

The corigin of the defects was something of & mystery. They werae
absent in the scribe chanrel, where there was no boron diffusion, and yet
they glso tended to dizappear under the thermal oxide in the emitter
region, where no aluminium was present. It was concluded that the alwmin-
ium alloying process had played some part in the formaetion of the defects,
a view that has not been offered elsewhere in the literature. As the
devices performed admirsbly, further investigations to substantiate this
effect await a more convenient opportunity.

Summarizing Section 5.8, it may be said that the process technology
developed for the FTO14 and later used for the PTO1E was highly successful,
and specifically the wet oxidation anneal procedure vital towards producing

high-stability devices, with minimal parametric devistion after army aleo-
trical stress.
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5.5 TRANSFER OF THE PROCESS TECHNOLOGY AND INDUSTRIALIZATION

£.5.1 Precedents for production mctivities within the CSIR

By its fundamental terms of reference the SA CSIR was not established
with the aim of masa-producing high-technology items. Only in the case of
the SA private sector not being in a position to produce a specific product
assantial to the sconomy of the country, would the CSIR conaider production
if the resources were available. This was the case with the PTO12 and PTO18.

5.5.2 Earlier experiences with technology tranafer

The author had experience of two efforts aimed at the tranafer of
technology for microcireuit production, one sucoesaful and the other much
less s0.

The former exercise was the tranafer of the technology for the
production of bipolar integrated circuits from the United Kingdom to WEERI.
This was commenced in 1974 and the lnthurﬂ' was invelved in early planning

work. By 1978 stable production of the bipelar integrated circuits had been
achieved.

In the opinion of the author, the success of this transfer was due
to the dedicated involvement of three individuals seconded to the project.
The first was a management specialist, the second a technologist familiar
with the process technology, and the third a quality assurance officer who
was familiar with the screens used for the particular production activity.
Undoubtedly the most difficult task of adaptation in the whole undertaking

was that of comparing the goals of a Civil Service style lsboratory manage-
ment and administration system with needs of a successful production oper-
atlion, amnd matohing the two.

The task of tranaferring the technology for an integrated injection
logio ‘.’IELII process from the laboratory into production in the WEERI IC
Facility was acoomplished less well, despite the important impact that a
succeas would have had for local designers., Although the process technol-
ogy developed in the laboratory was highly successful, the technologists
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conocerned with the transfer, having no stipulated pre-reguisite requirement
for m commercial success of the venture, carried out thelr task on a non-
dedionted basis, and the time spent could rather have been classed as &
part=time charitable effort,

5.5.3 Tranafer and industrialization of the high-voltage transistor process

Although the author was a laboratory stafl member, lacking training
in production disciplinea, the transfer procedure of the high-voltage trans-
istor process was undertaken with complete dedication.

However, it was far easier to find weaknesses in the production
enviroment than it was to pake constructive suggestions for improving
procedures, but armed with an understanding of the problems that existed
in the production system it was posaible to tackle each one s it arose.

At the outset a number of important principles, detailed below,
were adopted in the tranafer exsrcise.

(a) There should be no interference with any existing production proced-
ures and screaning techniques. Existing processes and screens should
be used where applicable, new ones being added cnly where essential,

(b) Compunication based on the usual hierarchicel system typical of a
Civil Service-type operation was improved by adopting a 'Lateral
Information' flow scheme® aimed at keeping all individuals, whether
@irectly or indirectly involved in the transfer, rapidly informed
and fully abreast of current status. Figure 5.5 (page 198) shows
the flow pattern of inforsation during the development end transfer
phases of the project.

{e) End user involvement was encouraged, and the Quality Assurance
Section of the the Department of Posts and Telecomsunications
became actively inveolved and seconded two technicians to essist
with the tranafer operation.

(d) Provisional specifications for use during the transfer phase were
prepared for each step. Written communications were found to be
vital, and vere employed for communications of any nature. In the
the interests of speed, which wes an important factor, copies of
handwritten memorands were distributed to all parties.
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5.5.4

A poliey was adopted exeluding virtually all intervention by labor-
atory staff in proceas operations after these had been inatituted
for production. This rule was deviated from only when help was
specifically requested or data had to be gathered leading to the
setting-up of production guidelimes.

Continuous intersction was maintained at the quelity assurance and
process engineering levels in order to monitor progresa of the
transfer. The production supervisory staflf, when unable to attend
the régular inforsal discussions, were again kept informed of pro-
gress by short handwritten memoranda. During the early production
phase, oore gotive communication with the production supervisory
staff was encouraged.

The final Production Process Specifications, binding om all produc-
tion stages, were issued only after four months of early production
had been completed suctesafully.

Fundamental issues hindering the technology transfer undertaking

The views given in this sectiom are purely thoss of the author and

were arrived at after dus consideration.

fabricating microcircuits.
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Perhaps the factor influencing most negatively the whole tranafer and
production exercise in the NEER] IC Pacility was the circumstance that the
operation was being handled in an enviroment where financial viability was
considered of secondary importance as compared with sisply the capability of

ity from isplementation of the two highly succesaful transistor production
Programnes were too few. Dome of the berefits are listed below,

(a}

(b}

{e)

The additional inocome genersted from the sale of transistors
slightly incressed bargaining power when sdditiomal funds were
requested with the aim of updating technology.

The constant base load had the effsct of atabilizing processsn,

A wider range of components could be manufactured.

In sddition, the benefits derived by the IC Facil-
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Listed below are various factors, negative in the opinlon of the
author, that became obvious during the evolvement of the high-vol tage
transistor progra=ses.

{a) During the transfer phase the mmber of qualified staff in the
IC Facllity was only just sufficient to carry out the necessary
operations, sinos there was no redundancy in respect of staff
capabilities., Operations were held up when certain key staff

penbers were absent.

]-3] The whole development and tranafer operation took place under
conditions that sade {mposaible the implementation of more
advanced processing techniquas.

(o] Mumerous facilities, highly desirable for the operation, wers
either insdequate or totally lacking. )

(d) The fact that the production of transistors involved additiomal
work from the same number of staff members appeared, in the eyes
of the author, not to be uniformly weloomed, particularly by
employess without special sidlls;, who were offered no specific
inpentives to spur them to greater efforts.

{e) Although two successful and financially visble transistor prod-
votion programmes hed been evolved,; the achievement did not appear
Bignificantly to influsnce the possibility of paining authorization
for any expenditure incurred towards improvements to the laboratory
and panufacturing facilities. The auvthor subscribes post strongly to
the vlew that policy 1n this respect ghould be favourably reviewed.

Despite thess cobservations the author is plessed to record that

supcess was ensured by the sellles: asaistancs and interest of the key
individusls involved in the projects; rom the FEERI Directorate down.

5.6 DATA MANAGEMENT

5.6.1 Objectives of Deta Manageament

In undertaking this study associsted with the PTO1L project, the
guthor set the following overall objectives for Data Management.
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(a) It had to be ensured that the components supplied met programme
requirementa.

(bl In order to achieve early production maturity, data enmabling
srabling effective corrective sotion to be taken without delay,
had to become avallable in time.

{el Methods of recognizing trends should be improved, making it possible
for manngement to take the right action at the appropriate time.

(d) Data management should act &8s & barometer for the gquality and
relisbility of a product.

(o) Data managesent should provide a historical data base making
possible reliable costing and reliability prediction for & device.

(£} Data management should provide a data reduction service emebling the

most relevant data to be presented in an easily understandable form.

(g} Froduction problems should be pinpointed and highl ighted, and their
probable offect indicated.

(h) Changes of output quality or quantity should be correlated with
historical factors such as the uss of new or modified processes, the
use of different batches of process materials, amd even stall matiers.

