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SUMIMARY OF STATUS

Work orithis contract Is a continuation of that carried out on Contracts DA ~36- 039
sc-88962. DA 36-039 sc-853F2 And earlier contracts of this continuouis series.

Status of Tasks 4 and 9 is sunimarized below. Tasks 1, 2, 3, 5, 6 and 8 have been comt-
pl 'eted as rep~brted previously under earlicer contracts. Task 7 is Inactive t.y mutual agree-
ment. A final report is being prepared on task 2.,

During the period covered by this report, I October to 31 December 1961, approximately
2000 engineering man-hours were devoted to work on this contract,

TASK 4 -NEW AND IMPRtOVED TRANSMISSION TYPE TRANSIsTrORS

'Work has continued on the 1-watt, J.000-mc translstor, The principal effort has been
d'.rected toward fabrication of the now structure which was described in the lost report.
This structure uses oxide masking for defining the collector junction and for separation of
the base and emitter electrodes. Evaporation inasks for this structure havc been completed
and have proven satisfactory. Several evaporation runs have been made and problems as-
roolated with Lthe new structure are being worked out. Test transistors of the mesa structure
with I x 20 mil omittar and base olcctroduza havc, ;,diin bc-arifabricatc-d during this q~a~rter.
Characterizatioin studioa of the transistor have continued!. Improvement in the collector
junction breakdown .voltage and reduction of the oncapsulation parasitic Inductances are
necossary to meet the ob`jectivc~, ScAtions to theme problems are being sought.

Design onioulutions havo beon cnrriod oul, for a low-power transistor to be used in the.
low rnicrowavc frcqucncy range. A unilateral gain of 14 (lb at 3 kric in indicatod for the
device. The tratnsistor uses a dot emitter 0.25-mil !ii diameter and 0 Irtin base contact,
separated from the emnitter hy 0'.1 mil. The technique of oxide miaskiing for the collector
junction and v' nmo~d separation of the em~itter and base electrodes isalso used for this
transistor. Ie hkuv attempted to fabricate the structure, and the ver'y small geometry has
been obtained. However, scattering of the evaporated materials durinT" fhec evaporation of
the oxidas and electrodes presents a serious problem, The nccctsa'ry Improvements In
evaporation techniclues to reduce the scattering are being Investigated.

A study of the problem of the origin of the base current In diffuned-babe german~ium
transistors has been carried- out. Expcilments have shown that the low-frequency base
current Is the result of a surface r~ecombination within the emitter space-charge region at
We. 0ez1meter of the emitter electrode. T'hi current appears to he responmible for the fall-
off of the low-frequieny current gain of all diffused-bane germanium transistors at low
enitter currents. Furtber experiments ares In progress to determine how this recomibination
current can be reduced.

TASK P - FlJNCTIONAL DEVICES AND INTEGRATED CIRCUITS

Work I~ vuntinoing on the development of the technology necessary for the production
of integrated ciruits. In conjunction with thiz', the terminal properties of variations of
shizuiard logic eircuits are being studied.

Surveys have. been made In an attempt to define the (optimum method of Integration.
Acculeirated aging techniques are being applied to investigate varioum particular mech-

anisms of faiiurc asaoclatc~d with Integratcd deviccr. Mcchnnla;mn-a!o failure conccrnina the
leads andl contacts to the devices, are being studied directly, through the use of particular,
test veh~cles.

A final series of accelerated a~ging teats nrc living carried out on multiple! diodes in
a single encapsulation. These tests involve bo~th thermal and] electrical stressEs.
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SECTION 1 - PURPOSE

The general purpose of this contract is to make studies and investigations re-
latcd to transistors and transistor-Like devices, together with their circuit prop-
erties and applications, with a view toward demonstrating and increasing the
practicality of their use In operating equipment. This contract is a successor to
preceding contracts of a similar nature: Contract W36-039 sc-44497, Contract
DA 36-039 sc-5589, Contract DA 36-039 sc-64618, Contract DA 36-039 sc-85352,
and Contract DA 38-039 sc-88962.

These contracts call for services, facilities, and material to be employed on
mutually acceptable tasks. Of the nine tasks assigned, five have been completed
with final reports. Work on Task 2, Transistor Reliability was terminated In
August 1961. A final report Is hbeing prepared. Brief descriptions of other tasks
and dates of Final Reports are contained in Section 1 of Report No. 6 dated 31
December 1961, the First Quarterly Report Issued under the present contract,

Tasks currently active under this contract are outlined below,

TASK 4 - NEW AND IMPROVED TRANSMISSION TYPE TRANSISTORS

The contractor shall make theoretical and experimental studies leading to ex-

ploratory models and, upon mutual agreement, to feasibility designs of:

1. New translators using new or previously untried principles,

2. New transistors obtained by studied modifications of existing types.

The new transistors shall be primarily intended and suitable for application to
voltage, current, and power amplifiers, and to assoel'ited electronic transducers.

In general, transistors having ac amplifying properttei, in the following ranges
are of particular interest:

1. Germanium transistors from 1000 mcps to 3000 mcps with as large power
ratings as the state of the art permits,

2. Silicon transistors from 100 mcps to 1000 mcps with as large power ratings
and as high temperature ratings as the state of the art permits.

3. Devices of other materials with specific attention to obtaining frequency,
power, noise, or temperature advantages over germanium and silicon
devices.
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TASK 4A - MICROWAVE TRANSISTOR

The Contractor shall conduct a study and investigation leading to the design and
fabrication of a transistor capable of operating with a minimum of 10-db gain at
3000 mc. The transistor structure should be of a diffused base mesa type with stripe
emitter and base electrodes or with dot emitter and ring base electrodes. An accu-
rate design theory for such a device shall be established together with an appropriate
equivalent circuit Including package parameters. It is desired that the transistor be
matched into 50-ohm input and output coaxial terminations. From a microwave point
of view the structure (package and transistor) shall be basically broadband. Ideally,
the transistor should be capable of greater than 10-db power gain from d.c. to 3000 mc.
Appropriate experimental models of such devices including any necessary adapters.
indicative of the progress made shall be furnished during the course of this program.

TASK 4B - 1000 MC, 1 WATT TRANSISTOR

The Contractor shall conduct a study and investigation leading to the design and
fabrication of a transistor capable of operating with a minimum of I watt of power
output at 1000 mc with a minimum gain of 10 db and with a minimum efficiency of
30 per cent, for this power output and gain. An accurate design theory for such a
device shall be established together with an appropriate equivalent circuit including
package parameters. The structure shall be an hermetically sealed package with
provisions for mounting on simple heat sinks. Appropriate experimental models of
such devices, including any necessary adapters, indicative of the progress made
shall be furnished during the course of this program.

TASK 9 - FUNCTIONAL DEVICES AND INTEGRATED CIRCUITS

The Contractor shall make theoretical and experimental studies leading to ex-
ploratory models, and upon mutual agreement, to feasibility designs and finally to
development models of semiconductor components able to perform more complex
functions than existing components can, thereby reducing the number of components
needed In electronic systems with the ultimate vbjective of Improving thc reliability
and reducing the cost of such systems, The components to be investigated shall
include:

1, Functional devices, namely devices designed from physical phenomena to
perform as directly as possible desired systems functions.

2, Diodes and transistors in miniature Insulated oackaies to be compatible with
thin film resistor-capacitor techniques, These packages may form an Integral part
of an insulating substrate on which resistive and capacitive films may be evaporated
to form complete circuits.

3. Integrated circuits, namely combination of circuit elements including, where
appropriate, functional devices designed and fabricated as units to perform desired
systems functions,

The work 9hall include but nut be limited to:

I. Evaluation of systems requirements and related components requirements
with attention to such figures of merit as speed, gain, power dissipation, Impedance,
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reliability, packing density, Interconnection topology, etc. A study shall be under-
taken of selected categories of semiconductor components to determine their
universality with respect to a variety of systems. For example, integrated diode-
transistor logic circuits shall be studied for gating and flip-flop circuits. The
gating circuits studied shall be designed for optimum fan-in, fan-out requirements.
The fan-in, fan-out requirements should be based upon systems analysis.

2. Siudy of miniature diodes and transistors in insulated packages shall be
undertaken to determine the effects, if any, of the packaging techniques on the per-
formance and reliability of these devices, Wherever possible, comparative conven-
tional devices shall be used to make this analysis most meaningful.

3. Fabrication of these selected exploratory components and circuits to deter-
mine their figures of merit, For example, four-layer, three-terminal device
struc'tuves (PNPN) having turn-off gain properties shall be investigated for applitca-
tion to functional circuits. In addition, the contractor shall endeavor to determine
the reliability inter-relationship of several semiconductor devices (i.e. diodes and
transistors) contained in a common sealed package or several junctions fabricated
in ,. common semiconductor wafer.

4. The cost factors associated with all of the above shall be investigated, par-
ticularly with respect to yield on multiple devices in common package or multiple
junctions within one wafer.