§.6.27 A data pamagement exercise using test data from the FTD14 programme

[ata sanagesent through most of the FID14 project was either non-
existent or oaly incospletaly handled. The author initiated an investigation
to demonstrate how the vast acoumulation of slectrical test data could be
used to optimize the cost-effectivensss of the programme, and he wishes to
express hia gratitude to Mr F Schoomble of the Department of Posts and Tele-
communications for the collection of data necessary for the following analysis.

Table 5E (page 202) shows the summary of tests on a single wafer from
& batch of ten, and Table 5F (page 202) shows the analysis presented for esch
batch by the quality assurance officers of the Dept of Posts and Telecommun—
foations. At the waler probe level, the key tests that were failed sre
clearly shown, and the bateh analysis is simply the average for the whole
batch. This first stage of data reduction totally eliminated one key item
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TABELE 5E : SUMMARY OF RESOLTS OF A PROBE TEST ON A FTO14 WAFER
(Computer output)

CIRCUIT TESTED : Th2 (*/01%) DATE: 81/08/13
TEST SPEC. : PTO'%  PROBE TEST ISSUE: 1
BATCH/WAFER : 928/WAFER=10
PACEAGE 1 WAFER
TESTED BY 1 S VENTER
STATISTICS
NUMEER OF DEVICES TESTED: 99
PASSED: B0
FAILED: 19
YIELD: 81 %
TEST NO. MIN. MAX. MEAN VALUE STD DEV. PARAMETER
1 86,39 155,64 08,21 9,15 HFE(1)
2 73,26 139,86 86,82 8,17 HFE(2)
3 204,50 205,00 208,54 0,13 BVCED
] 205,00 210,00 205,50 1,50 EVCHO
5 5,97 10,28 10,21 0,06 BEVEBO
& 0,46 0,73 0,65 o,07 VCE(SAT)
T 2,17 3,03 2,62 0,19 VCEK

FAILURE ANALYSIE

TEST HUMEEER PER CENT OF FAILURES
KUMBER FAILED 0 20 40 &0 a0 100
I * I 4+ I - b + I & I
1 ! T JEERREERRRRRRRES
2 " 10 TERRARNARENEERERERRG R AREY
3 $ 2 FCLLL
'} ' 1] I
5 3 ] |
& 1 0 1
T 1] I = I = I « I = I = I

TABLE GF : BATCH ANALYSIS OF THE DEPT OF POSTS AND TELECOMMINICATIONS

DATE : B2/8/26
BATCH : 5924
WAFERS : 10
TIELD (%) : 51,6
{Note : Results below are failure percentages)

1=HFE({1) :+ 20,60608
2=HFE(2) : 22,9292%
3—“:!13 H E|HHH
E=-VCBO : 0,101018
5- VEBO : Of
B-VCE(SAT) : 1,818188
7=-¥CEE o0, 101018
DIE TESTED : 960
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of information, viz the very large spread of wafer yields in the batch.
Figure 5.6 (page 208) shows that wafer ylelds varied enormously within the
batch, ranging from about 10 per cent to about B0. This cbservation had not
bean made during the production of the first half-million transistors, and
it wan the first indication of any problems in the area of process control.

To provide s more meaningful first reduction in data, the batch test
was repeated to give the total mmber of fallures for all parmmeters. This
vas done bescauss the test was normally stopped as soon as & parametiric feilure
had been sncountered, and henoce the figures for percentage rejects shown in
Table 5F (page 202) do not give a true picture of the situation. Figure 5.7
(page 204) shows these new results, and it is immedistely obvicus that the
mpajor probles in proosass control was & reduction in the gain spresd alope.

During the next stage in the investigation the batch yields were
plotted as & function of time. Figure 5.8 (page 205) shows the wildly
varying ylelds obtained from 158 batches comprising 1058 wafers that were
shipped for assembly. Viewed by themselves, the batch yields are difficult
to interpret; however, the superimposed average yield curve is enlightening.
Until the end of October 1980, after which time Laboratory and Post Office
staff were no longer directly involved with the production activity, the
batch ylelds increased and then stabilized at about 60 per cenmt. Thereafter
the process was under the entire control of the IC Facility and the average
¥ield began alowly to deorease, stabilizing at about 37 per cent only after
almost two years had passed.

When the total number of batches processed was compared to the number
of wafers shipped, it was clear that a large number of walers were being
'lost' during production and testing. Figure 5.9 (page 205) shows that only
9 per cent of the wafers were lost in processing, a perfectly acceptable
figure. However at testing, where a lower yield-limit of 10 per cent was
required for Lthe wafer to be shipped, the total wafer mortality increased
to 33 per cent, The sajor implication from this finding was that the cost
of manufacturing a transistor was conmiderably higher than had been crigin-
ally antieipated. In addition, the earlier coneclusion that process control
required attention was reinforced. After the process problems had been
isolated, rigorous mction was instituted by the IC Facility to improve the
base deposition proceas, and the emitter diffusion process was revised by
Hiewoudt®" of the Laboratery staff, These seasures had the desired effect
of reducing the proportion of rejected wafers to mbout 10 per cent.
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5.6.3 A test for early warning of reduced yields

In this section a more sensitive test is described that was devel-
oped to provide sn early warning of deviations or tremds in yields. The
data provided in Section 5.6.2 are used in the demonstration of the tech-
nigue.

Figure 5.10 (page 205) shows two curves. The first is a moving
average yield of the data presented in Figure 5.8 (page 205). The yield
was averaged over 20 batches and has been plotted for each increment ef 10
batches. This gives & better indication of progresa than the cumulative
average curve presented in Figure 5.8 {page 205}, &nd shows that a =mall
upsWing in yield occurred towards the end of the two-year period.

The first derivative of the moving sverage, as shown in Figure 5.70
{page 205), provided an extremely sensitive test for the trend in yields.
When points on this curve are below the absclssa, the yield is dropplng,
gnd when sbove the sbscissa, the yleld is inoressing. The sharp rise of
both curves at the end of the two-year period wes the result of the improve-
ments introduced in both the ba=e apd emitter processes.

5.6,4 T[Use of Data Management on a wider scale at NEERI

The anmalyses of test data presented in Sectiona 5.6.2 and 5.6.3
could well have been applied within six months of the commencement of
production of the high-voltage tranalstors, with the result that negative
trends would have been obzerved. More conaistent recording of data on each
high-vol tege deviee type was instituted, meking 1t possible to ohserve
trends with considerably more suooess.

The above section gave an example of a specific case of the suc-
cessful use of date management techniques. In the view of the author, the
wider use of dats, slready available on & very bread base as part of the
production sctivity, coupled with appropriate reduvction and visibility
enhancement procedures, will be essential steps if the suecees: of future

production programmes is to be ensured.
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5.6 CONCLUSION

Chapter 5 has described the wide base upon which the tranaistor
development projects were handled, FProcess development fallowed the
eritical analysis of available and required facilities. In addition
considerable assistance was lent to activities outside the CSIR that were
beyond the scope of the project as originally defined. These activities
eontributed materially to the oputstanding success achieved.

Frocess development has shown that carefully considered use of
classioal processing techniques can yield devices exhibiting outstanding
stability when subjected to stress conditions. In addition; experimental
results indicate that there is 2 possibility thet the gluminium alloying
process pay be assoelated with nop-alectrically active emitter deflects.

It became evident that during the transfer and industeialization of
the process technology reguler and direct 'lateral communication' of copies
of handwritten information to 2ll parties involved was important, in that
ipterest and g Feeling of involvement were maintained, these being aDong

essential fectors ensuring the success of this operation.