SECTION 2 - ABSTRACT

TASK 4 - NEW AND IMPROVED TR " 1NSMISSION TYPE TRANSISTORS

A proposed germanium diffused-base transistor, Intended for use as an ampli-
fier in the low microwave frequency range, is described and discussed in Chapter
1. -The-transistor has q circuLar emitter c.F 0.25-mil diamoter, a ring base elec-
trode, and a circular collector of 1-mil diameter defined by an oxide ring. From
an equivalent circuit for the transistor, the short-circuit admittance parameters
are calculated as a function of frequency, and unilateral gain is calculated as a
function of frequency. At 3 Gc,thc calculated unilateral gain is 14 db for a bias of
VCB = ,5 v, 1, = 2 ma. The need for a new header with lower series lead inductance
than the M2174 header is discussed.

Two germanium processing changes are described. The first, 2 change in the
base-layer diffusion, is a method for lowering the series base resistance using two
diffutions with different surface concentrations and different diffusion depths. The
second, a change in the evaporation of emitter and base contacts, allows the evap-
oration of circular contacts. Some initial evaporation results are presented,

Chapter 2 describes work on the M2260 transistor designed for 1-watt power
output at 1 kmc. The specific dimensions and diffusion data are presented for a
transistor using the oxide-spaced interdigitated structure outlined in the last report.
The predicted values of the equivalent circuit parameters based on these dimensions
are given. The preliminary evaporations using the new masks have been carried
out, and provide the desired structure within tolerance limits.

.Three-stripe mesa units with 1 x 20 mil stripes have been used for electrical
characterization, The calculation of r4 from the high-frequency h Ib measurements
was not possible due to excessive header input inductance. Tne value of r• calcu-
lated from low-frequency hib and c measurements is at least it low a" that pre-
dicted from the structure, These units provided a small-signal power gain of 20 db
at I kmc with zero db reverse transfer, in a tuned-input tuned-output amplifier with
no external feedback.

Chapter 3 treats the surface dependence of the de and low-frequency base ctfr-
rent in germanium diffused-base transistors, The base current in germanium dif-
fused-base transistors has a dependence on emitter-base voltage and on temperature
which is shown to be in quantitative agreement with the theory of recombination at
traps within the emitter ejmce-charge with energy near the mid-gap. However, as
pointed out by Moll, the trap density required in this model is so high that a homo-
geneous distribution of such traps in the base region near the emitter barrier is
incumnsitent with tha high gain obscrvcd.

The base current is also found to be strongly surface dependent. Common-
emitter current gain can be cycled repeatedly, such that it changes by factors of



order ten, Washing in water is used to decrease base current; baking in dry hydro-
gen to increase it. The base current under reverse emitter-base voltage shows,
quantitatively, the same surface dependence as that seen under forward bias.

These results suggest that base current in these transistors is dominated by
recombination at surface traps within the emitter space charge. A contribution to..
the base current in silicon planar transistors arising in a similar way has been
suggested by Sah.

The data suggest that the emitter at the surface at equilibrium has a configu-
ration likena junction between p and n regions, both lightly doped, and that surface
recombination velocity- is high.

The single-trap approximation gives a trap 80 my from the mid-gap. The traps
are thought to be characteristic of the GA-.Th oxide. interface and to be deactivated
by the presence of water.

When a transistor which has been washed in water is later baked in hydrogen,
the same trap persists, its density increases, and the surface positive charge also
increases.

"Collector current depends on emitter-base voltage and temperature as expected .
from ideal pn junction theory and is nearly independent of surface treatment. The
different dependence of base and collector current on emitter-base voltage results
in the well-known dependence of common-emitter cui'rent gp..in .on current. The
model is believed to apply to germanium high-frequency, high-gain transistors whichqVFB
show IB o: exp 4I,- )' which includes virtually all currently available types.

TASK 9 - FUNCTIONAL DEVICF.' AND INTEGRATED CIRCUITS

Chapter 4 is an interim report on the accelerated aging experiments being car-
ried out with multiple diodes in a single encapsulation. The results show that the
main population, consisting of about 90 per cent of the devices, possess good toler-
ance to both electrical and thprmol #trass.

Chapter 5 presents a review of the merits and defects of various approaches to
integrated semiconductor ciruits.. It is concluded that most pins are obtained
through a flexible approach, using multiple like devices on a common substrate and
the common encapsulation of unlike devices on separate substrates.

Chapter 6 discusses the effect of temperature aging on thermal compressionbonded contact between leads wire of various metals, and an aluminum contact on a

semiconductor device. The result shows that the resistance of the bond increases
until an open circuit occurs.
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SECTION 3 - PUBLICATIONS AND REPORTS

"A paper by J. T. Nelson and A. G. Foyt," "Germanium Transistors for Opera-
tion above 1 kmc," was presented at the meeting of the Professional Group on Elec- j
tron Devices of the IRE held in Washington D.C. on October 26, 1961.

6



SECTION 4 - FACTUAL DATA

TASK 4 - NEW AND IMPROVED TRANSMISSION TYPE TRANSISTORS

Chapter 1

THE M2275, A GERMANIUM MICROWAVE TRANSISTOR
WITH CIRCULAR ELECTRODES

By. A. G, Foyt

1,1 INTRODUCTION

This chapter discusses a proposed germanium diffused-base transistor intended
for uso as an amplifier In the low microwave frequency range. The transistor has
circular emitter and base contacts and a circular collector defined by an oxide ring.
The transistor has a calculated unilateral power gain of 14 db at 3 Gc when operated
at a 10-mw bias level. An equivalent circuit for the transistor is presented, and the
fto-port parameters of the equivalent circuit are computed as a function oi frequency,
Unilateral gain, as defined by 8. J, Mason, is computed from the two-port parameters
and is shown as a function of frequency. Finally, two changes in the germanium
processing, the diffusion of the base layer and the evaporation of the surface contacts,
are discussed.

1.2 STRUCTURE OF THE TRANSISTOR

This transistor is to be a germanium pnp diffused-base transistor, It is designed
for use as a common-base amplifier in the low microwave frequency range. A silm-
ilar transistor, the M2174, a germanium diffused-base mesa transistor with stripe
emitter and base contacts has shown useful performance as an amplifier in the upper
UHF range. The new structure is basically an attempt to reduce the size of the
M2174 and improve the performance at high frequency.

However, an attempt to reduce the size of the M2174 by a reduction of all dimen-
sions does not seem feasible. The emitter and base stripe widths arc found to be the
smallest size for which evaporation masks can be made reproducibly by present
techniques, so a reduction in stripe width could not be made. If, however, this dimen-
sion is held fixed, the size of the transistor can be reduced by reducing the length of

71
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the emitter and base stripes. This length can be reduced until the emitter and base
contacts are square. However, as shown by Early (Ref. 1) this reduction does not
improve the gain-bandwidth product, If, however, the base contact is made as a ring
around the emitter, the series base resistance will be reduced with no increase in
the collcrtnr capacity under tht emitter, and the gain-bandwidth product will be in-
creaGed. :In the final design a ring was used for the base contact and a circular dot
was used :}or the emitter contact.

With a ring-dot contact geometry, a circular collector would minimize the col-
lector area. Since the collector area outside the base contact does not contribute to
the transistor action anqq.I in fact, an unwanted parasitic capacity, the transistor
was designed to make this area small. An oxide mask that would define the collec-
tor-base junction seemed to be the most suitable method for controlling the collector
area (Ref. 2). By defining the collector junction with an oxide mask ard by laying
part of the base ring on this oxide mask, the cullector area can be reduced by factors
of four cr more over the M2174 design. Finally, the method used to Limit the collec-
tor area was used to limit the emitter area.

Using the ideas discussed above, the transistor was designed as shown in Fig. 1.

i .j.. . O

"CONrACT
y" ,. • IMItTINl

Fig, I - Proposed new trutoluro for the 10-milllwntt common-base amplifier

1.3 ELECTRICAL EVALUATION OF THE PROPOSED TRANSISTOR

Electrical evaluation of this transistor design is based on an equivalent circuit
for the transistor. In this section, a set of two-port parameters and unilateral gain
are computed from the equivalent circuit.

A similar equivalent circuit was used previously in evaluating the M2174 tran-
sistor. The circuit consists of a "T" equivalent circuit for the germanium waler
with the header equivalent circuit located around the outside of "T". The complete
circuit with element values Is shown in Fig. 2. The element values shown were cal-
culated, measured, or estimated from previous experience with similar transistors,
as itemized:
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CEC =0.02PF

aLl

LE INH CTE 0.4PP CL = O.014PF

K%40fl

CEBCc

01O4PF

ItJf/fa - =aGc

Fig. 2 -Equivalent circuit for the M2275 transistor

1. a - Thomas and Moll (Ref. 3) have shown that the common-base current
transfer ratio a is given for mos( transistors by

-Jtmf/fe

1 + if/Ia

where a. is the low-frequency current gain, fi is the frequency at which I al is
down three db from its low-frequency value, and m is the exeCess phase constant,

2, fIn - Early (Ref. 4) has shown that the common-emitter unity gain frequency
ft, where

fi (1 a0m)

can be calculated as a sum of four time constants,

1

2-rf

where

Tec 're + "b + + x

-thp timi. constant for the emitter diode.

T
e = reC4 ,
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"Tb - the base transit time,

W2
b T- 3D'

where w is the base width and D is the diffusion coefficient for holes in the base
I layer.

To the time constant for the collector resistance-collector capacity,

SrcCi

Tx = the time constant for a hole crossing the collector-barrier region,

2 VL

where x is the collector-barrier width, and VL is the limiting velocity for holes In
S~germanium,

These time constants are shown as a function of C0, the base-layer surfaceIconcentration, in Figs. 3 and 4 for two Icvcl.- of collcctor doping,I. ao and m were estimated from previous experience on the M2174,

'. ' I -

*8---a......
32

I

I __I__"-_.......___...

821016 IO' l 3 2 i

CO N• ATOMS PER CC

Fig. 3 - Computed time constants vs, base layer surface co~ncuntrntioTn
ror collector doping of 5 '• 1016
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_ 1177 I

24 i

2 I

Z I .a i ,C 0  * 4. A i PI .C

for o ro o 0 101

4. C0  _t and Ci, the collector outer and Inner . a.. eal.e, W r-ulMd u..ing. 7

the data for diffused junction. capacity comnputed by La~wrence and Warneor (Rai,5)

5. r4, the series base reuistance, was computed using at method which Early
(Ref. 6) applied to allo junction transistors,

psi ] " !•.~~ ~ ~~ 81 P •i /i '.-

where p.I, P -. are the sheet resistances of the bas layer undaer the emitter -and
between the emitter and base contacts respectively, i 1 tf mit..

k -T•-: 4. ~ont cot, and r Cai the radius o r oth e b nse connetaiot.. ct••lul~duma

6. r9 a emitter diode resistance

7. Ce f emitter diode capacity. o

8. r., the collector series resistance and was estimated from the M21w74
transiator.

9. Le , Lb - the series header inductances. The values shown were measured
for the M2174 coaxial header.

10- Ct e , Cbe , Ceei = the shunt header capacities. The values shown were meas-
ured on the M2174 coaxial header.

A C, of 2x10 18 was chosen for this transistor as a reasonable compromise be-
tween series base resistance and ai. A collector doping of 5.0 1 6 was chosen as a
compromise between~ frequency perfurma1nce and collector brcazkdown voltage. From
this equivalent circuit, a set of two-port parameters, the short-circuit parameters,
were calculated using an IBM 650 computer. The parameters versus frequency fig-
ures are shown in Figs. 5 through 8.
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Fig. 7 - Y21b vs. frequency

(Computed from equivalent circuit)
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Fig. R - Y22b vs. frequency

(Computed from equivalent circuit)
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From thle computed y parameters, several measures of performance may be
calculated for the transistor. A measure that has been-commonly used in transistor
evaluation is Unilateral Gain (Ref. 7) defined by S. J. Mason as

IY12 - Y21U 4[ re(y,,)re(y22) - re(y12 )re(y21 )

U is shown by Mason to be the maximum neutralized power gain for the transistor in
a lossless, passive, reciprocal tuning and neutralizing network. For this transistor
U versus frequency is shown in Fig. 9. . -'-

I r I

40- j.f

30

.10

'0 20 W0-60 so '00 Pon 400 600 Woo0 201D 400 A 00 0 10010
PfIOIII[UENCY IN MEGACYCLES

FHg. 9)- Unhlntecial gain vs. frequency
(Compitred from equlvnlent circuit)

.1.3.1 Discussion of the Two-Port Calculations

Several observations of electrical evaluation can be made at this time.
First, the calculation of f I was shown for the M2174 to give a value that was two to
three times higher than the observed value. For tile M2275 the calculated value was
redluced by a tactor of three for the equiva lent circuit, Second, the calculated input

impedance , yj~ is increasing rapidly at 3 Gc, thle highest frequency of calculation.
Part of this increase is due to header inductance. To reducc this resonance effect
in Input impedance, a lower inductance coaxial header will be used for this transis-
tor. Finally, the short-clrcuut uutput admittance is very low, so that a low loss im-
pedance matching section miust be used to match the output. Our experiments on
coaxial lines indicate that such a matching section can be built.
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1.4 NEW GERMANIUM PROCESSING

xwo departures from previous techniques will be made in the germanium proc-
essinrg for this transistor. The first departure is a method for contouring the
base-layer impurity profile using two separate diffusions to lower the series base
resistance. The second departure is a method for evaporating the circular emitter
and base contacts.

The method for lowering the series base resistance is illustrated by the impu-
rity profile of the base layer, Fig. 10. As shown, there are two separate diffused

layers. The first diffusion, with lower Co and lower diffusion coefficient, extends
the entire base-width and provides base doping under the emitter. The second dif-
fusion, with higher Co and higher diffusion coefficient, extends to the emitter pene-

.- tratlon depth, and lowers the series base resistance between the emitter and base
L . .. _.'•_• - ::-. •• .-econtactS.

•This method provides independent control of the doping under the emitter and

-hedoping the emitter and base contacts. Since the area between the emitter and
.... .is only series resistance, it will be dopet as heavily as possible. The doping

.under the emitter partially determines the ao of the transistor and determines the
base resistance under the emitter. A compromise must be made between ao and
base resistance. From experience with the M2174, a base-layer depth of 1/4 mi-
cron and a C, of 2x10 1 - is a reasonable compromise between a. and rl.

The second departure from standard processing is the method of evaporating
emitter and base contacts and the oxide layers, On previous transistors the emitter
and baise contacts were evaporated by shadow masking of the evaporated material
using a metal mask clamped over the germanium in a stationary holder. For the
M2275 a shadow masking technique will be used, However, the holder will be al-
lowed to rotate for the evaporation of a ring and will be allowed to tilt for control
of the ring diameter. A similar method of evaporation has been reported by
Wiegmann (Ref. 8). This technlque is not cumpletely controlled at this time, and the

"PURI?
rUCENIPRAfPON

(MICK C9, MTf0• O)

QfI•PANiL'j.

(LOW C0, LOW 0)

emit IRA
PENSTfRATION

BAF I 6ALLET

Fig. 10 - Bnse imnpuiity con ccntrat!on vs. depth
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Chapter 2

STATUS OF THE M2260, I-WATT, 1000-mc TRANSISTOR

By R. E. Davis

2.1 INTRODUCTION AND SUMMARY

The M2260 is a p-n-p diffused-base transistor designed for 1-watt power output
at 1 kmc. The principal effort during this period has been devoted to the fabrication
of the oxide-separated interdigitated structure. Initial evaporations using new masks
have provided the desired structure within the allowable tolerances,

Some small-signal measurements have been obtained on I x 20 mu 3-stripe
mesa units. The values of rl, calculated from the low-frequency h1b and a measure-
ments are at least as low as those calculated from the structure. The calculation of
rj from the high-frequency h1j, measurements was not possible, due to excessive
header inductance in the input lead. Tlhese units provided a small-signal power gain
of 20 db at 1 kmc, with reverse transfer of 0 db, in a tuned-input tuned-output am-
plifier with no external feedback.

This chapter gives the design dimensions and calculated parameter values for
a 1-watt, 1-kmc transistor using the oxide-spaced structure.

2.2 DIMENSIONS AND PARAMETER VALUES FOR A I-WATT, 1-kmc
TRANSISTOR USING THE OXIDE-SPACED INTERDIGITATED STRUCTURE

A description of this structure and its inherent advantages has previously ap-
peared in these reports (Ref. 1). Such a transistor structure is shown in Fig. 12.
The dimensions given in Table 2-1 are based on the requirements of I watt output
power at I kme. The starting material is 0.5 fn-cm p-type epitaxial germanium de-
posited on 0.01 fl-cm p-type substrate. The base diffusion depth is 0.3 micron and
the emitter is assumed to penetrate 0.1 micron, which represents the best estimate
based on previous experience. The base sheet resistance for three different values
of diffusion surface concentration is given in Table 2-2 for the case of antimony dif-
fusion alone, and also for the case of antimony diffusion followed by an arsenic dif-
fusion whose chiet resistance is 250 f/&7 (Ref. 2). The values of r6 for this struc-
ture based on these sheet resistances are also given in the table. Table 2-3 gives
the theoretical values of the significant parameters, based on the dimensions shown
in Table 2-1 and the diffusion parameters shown above. Some of the capacities ap-
pearing in this table are not found In the mesa structure. These parasitic capaci-
ties, identified by primes, are the capacities of the oxide separated lead materials
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M EMITTER (5j