A vivid exewple was given of the importance of the use of data
menagement techniques in highlighting production problems, and this

inmvestigation has led to the more systematic and analytic use of electrieal
test data.

Whilst the author took the initiative in instituting the measures
noted in this chapter, the co-operation of numerous colleagues and agsge-

latea, freely given, was essential to the success of the undertaking.



208
CHAPTER 6
A POSTSCRIPT : FURTHER DIRECTION FOR RESEARCH IN HICH-VOLTAGE DEVICES

6.1 EUMMARY OF CHAPTER

This chapter presents some thoughts, substantiated by measurements
already mede, on possible future developments in high-voltage devices that
could be applicable to the telecommunications industry in South Africa.

6.2 SURGES N TELEPHONE LINES : & PERSONAL EXPERIENCE

On a January day in 1967 the suthor was ankle-deep in swamp water
repairing a fallen telephone line, sbout 50 km from the rural settlement of
Mulobezi, in Iambia. Despite the cloudless ah;r..',}u,lt after jolt of static
electricity induced in the line mede repair work both painful and slow.

The telephons line was some 200 km long and consisted of a szingle
conductor, the earth being used as the return cirouit. To counter high
background noise and significant line attenuation, amplifiera using the
latest high-voltage transistors had bean fitted to the sicrophons circuits
of sach belephone 1in the system. Within a few weeks nll the asplifiers
had been put out of action by line surgss, and the vhole aystems was
rendered useless. This lesson imprintesd on the suthor's mind the direct
incompatibility of standard semiconductor devices and aignificant lengths
of conducting lines.

6.3 THE PRESENCE OF SURCES IN MODERN TELECOMMINICATION SYSTEMS

Today, telecommunication systems are a far cry from the sisple
installation described above. In the Republie, the msjor trunk routes are
handled by microwave systems, and im the not too distant future the opticsl
fibre link will do much to reduce the proportion of conducting connections
between metropoliten exchanges. Optical links to subscribers, capable of
nandling considerable volumes of data, or installed for other purposes,
Such as video, are fast becoming m reality. Despite the advance of optical
techriques, conducting links predominate at present, and very many exieting
routes will be optimized with the aid of digital techriques.



209

prinnlC has measured the magnitude of surges on underground cables,
and D-hbnﬂ has shown that whilst surges may be non-destructive to the elec—
tronic systems in use for pulse code modulation (PCM) links, these systems
have to be so designed that interference with the digital signal does not
cause data ocorruption. The author did not pursue the matter of surges on
inter-exchange links, as loeal data were still being gathered. However the
large-scale production of standard telecommunications cables has shown no
decline (Brice, pers. comm,”) and it may be logleally concluded that for
many years to come the necessary overvoltage protection for surges arising
on the link between electronic exchange and subscriber will be reguired.

é.4 SURGE CONDITIONS ON THE SUBSCRIBER LOOP

The author addresses this chapter to the problems associated with
surges on subscriber loops, about which considerable inforsation was acoum-
ulated as a result of the investigations carried out for this thesis. From
both personal experience and interaction with the staff of the Department of
Posts and Telecommunications it was known that in thi= country the protect-
ion of electronic systems in these loops presented severa problems, and that
demage to telephones due to surges was commonplace. Before returning to the
development of devices for the protection of electronic telephones, the atatus
of high-voltage technology for electronic exchanges is reviewed briefly.

In other parts of the world, the advent of the fully slectronic
digital exchange with analogue subsoriber lines has in no way affected the
need for semiconductor devices capable of blocking high wvoltages.
Ballantyne - has stated that integrated circuits for switching subseriber
lipes in the USA should be able to withstand surges of up to 530 V. In
Japan, Kewarads et a.:l.i“III3 have developed receive-transmit (RT) interface
circuits capable of blocking 320 V surges. According to Ballantyme et Il.TE
there is & need for the ability to block these high-voltage levels because
'*Frotector devices in the central office limit the voltages, and decrease
- but do mot eliminate - the currents resulting from these surges'. The
figure of 530 V given by Ballantyns et al. ® is entirely in line with the
experience of PEL'I.‘B.].E]"”
rated at 350 ¥V and capable of sinking surges as high a= 10 kA, could take
more than 71 ps to strike, whilst short-duration voltages approaching 500 V¥
were reécorded during tests.

§ and the nut‘uursg. sccording to which gas arresters,

#0 Brice (1984) Production Manager, African Telephone Cables (Pty) Ltd, P O Box
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As the RT interface circuits must be able to conduct in both direc-
tions owing to the use of AC signalling, gated diodes with ‘on' resistances
ES low B3 5 ohms &re commonly used in parallel but reversed pair configura=-
tion, one pair for the forward lipne and another for the return linme. In
order to integrate these devices, an oxide isolation techpigue iz emploved,
end an example of & gated diode is shown in Figure 6.1 (Page 211). In this
case 8 total of four identical diodes would make up the KT switch. The
Eated dicde iz kept turned off with the application of a high vaoltage to
the gate electrode. To connect & loop, the gete bias voltsge is reduced so
that the dicdes are turned on to give 8 low=impedance path between the sub=
seriber line and the subscriber line interface circuit (SLIC). Danneels
et al.Tu have demonstrated that the SLIC cap include protection agalinst
ginking or sourcing of excessively high ocurrents, With the ET circuit
switched on, the SLIC must be protected from transient overvoltages by the
addition of extra protection circuitry, either included as an additiomal
diacrete component; &8 described hr.&mithiaa3g for the LEEOOD type "orow=
bar' device, or possibly integrated into the RT ewitech, In view of this
1e indicate that it is necessary for the BT switch to
be able to withstand short, high-current surges. In Section 6.7 is dis-
cussed a possible means of overcoming this problem, which places physical
limitations on the minimum size of both the BT circuit snd the sire of
bonding wires that must be used.

Ballantyne et al.

6.5 APPLICATION OF NEGATIVE-RESISTANCE DEVICES

Whilst no loeal technology is available for manufacturing oxide-
isoclated switeches, ap important contribution to high-voltage switch tech-
nology, with immediate application to telephone protection; could never-

theless be made if devices exhibiting negative-resistance characteristics
were employed.

Four different new devices with negative-resistance characteristics

at high voltages have been reported on by Furain?E. Wu and Lai?ﬁ. Wu and
T
Wu! and Galuzo and HatsnnTE. Of these four devices, the 'Lambda Bipolar

Transistor' (LBT) described by Wu and HuTT is of direct application.

Figure 6.2a (page 213) shows a section of an LBT, and it is clear
that the device could be made in standard bipolar transistor techrology.

In this transistor the two emitter diffu=ions form the Bource and drain of
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FIGURE 6.1 THE GATED DIODE SWITCH

A cross-section of the gated diodea switoh, as presented by
Ballantyne et. nl”. The switeh 1s fabricated using oxide
isolation (OXIS) technology with islands of P-type allicon
surrounded by an isclating Iayer of silicon dioxide, =l]l burled
in a pelyailicon substrate. The dislectric strength of the
isplation oxide exceeda 600 V. To provide conduction in both
directiona, pairs of diocdes are connected in parallel but are

reversed with respect to sach other.

The diode is similar to an N=P-N-F four-lmyer diocde, but unlike
& thyristor 1t is normally conducting. To keep the diode 'of ',
i high positive voltage 1s maintained on the gate electrode, and
this depletes the oconducting channel between the anode and
éathode diffusiona. To switoh the diode on, the gate electrods
voltage is reduced.
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a field=-effect trannintor, The gate ia hald at collector potential, and as
the eollector voltage increases, the P-base region under the gate is imverted
to form an N-chanpel between the source and drain. This has the effect of
passing bape current into the emitter circuit and turning the device off.

The equivalent cirouit of the LBT is shown in Figure 6.2b (page 213), and
the collector characteristics are shown in Figure 6.2¢c (page 213).

Clearly, a devioce with these propertiss would have lmmediate appli-
cation in the Disa telephone, where current is being passed through the
O.W. Darlington in the of f'-hook condition. !'l.'l‘lll".ﬂ has shown that lall=-

ure of this device can occcur with applisd surges of less than 350 V.

In an experiment conducted at Potelin the author showed that a 100 pF
capacitor conbected from the poaitive aide of the bridge circult in the Disa
telephone to the base of the tranaistor TRE, in the dial elrouit, would turn
of f the O.K. transistor for the duration of the surge, thus preventing fail-
ure of the Darlington. Figure 6.3 (page 213) shows key components in this
protection scheme. (A more complete circuit diagram of the dial was given
in Figure 3.3, page 65.)

in LBT Darlington could, in principle, form a direct replacement for
the FT01E and would involve no engineering changes to the actual telephone.
The suthor undertook a series of experiments to evaluate the use of & simu-
lated LBT in the telephore. Figure 6.%a (page 214) shows the oircult used
to sisulate an LET, and Figure 6.5b (page 214) shows the electrical charace
teristics of the circult, which indicate that the device turned off rapidly
at sbout B0 V. When tested in the 0.¥. snd impulsing stages of the tele-
phope dial, mo impairment of telephone operation was detected. It was,
however, possible to subject the telephone to sustained high voltages of
up to 350 V without eny damege to either of the modified Darlingtons.

Only one possible drawback of this cirouit was obvious, it being
possible to destroy FT01E Darlington transistors by running thes at
collector currents approaching 1 A at & collector-emitter voltage of 50 V.
This was not & condition that could be induced in the telsphone, as the
drive currests to the bases of both the 0.N. &nd impulsing Darlingtons were
limited, but it could be a consideration in other applications, Figure
6.8c (page 214) shows a cirocuit that limited the collector current to about
160 mh. This circuit with both a pegative-resistance and current-limiting
characteristic was found to operate well in the telephone, and it was not



FIGUAE 8 2o THE BASIC BEVICE STRUCTURE OF AN
HPN Lasana BIPOLAR TRANS(STOR

b X
Jo

FIGURE 6.20  ThE EQUIVALENT
CIRCULT OF A LAMBDA BIFOLAR
TRANGIGTOR,  AS 'Iul'tE INCRERSES .
Ip INCREASES AND REDUCES THE
BASE CURRENT [0 THUS IMPARTING
THE MEGATIVE RESISTANCE CHARAC-
TERISTIC

(AFTER Wy anp W'

Y10

H ]
i
i : [ T
: Weno
1
’. oto |

COLLECTOR - EMITTER VOLTAGE , Neg

FIGURE & 2c COLLECTOR CHARACTERISTICY
OF THE LAMSDA EIPOLAR TRANSISTOR, BE LOwW
'ql'm THE CHARACTERISTICS ARE [DENTICAL TO A
STANDARD BIPOLAR TEANSISTOR AND ABOVE Vio
THE COLLECTOR CURAENT DROFS. BSEANDOWS 15
HIGHER THAN “EEI'.'I AHD AFFROACHES ﬂ"-'m.

FIGURE 6 3 SURGE PROTECTION OF THE O.N. DARLINGTOM BY THE
ADDITION OF TvE 100 PF CAPACITOR. SMOWM 18 THE DOTTED LIME PART
oF THE CIRCUIT, In THME PRESENCE OF A RAPIOLY RISING SURGE

ACROSS THE TELEPHOME. THE CURRENT VIA [ TURMS oM TRE WMicw
Tuams QFF THE O.M. DaavimgTon, ComPRising TRI amp TRZ,

219



2l4

70V
FIGURE 6.40 - v oc
CIRCUIT USED TO SIMULATE MO
THE LAMBDA BIPOLAR TRAN-
SISTOR
O FTOIB
B
PTOI4
4ThiL
OE
FIGURE 6.4b

COLLECTOR CHARACTERISTICS
SIMULATED BY THE CIRCUIT

IN FIGURE 6.40. NOTE THE
SHARP CUT-0OFF AT ABOUT B8OV,

FIGURE 6.4 ¢

OC

THE INCLUSION OF A 3,3 LL
RESISTOR IN THE EMITTER OF

THE PTOI8 DARLINGTON LIMI-

TED THE COLLECTOR CURRENT o
TO ABOUT I60mA . .

OE



215

destroyed by the application of & high bass=gurrent at a8 collector-emltter
¥oltage of S0 Y.

Without recourse to an IC technology, it would appear to be diffi-
cult to realire an integrated Darlington with current-limiting capebility.
However, the use of distributed smitter ballast resistors in the output
stage would be beneficial. PFigure €.5 (page 276) shows a distributed-
elepent esquivalent clrcult of 2 Darlington tranaistor with emitter ballas-
ting. At kigher ourrent levels significant voltages would appear across
the emitter ballast resistors, and more current would be forced into the
bases of the transistors with lower velues of ballast resistance. By
appropriate emitter ballasting, the gain of the transistor would be limited
to & certain extent at nigh current levels and, what la more important, it
should be posaible to distribute Ehe resistors In such a way that there
would be mo deatruotive hot=spot formation. Whilat this measure might not
fulfil the requirements of an jideal current-limiting circult, it would
provide a tranaister with a considersbly greater surgs imsunity, and one
that could be integrated with an LBT.

Figure 5.6 (page 216) shows how the LBET could be combined with emit-
ter ballasting in a Darlington transistor in order to provide a combipation
of safe current-limiting at low to intermediste voltages, and the negative-
resistance characteristio at higher voltages. A potential advantage of the
Btructure, when compared with the GAT evalusted in Chapter 2, is thst with
the base and emitter shorted by the FET it should be posaible to realize &
value af H'Fm equal to “E:ED and BV .p.. This would sean that the clamp
transistor used in the PTOVE could te dispensed with and that for the same
breakdown voltage the epitaxial layer resistivity and thickress could be
docreased. It would be an additional benefit that & smaller active area
would be required for the same collector resistance Ree &nd this would off-
et the extrs area required in the ¢ircuit for the FET and the additiocnal
resiastors.

6.6 TECHNOLOGICAL IMPLICATIONS

When Wu and Hu“ developed Lhelr device, they wers aiming mot at a

high collector-emitter breakdown, but rather at a singls device with a neg-
ative-resistance characteristic. Ir a later publication by Wu and Ehnngw.
the light-sensitive characteristics of the device were investigated.

Nevertheless, the original LBT devices that were made Ln a 40 V IC process,
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FIGURE 6.6 A LAMBDA BIPOLAR DARLINGTON TRANSISTOR WITHEMITTER

BALLASTING. R1 AND R2 ARE DIFFUSED RESISTORS FOR ENHANCING THE
OPERATION OF THE TWO FET'S CONTROLLED BY G1 AND G2. TURNING
OFF THE DRIVER AND OUTPUT STAGES ENABLES BV¢gp TO APPROACH

BVego. THE INTERDIGITATED FINGERS Fi,F2 AND F3 HAVE DIFFERENT
WIDTHS TO CHANGE THE VALUES OF BALLAST RESISTANCE.
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exhibited valuea of “EED of 100 V. To extend BV g, to 00 V in discrete
tranaistor technology would pot appear & problem but if it were desired to
gse the device in the telephone application where exchange veltages of
typlcally 50 V were to be switched, it would be pecessery to control the
value of the turn-off voltage V., accurately. Accurate ocontral of Ve
would require either mccurate base pre-deposition or subsequent threshold
adjustment, Ideally this should be done using ion lmplantation which, for
the purposes of development, could be carried cut at a rumber of local
racilities. As part of a production programme, the purchase of 2 dedicated
implanter is regarded as essential.