EMITTER

ORERLA( "
Af-,

BASE BONDING EMITTER EMITTER (.)
BAR (2) OVERLAY BASE CONT .ACT (3)

OXI F)•. l OnIDE (4t

hi eCROSS SECTION B
DIMENSBAOS AER A- 1-N m\, D E ALONG CENTER LINe OR

MOLE IN DIFFUSION MASK

CROSS SECTION A-A'
ALONGi ¶ BASE STRIPE

I-1g. 12 - Oxide-spaced Interdigitated structure

Table 2-1

DIMENSIONS FOR A I1-WATT, I1-kmc, O)CDE-SPACED TRANSISTOR

Iti.ehr.inue No. in Fig. 12 iind Desc cription | ih j.I ( l h

LeVngd) Width

(1) Hole in SiO layer 20 4.5

(2) Base lead bonding bar 23 2.0

(3) nnme cnnci stripes 8,$ Oe

(4) Oxide coating on base stripes 619 1.0

(15) Emitter contact 23 6.5

(6) Emitter overlay 23 6.5

Bane-stripe overlap on base bonding bar 1.0

Distanco bctwen basc bonding bar and oxidc hole 2.0

Distance between base bonding bar and edge of 1.0
omitter contact

Displacement of emitter overlay w.r. to emitter contact 1.0
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Table 2-2

rý AS A FUNCTION OF DIFFUSED-BASE LAYER PARAMETERS

Diffusant Su, 'iace J B 1SB RSE r
C o nc e ntra tio n (e ma -3 ) (u -cI) - (q -c m ) -! n i ui W I - (o h m s )

58 30 575 1670 2.61C O = 10' 8S h . .. . . . .._

+250f2/0I As 174 1670 1.87

85 42 392 1190 1.83
C0) 2x10 18  . ... ...- _

+250SI/Ci As 153 1190 1,38

110 52 300 1000 1.48(~o 3x10 18  
-- -- 'I -. .

+250 P/0 As j 136 1000 1.18

UB average conductivity in base layer

aFE =average conductivity under emitter

RL. = sheet resistance of base

Rsjý •sheet resistance under emitter

Cee

cot'

Co

1Co C bDC 1

- - -- --- -- ---

b

Fig. 13 - Equivalent circuit of the oxide-spaced structure
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Table 2-3

EQUIVALENT CIRCUJT PARAMETERS*

Symbol Deccription Value

r,' base resistance See Table 2-2

C0  outer-collector junction carpacity 4.0 pf
(everywhere except under the emitter)

CjI base contact to collector capacity 1.8 pf
through the SiO

C inner-collector junction capacity (under 2.2 pf

' the emitter)

C' emitter transition capacity 50 pf

Cue emitter contact to collector capacity 1.0 pf
through the SiO

Co) emitter contact to base contact capacity 1.3 pf
through SiO

e collector body resistance under the emitter 0,1 Q2

r s substrate resistance under the emitter 0.25 w2

R, collector body resistance under Inactive portion 0.072f•
v1 emitter lead

ft common-emitter unity gain frequency 2 kmct

All capavities Lialculated tit IOV collectur blum
I Based on M2107 results

and large bonding contacts. The equivalent circuit for the transistor is shown in
Fig. 13 with these parasitic capacities included.

2.3 INITIAL EVAPORATION OF THE NEW STRUCTURE

One of the first evaporations using the new masks is shown in Fig. 14. The
various parts of the structure may be identified by comparison with Fig. 12. The
dark sections on the base stripes, where they contact the germanium, were caused
by the base stripes buckling and peeling away from the germanium before alloying.
ThiL wa6 probably due to the germanium surface condition, since subsequent slabs
which were cleaned before evaporation have not exhibited this behavior. The struc-
ture was well within tolerance limits on the first few evaporations, however, in sub-
sequent evaporations the stripes have been misplaced due to a malfunction of the
jigs. The jigs are now being modified to correct this shortcoming. No units have
been satisfactory for electrical testing to date.
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Table 2-4

LOW-FREQUENCY a AND h~l) MEASUREMENTS

-- _U Lnit I) (ohUl Y1 nfil)

I ni) W (volts) No. (oh s) rl; (ohnis) rl (ohnis) rt (ohrns)

50 2.5 1 0.9.588 0.854 8.11 2.40 .235

50 2.5 5 0.9669 0.855 10.1 4.20 .196

50 2.5 7 0.9599 0.873 8.80 3.74 .203
-. . . I

I00 2.5 1 0.9900 0.588 10.2 (ThOketiwll)

100 2.5 5 0.9750 0.561 12.0 12 ohms
100 2.5 7 0.9698 00.570 10.5

2.4 SMALL-SLGNAL MIe;AbUEMENTS ON MESA UNITS

Three 3-stripe mesa units with 1 x 20 mil stripes, mounted in coaxial headers,
were electrically tested. One of these units, after bonding, ,s shown in Fig. 15. The
small-signal low-frequency measurements of h I, and a obtained on the Boonton
275-A transistor test set are given for these units, in Table 2-4. These measure-
ments were taken at two values of emitter current, 50 ma and 100 ma.

The respective values of r' were calculated in two different ways for these
units. The expression for the short-circuited input Imped.,nce of the transistor iz
given by:

XT
hih = r; (1 - a( --j)+

When the two sets of h1l, and a measurements, taken at the two different current
levels, are substituted in Equation (1), r6 is given by:

(h (I 2)2 b (-() KT - K,qel q1 e2 (2)

a2 - a 1

where the subscript 1 refers to the readings taken at the lower value of emitter
current.

Substitution of this value of r, in Equation (1) gives rt. This solution obviously

assumes that both r1, and rý are invariant with change in emitter current.
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The values of rl, calculated from the measurements in this manner appear in
Table 2-4 under the column (r. /0), and are considerably below the theoretical pre-
diction of rL = 12 ohms.

A second calculation of rl, was made, assuming that rý = 0 in Equation (1).
These values of r1 appear in Table 2-4 under the column (r" = 0 ). In this case the
calculated value of ri, is closer to the theoretical value, but is different at the two
current levels, increasing with an increase in current.

The question as to which of these calculations gives the correct value of rý is
still not resolved, since there are logical arguments in favor of each case. The
increase of r1, with increase in current, observed for the case r'• = 0, could be ex-
plained by an increase in the voltage drop along the emitter stripe with increase in
current. On the other hand the lower value of ri obtained for the case r' / 0 would
be feasible if the (1 - a) current flowing in the base originated at:the edge of thA
stripe, as experiment has indicated (Ref. 3). Under this condition, the theo-
retical value of r,', would be 3.23 ohms, which agrees reasonably with the
measurements.

The small-signal high-frequency measurements of hib taken on the G.R, 1607-A
transadmittance bridge are shown in Fig. 16, where the real part of hib is plotted
versus the imaginary part of hlb, in the normal manner. The low-frequency meas-
urement is also included for completeness. It is evident from this curve that the

I .Table 2-5

I SMALL-SIGNAL GAIN AT 1 kmc

V l Vab Forward Reverse
0 DO (ma) (Volta) lain (db) ain (db)

//I 60 2.5 11.7 -4.3

0 UNIT NO,1 50 5.0 12.2 -6.43 A. . 1K;--]7 - - " ,C hLb)8 . 2 2- ,
300 4... MlktIAS II#INT

ION j Kn6 Urls 52 5.0 19.2 -0.8

2 -. . . - .. . -62 6.0 22.6 +1.7

___ j60 2.5 oscillates
I A

0 2 3
Re hLb 1H OMS

Fi g. 16 -High frequency hlb of coaxial M2260 mits
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input inductance of the header completely masks the reactive portion of the transis-
tor input impedance and renders meaningless any deduction of rg from these meas-
urements. A new encapsulation is being designed to decrease this header input
inductance to a much lower value.

Table 2-5 shows a set of small-signal power gain measurements taken at 1 krnc
in a tuned-input tuned-output amplifier with no external feedback. Both the forward
and reverse gain have been measurW under identical tuning and bias conditions.
The maximum forward gain (with reverse gain < 0 db) is seen to be approximately
20 db.

2.5 CONCLUSIONS AND PLANS

Preliminary results on the new structure are encouraging and the initial evap-
orations using the new muasks have already given the proper structure, well within
tolerances. A slight modification of the evaporation Jig should give reproducible
results.

The small-signal luw-frequency Measurements of hib and a on 1 x 20 mill
3-stripe mesa units give r, values at least as low as those calculated from the
structure. Calculation of r; from the small signal high frequency measurements of
hlb was not possible due to excessive input inductance in the header. A small-sig-
nn power gain of 20 db at I kmc, with reverse transfor of 0 db, Wie ltuhievej wih
these units.

Work during the l(,xt quarter will be concentrated on producing units with the
oxide-spaced structure. Further electrical measurements will be made on these

and on 3-stripe mesa units. The low-frequency measurements of rg will be further
investigated.