Emitter ballasting falls into the same category as ion implant-
ation, since laboratory spparatus for sputtering suitable metals or
gilicides i3 resdily aveilsble, but dedicated equipment for production
would have to be purchased.

£.7 APPLICATION OF THE LAMBDA BIPOLAR TRANSISTOR (LBT) PRINCIPLE
T0 GATED DIODES.

Figure 6.1 (page 271) shows that in principle the gated diode uaed
in the AT circuit i= similar to a bipolar transistor, except that two addi=
tional diffusions have been added to the collector reglon and the devioe as
g whole is in an oxide dieleciric. As the resistance of a gated diode when
turned on is only a few ohms, very large currents would have to flow through
the device in order to generste = voltage large enough for LBT action, How-
ever, when it is considered that the RT switch handles both the forward amd
return lines to the subscriber loop, large differential voltages, potentlal=
ly damaging to the SLIC, could b used to turn of f the gated diode in order
to block the high voltage.

Investigation of this possible application of the LBT principle
could be carried out in discrete device technology using N=type epitaxial
layers on P-type substrates, initially obviating recourse to an oxide
isolation process. In this manner a valuable ressarch objective with
Tar-reaching implications could be puraued, as in the new peneration of
elegtronic exchanges belng introdoced into service in the Republic use
is still being made of relays as the interface between the exchangs and
subseriber line, (Vick, pers. coms.')

#8 Vick (19B4) Post Office Telectronic Institute, Private Bag XIT&, Pretoris
0007, HRepublip of South Africa.
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6.8 CONCLUSION

The application has been highlighted of interface devices and inte-
grated circuits in the switching, isolation and protection of the complex
and senzitive electronie circuits used in modern telephones and digital
talephone exchange systems.

The Lambda Bipolar Transister (LBT) was identified as a component
that would be of immediate application in telephone dials, and one that
could be developed with existing facilities. Experiments with a simulated
LBT ipndicated that it was able to withstand sustained high-voltage surges
without degradation of the device itself or telephone performence. It was
shown that if the device were coperated at an intermediste voltage and high
aollector ourpent, it could still be destroyed. A8 it would be diffioult
to incorporaete & current=limitinog circulb using only discrete btrapnsistor
technology, & compromise solutlion was proposed where emitter ballasting
oould be used to drop gain at higher ourrent levels and distribute the
thermal load more evenly scross the device, thereby providing a greater
measure of overload immunity.

To address the peed for exchange protection that could be incorp-
orated into RT interface cireuits, it was suggested that the LBT principle
be applied to gated dicdes in order to turn them off in the presence of
high differential-voltages. Standard bipolar transistor technology could
be used for preliminary investigations.
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APPENDIX 2.1

DESIGN OF THE PUNCHTHROUGH COLLECTOR USING DATA FROM A 1 700 V DIODE DESIGN

Case &4, marked "*', was scaled for the PT0I4 collector design as the use

of a collector region with a width of approximately one quarter of the full
depletion width at the avalanche voltage was found to provide a good compro-
mise between epitaxial layer thickness and resistivity for the PTO14 collector.

W, is the avalanche depletion width and ﬂc the collector width, in the table,

Table 2.1 Alternate Designs for a 1700 V Diode

N, BV, - W, W
(atoms/cm”) (V) F"E m ( um) (um)
B x 10% 1700 I I 160 160
7% 10" 1850 918 T4 180 129
5% |0 2400 708 A60 240 110
« 310" 600 An 273 180 104
2= 10" 5100 333 183 560 102
1.5 % 109 6500 262 140 740 103.6
1= 10" 5000 189 099 | 100 109

Table from Ghlﬂdilﬁ.

(Chandi 5 K (1977) Semiconductor power devices, MNew York : Wiley Inter-
science, ISBN (~471-02999-8, page 48,)
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PUSH BUTTON DIAL  TRANSISTORS 7435220 :

On bormal Tromsisters
Bialling Tronsistors
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¥Yalrege lener

snrent resistences of the talephone rengas from 2138 chwm - zero line
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ul waltege ta the telephone is limdited by evalonchs diodes DA 00T and

ro during high veltogs splkss, sveh oa bock am. 7. from reloys during

nig, ond Lighting overloeds, the cirevit will hove 1o tolerote on excesn

arit For the tims that this high volicge parsists. It is sssumed that

lonchs voltogs Tor the DANDDT will Asver escesd XV,

1ling the time thaot the telephons, hence The tronsistor is svbjected te

h valtoge is cbout ImS nominal. Feq the 0N Mermal tran-
however, during lighting strikes, this tise con be exiended

[ TABLE 2.2 - FLASH PARAMETERS OF CSIR SPECIAL REPORT ELEK 143 by

iksson, wte.), the gos protecter will mormally strike in less then 500n<

1 upon dfdi .

the period vhat the telophens is subjectied to thess high voltoges the
in the elrevir will be as lTallows 1=
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The requirement for the On Mormal tronsister (TR1,2) la Toirly simple il though
these tromsisters ers subjected to long periods when they are sl tched on

{talking). ;
Thess tronsistors ore required ta hove o low ¥CEsat to prevent the changing al
the chorocteriaties of the Protea Telephone asplifier on leng line workin
the telephone spesch perforsonce must be very similor to that of telegphone

with o rotory diol. These tronsistors con be subjectes to very high dissipat bon

probless such as lighting strikes of up to 2000mS.
The lmpulsing tronsisters will be operoted in on impulae type mode.

During short line impulsing if is not possible to provids high bose drive o
the impulsing trensistor, this is due to the IC's peromoters ond circuil dawign,

This situsticn does not couse ony problems os Yar as the auchangs wwlpman
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APPENDIX 3.3
28 Septegber 1981

Summary of resultes of a failure analysis sxsrcise atudy on TR2 - Issuwe 3
transistors, returned from the field, carried out by the Quality Assurance
Inspectorate of the Department of Posts and Telecommunications.

Transistor package ! JEDEC TO-5 and TO-39
Time of Manufscture : 1977 to 1981 Quantity : 602

Out of the 602 TR2 - Issue 3 tranaistors 389 were on TO-39 (sclid metal)
headers, 126 of these the die was off [ 'popoorn effect') = 36.1% of this

type.

1. Leak testing

1.1 Trensistors failing groas leak :

Quantity tested = 602; quantity failed = 32 = 5,31%

1.2 Transistors failing fine leak (1 x 10”7 atm.ce/sec, He)

Quantity tested = 5T0; quantity failed = 40 = 7,01%

2. Yisysl ipspection (after cpening transistors)
Cuantity tested = §76

2.1 Forelgn material = B6 = 18,063

2.2 Metallizstion defects = 51 = 10,718

2.3 Scribing and die defects = 45 « 9,453

2.4 Wirebonding defects = 35 = 7,358

2.5 Electrically camaged = 34 = 7,148

2.6 Diffusion and underlying oxide layer faults = 5 1,058
2.7 Die bonding defects = § = 0,848

2.8 Die with ro visual feults = 217 = 45,581

Note : Graphs for distribution of failures in quantity/week and photographs

of sszembly and other faults are not included here.

Source of information : F Schoambie, QA Inspectorate, Dept of Posts and
Telecommunications, Pte Bag XT4, Pretoriz 0001.