REFERENC ES

1, J. T, Nelson and R. E. Davis, Status of the Microwave Transistors, Sixth

Interim Report, Contract DA 36-039 sc-88931, 31 December 1961, Chapter 2.

2. A. G. Foyt, this report.

3. A. B, Kuper, this report.



I

Chapter 3

SURFACE DEPENDENCE OF GERMANIUM HIGH-FREQUENCY,
HIGH-GAIN TRANSISTORS

By A. B. Kuper

3.1 INTRODUCTION

The purpose of this investigation Is to explore a new surface model of the base
current in high-frequency, high-gain germanium (Ge) transistors, Such a transistor
implies a thin base and thin emitter both heavily doped, all dimensions very small
and lifetime greater than 0,1 ps for minority carriers in tn- hnfte,

It is well known that ideal pn junction theory based on diffusion and recombina-
tion (Ref, 1) does not correctly predict the detailed behavior of transistors (Refs. 2,
3,4). In particular the dependence of current gain on current, a (Ip), and tempera-
ture is not explained by analysis based on minority carrier injection and recombina-
tion in the emitter and base regions.

Sah, Noyce, and Shockley (Ref. 4) (SNS) have shown that recombination within
the emitter space charge can explain the increase of current gain with emitter cur-
rent in silicon transistors.

However, Ge transistor behavior cannot be explained by space-charge recom-
bination because in the case of a smaller energy gap one requires very short life-
times to fit the experimental data (Ref. 5). This requirement implies a high trap
density, but a uniform distribution of such traps within the emitter barrier and the
base is inconsistent with the high observed gain. This leads to the requirement of
traps localized within the emitter space charge.

In the present work, Ge transistor gain is changed by surface treatment, which
suggests that the traps within the emitter space charge are localized at the surface.
The presence of such traps in silicon transistors has been suggested recently by
Sah (Ref. 8). Other recent experiments (Refs. 7, 8) have shown that the base current
at low forward voltage in silicon transistors is predominantly surface current.

High-frequency, high-gain transistors are of particular interest because their
design makes the usual ideal theory components of base current very small, thus
emphasizing anomalous base current. That is, minority carrier injection into the
emitter is minimized by heavy emitter doping. Recombination In the base is mini-
milzed by making the base width much less than a minority carrier diffusion length,
At the same time the explanation of the observed a(IE) based on recombination on

26
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the base surface '(Ref. 9) is excluded by the transistor geometry. That is, the base

width is much less than the shortest emitter dimension, so that most of the injected

carriers will diffuse and drift to the collector rather than to the surface.

It was suggested by Gummel (ReL 10) that separate measurement of the com-

ponents of dc emitter current (I[,), that is IB (VEB ) and IC (VEB ), would give more

information than measurements of a (IE). in general, if we measure small-signal

current gain a,

Slog (1 - a) I.. 1 (1)
a 1og IE m

Then, when a 1,
D log III m•

o ~1 -'

_10 loLc (2)

SIC.

A 4.- .

i0I 
1 - I VLL

0.1 0.2 0.4 04 0.I I It 4 0 to

IN MILLI•.MiRus

Fig. 17 - Snill-signal a,-dfvuect vS umiLtter current

A measurement of low -frequency ac ci versus IF in the diffused base Ge transistor

shows m d 3 even up to ac 0.999 as shown in Fig. 17. Gummel found that

IC (VB ) a e qVB, (3a)
kT
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and

IB(V'EB ) oc e ___ (3b)
nkT

sti that a(I;) and IB(VEB ) are connected by the relation between the nearly constant
exponents

1 1--=1 ---. (4)

3.2 EXPERIMENTAL

The measurements were made on transistors clamped to a constant temperature
block (4 0.1I C) In a dark box flushed with dry nitrogen. Most of the measurements
were made at 30'C = TR. The transistors were Ge mesa units (Refs. 11,12). Most
of the measurements were made on a unit designated #1, which had a x6 mril al-
loyed AL emitter (1500-2500 A At). a 1 micron Sb diffused base with C. 4x10 17 ,
and a 2 f-cm p-type collector region 2,38x10"4 cm 2 in area. Unit #2 differed in
that the stripe size was 1.5x16 mil and the collector region, 10,7xj0"4 cm 2 in area,
consisted of 3 microns of 10 fl-cm p-type grown epitaxially on a 0.001 fl-cm p-type
seed. A view of one of these transistors is shown in Fig. 18.

The surface cycle generally consisted of three minutes at 3000C in dry hydro-
gen to reach the low 3 state, three minutes in 80"C deionized circulating water to
return to the high 3 state. The transistor could usually be measured for several
days in either state with drifts of Z 10 per cent, which were small compared to the
order of magnitude changes observed in changing the state of the surface, The

Fig. 18 - View of diffused-base germanium t-ansitor looking (own at top

of mesa nd 8howing central emitter stripe and two base stripes
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treatment was not critical, that is the experimentally observed quantities could be
shifted in the desired directions by adjustable amounts by longer or successive or
shorter washes or bakes at various temperatures.

3.3 DISCUSSION OF THE SURFACE TREATMENT

We examine first what the surface treatment is doing to the Ge. Several cycles
of base current are shown in Fig. 19. It appears that the results become more re-
producible after a few cycles. We have measured the resistance between base
stripes (Rbb) on transistors with attached leads with the result shown in Fig. 20.

Soo . . . . .. .

I Ii

800 . . ... i
400 - -----

SIC40 -

I SA

IWI 
T

A . . ..... . . . ........ i . .. . . .

O .

oJ ------
0.1 . i

0 1) to ISO .100 20 A
Vg8 IN MILLIVOL2T5S

Fig. 19 - Collector and base current vs, emitter-base voltage
for conscoutive surface treatments
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Fig. 20 - Base-baseatrlpu translator rovirtance and incremental . for conscautive surface
troatments or two transistors with 1.5x16 mil stripes and 2 n-cm, P-type uollector regions

(a) 70 hours at room temperature In the measuring box with dry-nitrogen flushing
and (b) 20 hours tt room tomporature In room air about 40% relativ humidity

Rbb Is seen to increase after each water rinoe and partially to recover during bak-
ing. The transistor gain is reversible in spite of the irreversible etdilng of the Ge.

We conclude that when we wash the unit in water containing small amounts Mi
oxygen, we dissolve )xide, form new oxide, dissolve it, and reach-a state with the
unit etched slighlly .,.al covered by a "wet utite-'-of reproducible thickness probably
about 30 A (Ref. 13).

In this discussion we wiU be Interested, in__the density of recombination centers
(Ni) at the oxide - Ge interface (Ref. 14) and in the surface charge residing mainly
on and in the oxide (Refs. 14,15),

When we subject the surface to dry heat we assume that the-water diffuses out
(Ref. 18). We will find that the surface recombinattorn velocity (S) increased, the
surface charge becomes more pcsitlve, and that Nt increases.

"We show next that dry heat increases the positive charge on the surface of our
transistors. This is shown by measurements at. the collector Junction. We have
used two transistors with the same base but with different collector regions and re-
peated the experiment on similar units, Unit #1 has a wide 2 fl-cm p-type collector
region. Unit #2 has a narrow 3 micron 10 fl-cm p region followed by a p+ region.
When the surface is changed from wet to baked (Fig. 21) we see no change in the dif-
ferential collector capacity of unit #1. However, unit #2 in the baked state shows an
increase in capacity at low reverse voltage. The increase disappears at voltages
above that at which the collector space charge completely occupies the lightly doped
region. From this it Is deduced that an N channel (Ref. 17) is formed on the high-
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Fig. 21 -Collector capacita~nce vs. totali junction potential for a surfa~ce cycic
(No. I has 2tA-ur p-type vollector, No. 2 hits 104-cm
p-cpitaxiul on p+, Both have the same base diffusion)

resistivity collector regicJI, an nhuwrn acheni~itically In Fig. 22, but that the surface
charge Is not su~fficitent to invert 2 fl-cm p-type.

Using the calculations of Kingston and Nevistadter (Ref, 18) to obtain the surface-
charge density required to invert the bulk we find in this experiment:

on 2 fl-cm p N+ -' X10 10CM-2

on 10 fl -cm P Nt > 2xO 0"cmn-

!'g 2 oraio fn-ye hlmu n 0~ -mp-WEeo lgo
o# N.2i~th ae tt
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Next we examine the collector reverse current (Ie) of the two units. In Fig. 23
we see that the current has been increased at all voltages by baking whether or not
Sichnurluid is present. Trerefore, we conclude that baking has increased S.

There is considerable evidence that dry heating of Ge causes an increase in sur-
face recombination velocity (Rets. 10,19,20,21). Recombination traps, or fast states,
are thought to be associated with the lack of perfection at the oxide - Ge interface
(Ref. 22). Law suggested that heating removed water which had an effect on the Ge
oxide bond (Ref. 23). According to this point of view the number of traps is changed
by heating. In addition S depends on the surface charge (iRef. 24).