AFPENDIT 3.8 3 FT010 MAFEN SPECTFICATIOM

High realwstivity milicon, momocrystalline epitanial wafars

Hubnirats

dtandard polisked walsr

Bopant:
Beaisblviby:
Oriesbabion:
Disgntar:
Thiskness:

Bow

Taper:

Surfaos Flatnesar
Prisary [lat:

Sechsdary flati
Dislocetion denaiby:

Folished surfoce

in) Soratchest

{b) Orangs peal:
(el Hage

{d) Dimplear

fe) Bdge rounding:
(] Enipas

(gl Subsurfacs:

(h) Clesnlipass:

leyerae sids

l&) S3aw marks:
(b} Clman] insss;

Antimoay (n typel.

0,008 oha.ow sinises to 8,020 ohe,os seximm.
i=i=1 of £ 3 degrees /= 0.5 dagrees.

50,8 /= 0,0 ma

280 &f= 15 .,

Haxlouw 2% pm, typdeal 10 pm,

Hakimum % pm, Typical 3 pm.

Hazimm 3 um.

Orientation 1-9-0 within 1 degres
Width 15,9 s/= | an. :

Hone.
1I!MI|'=Ii W e,

93 or sll sliocss Fres of soratokes.
Balance: Hesiem 2 scratohes per waler;
spcumulative Jangth oot to éxgeed 12,7 mm.

Fres of arangs peesl.

Frea of Eaas,

Frea of dioples.

V=21 um penetration 2 me paxioum.

558 of all alices Free of ohips,
Bilance: Hamimm 2 chips nob extendsng
s&rs thin {.% om tosards the senktee of
Ehi &lica,

Mo domage shell be revealsd due bo ImsulTiciant
stochk Famoval aftsr and Eloute SErtl =tch.

908 of all slices rros af pariicles after
nitroges blew. flemainder up to § partfcles
per =lipe.

Spectally tresbod sstbte reverne aida.

Fres of aaw marks.

Free of foreign sabtar bhot camnof be
ramoved by standard olesning technigues,

AFPENDTY 9.8 COWTINUED ¢ PTOVH SILICON SFECTFICATION

(o) Edge chipn: € 0,5 mm,

0L of 13 applies teo all given parameiars.
At least T5F of all alloes Lo b within Eypicel wvaluaa,

Enitaxial laver
Dopant @ Pnoapborus {m typel
Resisbiviky: S0=T75 aha, s

(4L 1,58 measured by capoolbive method. )

Thickness: 5870 M=
{Corrected IN popswrement. ML 1,.5%.)

lpapeckion of epllaxial =lices

Visual unalded, carried cut on 1008 af walars. This applles Lo Che
whale wafer sxospt on sules ansulas of 3 me exoepling whers othereise
speolfied.

Saralohas: 004 of wafers fres From sorablohas. Belasce
#ay have a sawisus of thrae soratohes per
wmlfer, cumsslative length less than 12,7 mm

Edgs chipsr 958 of all alices Free of any kind of ships.
Balance naxipus 2 chips pot exftomding furthear
Eham 0,5 m towards the centre of the allos.

Frotrunioms; HMoximum § pér silos.

Edge crowm . o vizible edge crown.

el Weniz .

Shalned Hona .

Cromge peel: Wemne .

Alpples: Hone.

Filts and disples: Hana.

Cracks, Fractures,

orows Faalkl LDT ]

Forelgn matter:
blow. Femaipder up Lo 3 perticlses per walar.

S1ip andfor 1issoge! Maxisus 5 sources [after Sirtl etehl.

Hiaoroatoeds expminnbion

(ne wafer From ssah batoh is to be Sirtl sbtched and examised under
u miorcdsapes.,

Stacking faulta: Wezims S/ea’. Eteh plt danakty: Muximim 2 000/cm”.

2% of all slices free of particles after nitragen
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APPENDIX 4.2 CONSTANTS FOR COMPUTATICR

Onlesa otherwise indicated on graphs or in the text the computation
constants given in this appendix apply.

Collector-emitter voltage 'i.':i

The values used for the PTO18 were the two limiting operating
voltagea ussd were :

1,8 ¥ for the 0.N. condition

3.0 ¥V for the Ispulsing condition
hm = The proceas gain peasured on a discrete device below
gain crowding at high injections with 'I'm Just above V.

For the PTO'E values of process gain were 60 or 180

Conduction threshold voltage - ‘I’m..
4 valus of 'fm, = kT/qg = (Temp + 273) x B.616 x 1|‘.‘|‘5 waz found to

Eive good correlation with measured characteristics in simulations.

Region 1 (Cut-off voltage - 'I.f:ull

The default value of ‘Iifr'.":| = 0,2 Vwar found to give good results,
Region 2 (Quasi-saturation and collector resistance)
Typical values for computation wers as below.
For the PTO1R HI:}E = 120 chms
R = B0 phms
L=
For the PTO4 ROE = 60 ohms
Rﬂ = 40 oches
Region 3 (Early Voltage - I£1

A default valee of 'E = 1 000 V vas used.
Base resistance of the PTO1B ocutput transistor - P?R

A default value of 6 ohma was used.
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APPENDIX &.2 CONSTANTS FOR COMPUTATION (CONTINUED)

The constent K in the ?HE equation.

L defeult value of 0,86 wes used gnd was based on the messurements

carried out on a number of transistors.

{Note : A further constant 'l' was used as kT/lg in the FEE equation
gand it was possible to obtain & better Fit to meesured velues. A
typical value of 1 = 0,8 was found to be suitable. In practice the
default valus of 1 = 1. was used as '1'" only changed the performance
of the simulated Darlington at very low values of V..).

Tha active areas of devices
: F ma"
PT01E Output stage : 0,6 mm~ and driver stage : 0,1

PTOTY 0,45 mo®

Constants for gein crowding at high injection levels

2 _
P01 Jo cprpy = 0,65 A/em” and D = -2,

2
PIOI4  Jp porey = 0,6 A/ma° and D = ~1.21

Temperature correction of hFE' HE' HQS and vBEE

The temperature correction egquations used for the first three
barameters are given in Figure 4.15 (page 151} and the equation
for FBEE‘ iz given in equation 4.6a. The figures given below may
be used for both the PT10M and PTO1E.

Ppg ¢ Ky = 5 x 1073/% Ryt Ky =7 x 1073/%

Hﬂ.‘.-'. !
A default value of temperature of 25 %¢ was uzed,

Ky =5x 1073/%
The area ratic K' of the PT018 was taken ss £ except when N' wes

used sa a variable,

Other conatants used were normally specific to the computer program
and are listed in the text, where applicable.
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APFENDIX 4.3 BASE EMITTER VOLTAGE “HE OF THE PTO18 TRANSISTOR

In this section the expression for the forward base-emitter voltage of a
bipolar trapsistor operating in the ective reglon is derived in order that
the collector-emitter voltage of the driver stage of the PT018 Darlington
might be pcaleoulated. The derivation is taken in part from section 14.2.1.1
(pages 324/5) of '"The theory and practios of Microslectronics' by 5 K Ghandi
{John Wiley and Sons, New Tork, 1968. SBN U471 29718 6).

Note: A list of asymbola appears at the bottom of this page

Let the base ocurrent be IB'

IB = In+ Ip apnd from the above reference
gA{DnBE x nB/WB + DpE x pE/LpEl{expiq x v‘BE#kT] - 1}

= I ' =
K'{expig x ¥ pe’kT) = 11

Ke=arranging

“PEE = .'ICT:I"Q x ln(IB} L H ------ B mE R A Ew H-'II
Taking into sccount base series resistance the external base-emitter
voltage is

vBE = v-BE + Ap x Iy

= kT/q x lntlﬂj +BRgxIg+ K ... cnenmen HE

2. mwwmnamumm
1. The transistor must be active with the collector set at the trans-

ition from region 2 to region 3 of Model ? for these measurements.
2. At a value of Iy Eiving Ve < 0,6 V measure Vgp and I

3. At a wvalue of Ip Eiving Vpe » 0,5 V measure Vgp 2nd Iy
4. Use the results of 2. in equation A1 to find K
5. Use the results of 3. and K in equation A2 to ind HE

3. List of symbols

& = lotive area

DnE = Diffusion conatant for electrons in base

IpE = Diffusion constant for holes in the emitter
1E = Gtotal base ourrent
In = Contribution of electrons to base current
Ip = Contribution of holes to base current
E = A constant
K' = A constant
k = Holtzmann's constant

LpE = Diffusion length of holes in emitter
nE = Equilibrium concentration of electrons in base
PE = Eguilibrium concentration of hole in emitter
q = Electronic charge
T = Absolute temperature in degrees Kelwin

Vg = Voltage between emitter and base terminals of

tranaistor in forward blesed condition
?'BE = Contribution to vBE by carriers
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APPENDIX 4.5

& METHOD FOR DESIGNING THE COLLECTOR REGION OF MEDIUM-PONER TRAKSISTORS

o
ot

4]

E3 BC LW ENODSE 7
MECX A0 13 LM ENomE

oxomn EFRATIONS §.AE &

N.BC, PAOES 18 & 13D,
IWIET OC TF ANMGOIRED,

ST N7 PALMMETERD POR THE DEVICE T0 BE pEEmAE

SFESTIY THE CHITICAL OPERNTISH POINTS &80 THE SEQUENED SATW

WERiH&, DEFENN THE MINEMIN ALFE OF QVCED THAT 1N NEQOONED,
EITAALIE THE RANDE OF FAOCES SATM THAT Eif BE BEER.

Lyl
PEi

FISE & VILUE OF B THAT ALLONY A8 ASTEFTMILE REsOE OF hFEH

COMSTANT), OF i FEFMILT|
AN oW Rl V3 TO CALOOLATE BE,

WFEM, Fm I TE
E MMDUCTION PIOCESS

X

F‘I'm
PIOCESE §
TEILE FOR

in

i )