We measured emitter capacity versus reverse voltage; with a Doonton Model
74-C capacitance bridge, before and after dry heat on several transistors. The re-
suits shown in Fig. 24 for unit #1 sh~ow a step junction from which the base doping
at the edge of the emitter space charge is obtained (Ref. 1). A significant increase
*n ,capc',t, is seen in the baked state, ccorresponding to an increase in effective base
doping at the emitter of almost 10 per cent. Such a large increase in capacity is not
consistent with the heavy doping of the ,•ase at the emitter junction. The change of
charge seen on the p-type collector is insulficient to account for it, if we assume the
surface treatment has the same effect on all surfaces, since the charge arising from
ionized surface donor states will be smaller on n-type bulk than on p-type. In the
same way we cannot account for the effect of baking on R.3b shown in Fig. 20. To
cxplain those results we must assume that either the surface of the base is effec-
tively less heavily doped than the base under the omitter, or the surface charge is
larger at the emitter than at the collector.

Th~e effect of the surface treatment is summarized schematically in Fig. 25. In
the discussion which follows we shall refer to the two states of the surface as the
"wet" state and the "baked" state. The data were taken in several cycles and corn-
pared in pairB.
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Fig. 25 -Surface treatment cycle



34

3.4 TRANSISTOR CURRENTS AS A FUNCTION OF VEB

DC base and collector currents, with the transistor at constant temperature,
were measured in the circuit shown in Fig. 26. The circuit noise is equivalent to
2 liv across 1000 ohms at the input to the dc amplifier, which allows us to measure
currents as small at 0.02 ga. With VE1 B = 0, the base current flowing into the base
due to the reverse bias on the collector was balanced out. Then the current flowing
out of the base due to forward emitter bias,

lb -- In(VFB ) B(0), 1

was obtained as shown by the data points in Fig. 27 for transistor #1, for two states
of the surface. The same data may be obtained by holding VCB :- 0, in which case
IB (0) = 0. IB( -VEB ) does not saturate as ideal pn junction theory (Ref, 2.5) would
predict, so VEB = 0 is the only voltage at which we may balance to obtain I%. How-
ever, IC(VEB ) obeys theory and we may balance Ic at VEB a few tenths volt nega-
tive, to obtain data convenient for plotting near VEB 0.

CL.AMPED TO CONSTANT
TE. TMPERATURE BLOCK

-4

I/rNPuTr 2

X09

~~77

Fig, .{ 26 Transistor de nweasturing eh'cult
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Fig. 27 - Base current vs. emitter-base voltage Fig. 28 Collector current vs. emitter-base voltage
for transistor No. 1 in different states measured at the same time as data of Fig. 27

Solid curves are Equation (17) Solid line is kTjj/q. The low voltage cleviý,tions
are Lttributed to inaccuracy in balancing out 1ce

I I(VEB - Ic (-0. 2 v) (6)

is plotted in Fig. 28.

For 100 mV < VEB < 200 mv,

qVY IvEBr'c= I exp L
C 1 kT

T = 30 C (7)

qVEB

B1x nkT

It can be seen that I• is virtually unaffected by surface change whereas I• in-

creases in the baked state, being displaced parallel to itself.
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At high' orward voltage the currents deviate from simple exponentials due to
series resistance from the point contacts which causes the measured applied volt-

age to be greater than the internal VEB. The relation between the two currents
can be shown to continue to higher voltage by measuring 1 - a, which involves the
ratio of the currents. This is shown in Fig. 17, where small signal 1 - a is plotted
versus 1E and the slope is nearly constant.

2 J,
IV I

-VtI I L
0. -- ---- -"

001 0or 0.04 0.06 050.1 0.? a 0.4 0.8 .
-VOM~ IN VOLTS

Fig. 20 - Base current wm, reverse emitter-base voltage with collector
reverse biased, measured In the same cycle as data or Fig. 27

Solid linus are Equatlon (15) with Vo 6570 my
(obtained from Fig. 24) and Ves 0

The base current I1 for V'B negative is shown in Fig. 29. Although Ib (-'yB
saturates, Ij(-VEB ) does not saturate and is surface dependent. These reverse

currents were measured at the same time as the forward currents shown in Fig. 27.

Comparing the base currents, we find that in the surface cycle forward and reverse
currents have been shifted in the same ratio.

We see, therefore, that ideal pn junction theory seems to apply to the collector
current, but not Lu Ohn. 1tme current. The basp current, calculated from the theory

of diffusion and recombination in the bulk, gives I% o exp -- F- which is not ob-

.e'rved anywhcrc in the entire operating r'angt! uf the transistor. We conclude that
the bulk base current in these Ge transistors is small, compared to the surface de-
pendent base current.
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Fig. 30 - Base current vs. reverse emitter-base voltage
with collector open, for a surface cycle

The saturation value of II is given by ideal pn junction theory (Ref. 25).

I(.VE.) - aN I (8)

where IEo is the reverse emitter-base diode current with collector open. 'Eo In
both surface states is shown in Fig. 30. Here, one sees a saturation current added
to the surface dependent current. From L comparison of Figs. 30 and 29, we con-
clude that aN ; 1 even at very low current,

3.5 MODEL OF THE BASE CURRENT

We have found that the base current is surface dependent and has a dependenceon emitter-base voltage similar to that calculated for space-charge recombination
due to deep-lying traps (Ref. 4). As previously noted, yA!L4nne space-charge recom-
bination Is inconsistent with high attainable current gains such as those shown in
Fig. 17.

We will, therefure, asumue that the suriace dependent base current arises from
Srecombination or generation at deep-lying traps, which are localized at the oxide-

Ge interface within the emitter space-charge.
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Conisider the currents flowing across the pen emitter junction under forward
bias as shown in Fig. 31. Near the surface, the hole current (Ip.) is in part re-
combined in transit across the space charge and an electron current, (Ing) flows in
from the base equal to the hole recombination current. Away from the surface the
hole current, (Ip), flows across to the collector without significant recombination
loss and the electron current (In) is very small because the transistor has been de-
signed to give an emitter effici ency within the bulk of apprnxlmately unity.

The current rcsulting from recombination of holes and eletron,, via surface
traps may be thought of as flowing into the surface. The current density is

i~i W~) q u W, (9)

where U(x) is the surface recombination rate per cmn at the position (x) along the
space-charge surface. The surface current is then

L L, (x)dx, (10)
0

where L = Junction perimeter and We = junction width at the surface.

The surface recombination rate for the non-degenerate case is given by (Refs.
26,4,24)

S-%)p
nI N, \cx7,p~ sinh ,,

U(X)=2k

+ q( i1,pp~1 o hFi~hPs+.+Tr [ "1T 2 CEcpcosh Ixs W" + 2 Inc +eco h2 n
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assuming a single trap energy Et. Nt c 1 , (Ref. 19) is defined as the surface
recombination velocity in a highly p-type surface, Nt cp in a highly N-type

and the notation is the same as that of SNS where iP(x} - EWs is the
q

electrostatic potential alPis and(Pn, are the quasi-Fermi potentials all at the
surface.

Surface recombination velocity may be defined as:

S Ntcr v (12)

so that

en %0 -. (13)
c

and

Ntv\rC/i,, o,.) a S!!ecn (14)

where q., is the cross section for electron capture in a highly p-type surface, v is
thermal velocity for electrons and holes, and Nt is the density of surface recombi-
nation centers per unit area.

Under reverse bins U changes sign and expresses the generation rate of elec-
trons or holes at the position x. oQ > Op within the space charge and at moderate
reverse bias the generation rate becomes independent of voltage and position. Then,

q LW. n N, q

11 (V < 0) =IW n', - > (15)

2 cosh k In

will depend on the reverse voltage through

"[2K c,,(V,, V)] 1/2

qNs

in the case of a step junction, wliere V = Vp'B, V,,, is the junction contact potantial
at the surface, N. is the charge per unit volume at the surface of the base and Kgo
and q have the usual meaning.
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FIg. 32 - (a) Potentials at tho surface In a p'n junction
like tn alloyed AL erm!ter on an n-typo base

(b) Llnear potential approxlmritlon

Under forward bias the integration of Equation (10) requires a detailed knowl-
edge of the spatial dependence of the potential and of the carrier concentrations at
the surface, We will do the integration to obtain the surface current using the same
approximate method described by SNS for thA volume recombination current. The
reader is referred to their paper for more detailed discussion than that presented
here. In Fig. 32(a) is shown a potential diagram of a p+n step junction which is like
that expected for an alloyed AL emitter junction' The limrefs have been shown to
be approximately straight across the space charge (Ref. 4). In Fig. 32(b) is the
approximation to the potential made to simplify the Integration to the SNB form.
The potential is assumed to vary linearly with distance across the space charge,
and the crossover at which electron and hole concentrations are equal it taken at
the center of the space charge.