LIENOE QAN MOF AN DRECT IO

L3R

e




	Smithies_Stafford_A_1984.front.p001
	Smithies_Stafford_A_1984.front.p002
	Smithies_Stafford_A_1984.front.p003
	Smithies_Stafford_A_1984.front.p004
	Smithies_Stafford_A_1984.front.p005
	Smithies_Stafford_A_1984.front.p006
	Smithies_Stafford_A_1984.front.p007
	Smithies_Stafford_A_1984.front.p008
	Smithies_Stafford_A_1984.front.p009
	Smithies_Stafford_A_1984.front.p010
	Smithies_Stafford_A_1984.front.p011
	Smithies_Stafford_A_1984.front.p012
	Smithies_Stafford_A_1984.front.p013
	Smithies_Stafford_A_1984.front.p014
	Smithies_Stafford_A_1984.front.p015
	Smithies_Stafford_A_1984.front.p016
	Smithies_Stafford_A_1984.front.p017
	Smithies_Stafford_A_1984.front.p018
	Smithies_Stafford_A_1984.front.p019
	Smithies_Stafford_A_1984.p001
	Smithies_Stafford_A_1984.p002
	Smithies_Stafford_A_1984.p003
	Smithies_Stafford_A_1984.p004
	Smithies_Stafford_A_1984.p005
	Smithies_Stafford_A_1984.p006
	Smithies_Stafford_A_1984.p007
	Smithies_Stafford_A_1984.p008
	Smithies_Stafford_A_1984.p009
	Smithies_Stafford_A_1984.p010
	Smithies_Stafford_A_1984.p011
	Smithies_Stafford_A_1984.p012
	Smithies_Stafford_A_1984.p013
	Smithies_Stafford_A_1984.p014
	Smithies_Stafford_A_1984.p015
	Smithies_Stafford_A_1984.p016
	Smithies_Stafford_A_1984.p017
	Smithies_Stafford_A_1984.p018
	Smithies_Stafford_A_1984.p019
	Smithies_Stafford_A_1984.p020
	Smithies_Stafford_A_1984.p021
	Smithies_Stafford_A_1984.p022
	Smithies_Stafford_A_1984.p023
	Smithies_Stafford_A_1984.p024
	Smithies_Stafford_A_1984.p025
	Smithies_Stafford_A_1984.p026
	Smithies_Stafford_A_1984.p027
	Smithies_Stafford_A_1984.p028
	Smithies_Stafford_A_1984.p029
	Smithies_Stafford_A_1984.p030
	Smithies_Stafford_A_1984.p031
	Smithies_Stafford_A_1984.p032
	Smithies_Stafford_A_1984.p033
	Smithies_Stafford_A_1984.p034
	Smithies_Stafford_A_1984.p035
	Smithies_Stafford_A_1984.p036
	Smithies_Stafford_A_1984.p037
	Smithies_Stafford_A_1984.p038
	Smithies_Stafford_A_1984.p039
	Smithies_Stafford_A_1984.p040
	Smithies_Stafford_A_1984.p041
	Smithies_Stafford_A_1984.p042
	Smithies_Stafford_A_1984.p043
	Smithies_Stafford_A_1984.p044
	Smithies_Stafford_A_1984.p045
	Smithies_Stafford_A_1984.p046
	Smithies_Stafford_A_1984.p047
	Smithies_Stafford_A_1984.p048
	Smithies_Stafford_A_1984.p049
	Smithies_Stafford_A_1984.p050
	Smithies_Stafford_A_1984.p051
	Smithies_Stafford_A_1984.p052
	Smithies_Stafford_A_1984.p053
	Smithies_Stafford_A_1984.p054
	Smithies_Stafford_A_1984.p055
	Smithies_Stafford_A_1984.p056
	Smithies_Stafford_A_1984.p057
	Smithies_Stafford_A_1984.p058
	Smithies_Stafford_A_1984.p059
	Smithies_Stafford_A_1984.p060
	Smithies_Stafford_A_1984.p061
	Smithies_Stafford_A_1984.p062
	Smithies_Stafford_A_1984.p063
	Smithies_Stafford_A_1984.p064
	Smithies_Stafford_A_1984.p065
	Smithies_Stafford_A_1984.p066
	Smithies_Stafford_A_1984.p067
	Smithies_Stafford_A_1984.p068
	Smithies_Stafford_A_1984.p069
	Smithies_Stafford_A_1984.p070
	Smithies_Stafford_A_1984.p071
	Smithies_Stafford_A_1984.p072
	Smithies_Stafford_A_1984.p073
	Smithies_Stafford_A_1984.p074
	Smithies_Stafford_A_1984.p075
	Smithies_Stafford_A_1984.p076
	Smithies_Stafford_A_1984.p077
	Smithies_Stafford_A_1984.p078
	Smithies_Stafford_A_1984.p079
	Smithies_Stafford_A_1984.p080
	Smithies_Stafford_A_1984.p081
	Smithies_Stafford_A_1984.p082
	Smithies_Stafford_A_1984.p083
	Smithies_Stafford_A_1984.p084
	Smithies_Stafford_A_1984.p085
	Smithies_Stafford_A_1984.p086
	Smithies_Stafford_A_1984.p087
	Smithies_Stafford_A_1984.p088
	Smithies_Stafford_A_1984.p089
	Smithies_Stafford_A_1984.p090
	Smithies_Stafford_A_1984.p091
	Smithies_Stafford_A_1984.p092
	Smithies_Stafford_A_1984.p093
	Smithies_Stafford_A_1984.p094
	Smithies_Stafford_A_1984.p095
	Smithies_Stafford_A_1984.p096
	Smithies_Stafford_A_1984.p097
	Smithies_Stafford_A_1984.p098
	Smithies_Stafford_A_1984.p099
	Smithies_Stafford_A_1984.p100
	Smithies_Stafford_A_1984.p101
	Smithies_Stafford_A_1984.p102
	Smithies_Stafford_A_1984.p103
	Smithies_Stafford_A_1984.p104
	Smithies_Stafford_A_1984.p105
	Smithies_Stafford_A_1984.p106
	Smithies_Stafford_A_1984.p107
	Smithies_Stafford_A_1984.p108
	Smithies_Stafford_A_1984.p109
	Smithies_Stafford_A_1984.p110
	Smithies_Stafford_A_1984.p111
	Smithies_Stafford_A_1984.p112
	Smithies_Stafford_A_1984.p113
	Smithies_Stafford_A_1984.p114
	Smithies_Stafford_A_1984.p115
	Smithies_Stafford_A_1984.p116
	Smithies_Stafford_A_1984.p117
	Smithies_Stafford_A_1984.p118
	Smithies_Stafford_A_1984.p119
	Smithies_Stafford_A_1984.p120
	Smithies_Stafford_A_1984.p121
	Smithies_Stafford_A_1984.p122
	Smithies_Stafford_A_1984.p123
	Smithies_Stafford_A_1984.p124
	Smithies_Stafford_A_1984.p125
	Smithies_Stafford_A_1984.p126
	Smithies_Stafford_A_1984.p127
	Smithies_Stafford_A_1984.p128
	Smithies_Stafford_A_1984.p129
	Smithies_Stafford_A_1984.p130
	Smithies_Stafford_A_1984.p131
	Smithies_Stafford_A_1984.p132
	Smithies_Stafford_A_1984.p133
	Smithies_Stafford_A_1984.p134
	Smithies_Stafford_A_1984.p135
	Smithies_Stafford_A_1984.p136
	Smithies_Stafford_A_1984.p137
	Smithies_Stafford_A_1984.p138
	Smithies_Stafford_A_1984.p139
	Smithies_Stafford_A_1984.p140
	Smithies_Stafford_A_1984.p141
	Smithies_Stafford_A_1984.p142
	Smithies_Stafford_A_1984.p143
	Smithies_Stafford_A_1984.p144
	Smithies_Stafford_A_1984.p145
	Smithies_Stafford_A_1984.p146
	Smithies_Stafford_A_1984.p147
	Smithies_Stafford_A_1984.p148
	Smithies_Stafford_A_1984.p149
	Smithies_Stafford_A_1984.p150
	Smithies_Stafford_A_1984.p151
	Smithies_Stafford_A_1984.p152
	Smithies_Stafford_A_1984.p153
	Smithies_Stafford_A_1984.p154
	Smithies_Stafford_A_1984.p155
	Smithies_Stafford_A_1984.p156
	Smithies_Stafford_A_1984.p157
	Smithies_Stafford_A_1984.p158
	Smithies_Stafford_A_1984.p159
	Smithies_Stafford_A_1984.p160
	Smithies_Stafford_A_1984.p161
	Smithies_Stafford_A_1984.p162
	Smithies_Stafford_A_1984.p163
	Smithies_Stafford_A_1984.p164
	Smithies_Stafford_A_1984.p165
	Smithies_Stafford_A_1984.p166
	Smithies_Stafford_A_1984.p167
	Smithies_Stafford_A_1984.p168
	Smithies_Stafford_A_1984.p169
	Smithies_Stafford_A_1984.p170
	Smithies_Stafford_A_1984.p171
	Smithies_Stafford_A_1984.p172
	Smithies_Stafford_A_1984.p173
	Smithies_Stafford_A_1984.p174
	Smithies_Stafford_A_1984.p175
	Smithies_Stafford_A_1984.p176
	Smithies_Stafford_A_1984.p177
	Smithies_Stafford_A_1984.p178
	Smithies_Stafford_A_1984.p179
	Smithies_Stafford_A_1984.p180
	Smithies_Stafford_A_1984.p181
	Smithies_Stafford_A_1984.p182
	Smithies_Stafford_A_1984.p183
	Smithies_Stafford_A_1984.p184
	Smithies_Stafford_A_1984.p185
	Smithies_Stafford_A_1984.p186
	Smithies_Stafford_A_1984.p187
	Smithies_Stafford_A_1984.p188
	Smithies_Stafford_A_1984.p189
	Smithies_Stafford_A_1984.p190
	Smithies_Stafford_A_1984.p191
	Smithies_Stafford_A_1984.p192
	Smithies_Stafford_A_1984.p193
	Smithies_Stafford_A_1984.p194
	Smithies_Stafford_A_1984.p195
	Smithies_Stafford_A_1984.p196
	Smithies_Stafford_A_1984.p197
	Smithies_Stafford_A_1984.p198
	Smithies_Stafford_A_1984.p199
	Smithies_Stafford_A_1984.p200
	Smithies_Stafford_A_1984.p201
	Smithies_Stafford_A_1984.p202
	Smithies_Stafford_A_1984.p203
	Smithies_Stafford_A_1984.p204
	Smithies_Stafford_A_1984.p205
	Smithies_Stafford_A_1984.p206
	Smithies_Stafford_A_1984.p207
	Smithies_Stafford_A_1984.p208
	Smithies_Stafford_A_1984.p209
	Smithies_Stafford_A_1984.p210
	Smithies_Stafford_A_1984.p211
	Smithies_Stafford_A_1984.p212
	Smithies_Stafford_A_1984.p213
	Smithies_Stafford_A_1984.p214
	Smithies_Stafford_A_1984.p215
	Smithies_Stafford_A_1984.p216
	Smithies_Stafford_A_1984.p217
	Smithies_Stafford_A_1984.p218
	Smithies_Stafford_A_1984.p219
	Smithies_Stafford_A_1984.p220
	Smithies_Stafford_A_1984.p221
	Smithies_Stafford_A_1984.p222
	Smithies_Stafford_A_1984.p223
	Smithies_Stafford_A_1984.p224
	Smithies_Stafford_A_1984.p225
	Smithies_Stafford_A_1984.p226
	Smithies_Stafford_A_1984.p227
	Smithies_Stafford_A_1984.p227a.app.
	Smithies_Stafford_A_1984.p228.app.
	Smithies_Stafford_A_1984.p229.app.
	Smithies_Stafford_A_1984.p230.app.
	Smithies_Stafford_A_1984.p231.app.
	Smithies_Stafford_A_1984.p232.app.
	Smithies_Stafford_A_1984.p233.app.
	Smithies_Stafford_A_1984.p234.app.
	Smithies_Stafford_A_1984.p235.app.
	Smithies_Stafford_A_1984.p236.app.
	Smithies_Stafford_A_1984.p237.app.
	Smithies_Stafford_A_1984.p238.app.
	Smithies_Stafford_A_1984.p239.app.
	Smithies_Stafford_A_1984.p240.app.
	Smithies_Stafford_A_1984.p241.app.
	Smithies_Stafford_A_1984.p242.app.
	Smithies_Stafford_A_1984.p243.app.
	Smithies_Stafford_A_1984.p244.app.
	Smithies_Stafford_A_1984.p245.app.
	Smithies_Stafford_A_1984.p246.app.
	Smithies_Stafford_A_1984.p247.app.
	Smithies_Stafford_A_1984.p248.app.
	Smithies_Stafford_A_1984.p249.app.
	Smithies_Stafford_A_1984.p250.app.
	Smithies_Stafford_A_1984.p251.app.
	Smithies_Stafford_A_1984.p252.app.
	Smithies_Stafford_A_1984.p253.app.
	Smithies_Stafford_A_1984.p254.app.