With these simplifying assumptions the integration gives
qV

qLW nNjT 2 sinh q
Ia(V> 0) I3 8 i NVsV)nc q 2kT f(b) (17)

= B 1(b) __,_v 1/T(Vo.9 - V) t/
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where

B = 2kT niL (,-s) Nt Cn Cp

be 2kT cosh Et'Ei n 2kTF + .I _j=e ~ coshZ

kT cp

and f(b) (Ref. 4) is plotted in Fig. 33. As SNS have shown

qV
B e (18)

1
where 1 < n < 2, approaching unity as the quantity Et-E 1/kT +-L- In .51 becomes

Cp
large of order 10.

Two conclusions may be drawn at once from the model.

1. The observed base current may be fitted.

2. The fact that the base current is observed to shift parallel to itseLf in the
surface cycle says that it Is the trap density that is being changed rather than the
type of trap.

2

0 .0 2 . .. . .. . . . ..

0 1 7 .. ... .... .
0.1 0.0 0.5 1.0 2 5 10 20 so 100

b

Fig. 33 - The function f(b)
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3.6 COMPARISON OF EXPERIMENT WITH THEORY

In Fig. 27 the solid lines are the forward base current 1B given by Equation
(17) where the fit has been chosen at VEB ý 60 my and 150 my. The fit to the ex-
perimental data determines thc magnitude of the constants B and Z in Equation (17).
For both curves for this transistor

cosh Z = 3.0. (19)

In order to estimate the surface recombination velocity factor, Nt - we will
assume that L is the perimeter of the 1 x 6 mil emitter, L = 3.56 x 10-I cm, and
Ns - N13, the average base doping within the emitter-barrier volume, which from
Fig. 24 is approximately 3.2 x 1017 cm". Using

-n! 2.5 x 10! cm"3

K ' 16

E, = 8.85 x 10-14 farads/cm

q = 1.6 x 10-19 coulombs

kT 0.026 volts

we obtain

Nt V ("wet" state) = 3.4 x 10" cm.1sec

Nt V ("baked" state) = 7.5 x 10' cm/sec.

We examine this result in the discussion section,

According to the theory the same two parameters for each state uniquely deter-
mine the reverse current arising from space-charge generation at -Vta >> AI

q
The solid lines In Fig, 29 have been calculated from Equation (15) using the above
parameters, and agreement is found from 0.1 to 0.6 volt, with the current propor-
tional to V 1/2 not (V+,V{)1/2.

This result is unexpected. Channel theory (Ref. 27) does not predict a slope as
large as V 1/2. Diffusion current would tend to saturate and can be shown to give a
negligible contribution, A shunt resistance gives a V 1 slope and is easily recognized
as a hump in the forward direction at low currents. Furthermore, the magnitude of
the current as well as the slope Is given by V1/2, The currents are well above the
noise In this measurement. A V1/2 slope of I6(-VEB ) is obtained independent of re-
verse collector bias. It is seen repeatedly on different units and over a range of
tprmperature (Fig, 38). Above 0.6 volt, multiplication dominates in these heavily
doped Junctions which accounts for the deviation of the experimental current above
the V1/ 2 slope.
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1Under reverse bias the generation rate and therefore the current does not de-
S~pend on the surface potential. Therefore, the shift In the current when the state of

the surface is changed must be due to a shift in the surface recombination velocity
S~parameter. Taking into consideration the fact that the slope of the current under i

forward bias does not change in the shift (cosh Z -coast.) we conclude that only the .

number of fast states, Nt, changes.

We show next that the theory predicts the temperature dependence of the for-
ward base current. For this experiment we used a vacuum encapsulated unit
similar to unit #2. This sealed unit was used so it could conveniently be immersed
in a cooling bath. In Figs. 34 and 35 are shown the lb3 and %~current data. We see
that, as the temperature is lowered, Ib becomes smaller than %• a result contrary

to ideal PN junction theory. At the lower temperatures

n(T) = const. = 1.55 ± .01.

At moderately large forward voltagerw e volte Equation (17) in the form
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and
IB

k 0klog T Ego qVEB
Eact log e 1= (24)

T

III 3.
From the data shown in Fig. 35, we plot log - versus I in Fig. 36 at two volt-ages and obtain

Ego=2[E + qV 0,766 ev (VE B = 200 my)nt n - 0,778 ev (VUB = 250 my) (25)

in good agreement with Ego = 0.785 ev (Ref. 28). In the same way it can be shown
that the collector current, unlike the base current, has a temperature dependence
given by ideal pn junction theory.

S, I
I I

T2

- _ , . . r . . . .

__ l iv i -EACT'0.22seV

- -, \- I.. ..EACt 0 964 4Y

2.5 3.0 3.5 4.0 4.5 5.0 5.5

Fig. 36 - Temperature dependence of base current
under ioi-wai-d and reverse Uts

(The upper points atrc 20)10 ny and 250 my datn
from Fig. 35. The lower points nre. from the
VI/2 portion of the curves of Figs. 37 & 38)
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The temperature dependence of the reverse current may be used to obtain the
energy of the recombination generation centers. (Ref. 4). These data'were obtained
on unit #1 as shown in Fig. 37. Similar data (Fig. 38) were taken on a vacuum en-
capsulated unit of the same type as #2. The two units give nearly the same activation
energy even though one is open and the other has been vacuum baked and sealed.
Fquation (15) gives, for the activation energy,

lok _ T?)

Eact log e a 1 -=--- + (E-EI) tanh Z, (26)

T

where tanh Z I +1 (Appendix I). From the data plotted in Fig. 36 we obtain

Et - El= 80mv (27)

which is similar to values previously reported for surface recombination centers in
Ge (Refs. 29,30,31). Equations (19,26 and 27) then give (Appendix I)

(_)• l.5x104 , (28)

Such large cp/c. have been reported in the literature (Ref. 29).

To summarize, we have found that the base current with forward and reverse
emitter-base voltage is entirely surface current at and below room temperature in
tho heavily doped emitter-base configuration of thcsi Ge transistors. We have found
quantitative agreement with the theoretical voltage and temperature dependence of
the forward base current and have shown that Ih(+VEB) and Ih(-VEB ) were rel..ed
as predicted by the surface model.

However, we have found that I(-VE!B) increases as V1/2 which the model does
not predict. Also, with the assumption that the junction width at the surface is the
same as in the bulk, we have obtained larger values of the surface recombination

velocity factor, Nt

3.7 MODIFIED MODEL

The two points of disagreement between theory and experiment suggest that the
surface of the transistor in the vicinity of the emitter junction is effectively lightly
doped so that the space charge is widcr at the surface than within the bulk and the
contact potential, Vo8 Z 50 mv under reverse bias.

It will be assumed that When a fresh oxide is formed in the fringing electric
field of the junction, a charge configuration forms on the oxide (Refs. 32, 33) In such
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Fig. 39 = Modul of omitter burrler at the surftace, both edges
depleted such that WS > WB and V. -* 0

a way as to screen the electric field near the surface (Fig. 39). The junction at the
surface with no applied bias is then like that between p and n regions both lightly doped.

Under reverse bias, the junction at the surface widens mainly into the base side
giving a (V+Vos) 1/2 surface current dependence with Vu <<.V, Under forward bias
the junction at the surface narrows rapidly stL first then more slowly as the array of
screening charge is left behind and decays, The forward base current is not sensitive
to this (V,, -V) voltage dependence because of the presence of factors exponential
with voltage,

As evidence of this depletion at the surface junction edges we note the large
change in emitter junction capacitance whicn occurs when the surface charge is
changed (Fig. 24) which, as discussed previously, appears inconsistent with a heav-
ily doped base surface,

3.8 DISCUSSION

The results presented here on Ge mesa transistors are believed to apply with
considerable generality to Ge high frequency high gain transistors which differ in
details of geometry, doping, etching, and encapsulation, because n 'C 1.5 is generally
observed on these transistors, as shown in Table 3-1.

Thc traps which are seen may be characteristic of an ordinary oxidized Ge sur-
face. Since a range of different surface treatments has relatively little effect on
d(IE), It Would seem'that the traps are associated with the Ge-oxide bond structure.
The role of water may be to deactivate the trap by shifting its energy out of the Ge
energy gap (Ref. 16).

The increase of interface traps, or fast states, on Ge after elevated temperature
treatment has been attributed to oxidation (Ref. 32). Heating before field effect stud-
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Table 3-1

COMPARISON OF A SMALL SAMPLE OF GERMANIUM
TRANSISTOR TYPES

Germanium Cutoff* Act

Type Frequency Gain -

pnp Diffused Base 500 me 150 1.5

pnp Microalloyed 150 ia 1.4

pnp Post Alloy-Diffused 340 100 1.3I I I

npn Mesa 250 so 1.8

npn Mesa 470 160 1.6

*From extrapolation of 100 mc gain measuromont at = 1 ma.

tAt Ic = I ma.

lea of Ge is usually done in air (Ref. 20,21) or oxygen (Ref. 16). The surface recom-
bination velocity is found to increase (Refs. 16,20) and the surface found to be n-type
(Ref. 1G). Ilowuver, heating in vacuum also increases S (Refs, 19,34).

In the proeilt, experiments heating is done in deoxygenated hydrogen. We know
that oxidation is not occurring to an appreciable extent during heating because the
change in sheet resistance of a thin layer is nearly the same for a wash-bake-wash
cycle as for a wash-wash cycle as seen in Fig. 20. We conclude that it is the baking
accompanied by water removal rather than oxidation which Increases fast state
density.

The values of Nt an which are estimated from tne fit of theory with experi-
ment are in the 106 - 10 cm/sec. range for the currents in Fig, 27. They may he
compared with values of 104 - 106 cm/sec. obtained from field effect on high-resis-
tivity CGe (Refs. 34,35). Although the present values are for a particular case, We
encounter similar results with other transistors. We have already pointed out that
our assumed value of space-charge width at the surface (Wa) is probably too small.
In addition we have taken the perimeter of the space charge (L) to be the nominal
dimensions of the emitter. This may be too small also, If the emitter regrowth edge
is "wrinkled" appreciably. Thus, we may have overestimated So (LW,)". How-
ever, the large values of surface recombination velocity may have some validity
because of the fact that the emitter Junction is between very heavily doped regions
arid only a few hundred angstroms from an AL-Ge eutectic region.

Equation (17) was obtained by using thp rncombination rate expression for a
single trap and assuming that the potential at the surface is such that the maximum
of the recombination rate occurs midway across the space charge. These assump-
tions give a dependence of forward base current on voltage and temperature which



50..

is in agreement with experiment. Also, at moderate reverse bias, the assumption
concerning %P, (x) is not involved in the calculation of the reverse current and we
find that the magnitude of the reverse current is given by the constant--

cosh Z
obtained from the forward current.
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In Fig. 40 are shown the current voltage curves for a transistor similar to unit
#1 except that the surface concentration of the base has been depleted by out-dLffu-
sion. This was first observed by Gummel. The shape of the Iý curve is interpreted
as being due to a large decrease in emitter space charge width with increased for-
ward bias resulting from the lower donor concentration near the surface.

Certain calculations are changed by the preceding results. In these transistors
current gain, a, cannot be obtained from emitter efficiency, y, calculated from dop-
ing. The Ebors-Moll relations between currents do not apply. Base resistance at
low frequencies must be calculated for base current flow primarily into the emitter
edges.



3.9 SUMMARY

The base current in high-frequency germanium diffused-base transistors has a
dependence on emitter-base voltage and on temperature which is shown to be in
quantitative agreement with the theory of recombination at traps within the emitter
space charge, with energy near the mid-gap. However, as pointed out by Moll, the
trap density required in this model is so high that a homogeneous distribution of
such traps in the base region near the emitter barrier is inconsistent with the high
gain observed.

The base current is also found to be strongly surface dependent. Common emit-
ter current gain can be cycled repeatedly such that it changes by factors of order
ten. Washing in water is used to decrease base current, baking in dry hydrogen to
increase it. The base current under reverse emitter-blise voltage shows quantita-
tively the same surface dependence as that seen under forward bias.

These results suggest that base current in these transistors is dominated by
recombination at surface traps within the emitter space charge. A contribution to
the base current in silicon transistors arising in a similar way has been suggesL-
ed by Sah.

The data suggest that the emitter at the surface at equilibrium, has a configura-
tion like a Junction between p and n regions both lightly doped and that surface re-
combination velocity is high.

The single-trap approximation gives a trap 80 my from the mid-gap. The traps
are thought to be characteristic of the Ge-Go oxide interface and to be deactivated
by the presence of water.

When a transistor which has been washed in water is later baked in hydrogen,
the same trap persists, Its density increases, and the surface positive charge aiuo
increases.

2'lAlector current depend., on emitter-base voltage and temperature as expected
from ideal pn junction theory and is nearly independent of surface treatment. The
different dependence of base and collector current on emitter-base voltage results
in the well-known dependence of common emitter current gain on current. The mod-
el is believed to apply to germanium high-frequency, high-gain transistors which
show IB0 exp (c.V- ) which included virtually all currently available types

with diffused base layers.
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APPENDIX I

From Equations (15) and (22),

Ego
2kT

IR(T) = Const T 2  e
R cosh Z(T)

where

Et_"_ 1 n
Z =- k + •- In C

kT 2 Cp

I Ego
In R 0 In cosh Z

Eat -k = + - + (Et- Ei tanh Z

T

assuming Et - Ei and cn/cp are not functions of T. From Equation (19), Z = +1.76
and tanh Z = +0.942

Ego
Eact 2 _ 0.317 - 0.392 = +0.0796Et- Ei tanh Z ±0.942 079

IEt-Ei .en±Z =+ kT + - -In Cp

p

(- = 1.51x10 4
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A_ If

CP >Ce Sp n'

then

Et > El

i.e., Et is 0.28 v from the conduction band at room temperature.
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TASK 9 - FUNCTIONAL DEVICES AND INTEGRATED CIRCUITS

Im
Chapter 4

STATUS OF THE MULTIPLE DIODE AGING PROGRAM

By G. A. Dodson

4.1 INTRODUCTION

In earlier repurts (Rers. 1,2), a multiple diude was described which consists of
six computer-type diodes fabricated on one wafer nnd encapsulated in an eight-pin
type 4 header, It was designed as an experimental device which could be used in any
circuit which required individual connections to multiple diodes sharing a common
output.

After the feasibility stage it was decided to fabricate this device and test its
reliability by accelerated aging techniques including step-stress aging (Ref. 3).

Two hundred of these test devices have been prepared and are now being aged.
This report presents the aging results to date.

1.2 TEST DEVICES

These multiple diodes were produced over a period of several weeks, in which
time a few minor process changes were necessary. In order to prevent any manu-
facturing differences from influencing the aging results the complete group of two
hundred units were randomized. The devices were then divided into twelve groups
of sixteen eaci,.

4.3 THERMAL AGING

The thermal aging results to date are summarized graphically in Fig. 41. The

solid data point represents completed data, the open data points are the results of
extrapolations based on the data presently available from these groups,

A typical failure distribution for the multiple diodes is shown in Fig. 42. The
distribution can be seen to be divided into two parts. The first part consists of
about 10 per cent freaks which show a wide spread and a low tolerance to thermal
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stress, The remaining 90 per cent, the main distribution, show a much narrower
spread indicating a high degree of uniformity. The main distribution shows an
excellent tolerance to thermal stress as indicated by a median failure time of 200
hours at 350'C. In both parts of the distribution an in-can correlation of failures,
as reported earlier (Ref. 4). was observed.

4.4 POWER AGING

A twenty four hour power step stress run did not cause 50 per cent failures until
the 600 mw level (3.6 watts per encapsulation), at which time most of the failures
were caused by open circuits due to burned out leads inside the encapsulation. Further

*i aging tests are being carried out at longer times and/or lower power levels to obtain
failures attributable to p-n junction degradation.

4.5 TEMPERATURE AND REVERSE BIAS

"A group of units placed on aging at 126*C with 9 volts reverse bias have shown
no drifts in 248 hours of aging.

4.6 SUMMARY

The reliability study of multiple diodes is now underway. PremcaL data indicate
that the bulk of multiple diodes are remarkably uniform with, however, an appreciable
number (,-10 per cent) of freaks. These diodes show a high tolerance to thermal and
power stress,
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Chapter 5

INTEGRATED SEMICONDUCTOR CIRCUITS

By J. M. Goldey

5.1 INTRODUCTION

The primary reasons which have been advanced for the use of integrated circuits
are lower systems cost, improved systems performance and higher systems relia-
bility. In this chapter these "whys" of integrated circuits will be translated into
"whats" and "hows"

Thc problcms will be discuaaed in relation to several specific circuits, in par-
ticalar a low-levPl logic gate (Ref. 1). This discussion leads to the suggestion that
in a wide variety of digital systems, multiple devices and common encapsulations
of different device types go a long way toward meeting the objectives sought by the
use of Integrated circuits.

5.2 DISCUSSION

One approach to integrated circuits that has been suggested ts to use devices
which perform functions more complex tman those that can be achieved in individual
present day devices such as diodes, transistors, etc. When devices of this type be-
come available. lhey:.will most certainly find wide application. However, since
they are not generally available today, they do not provide the means by which the
expected benefits can be realized,

It has also been suggested that the right approach is integration of a small
number of standard Boolean circuits from which a variety of systems could and
would be built, This approach is different from that mentioned above in that it can
be done today. This fact in itself, however, does not justify its use. Such an ap-
proach has a number of disadvantages. If the building blocks are designed to render
the highest performance In terms of gain and speed needed in the system then the
use of these blocks in other parts of the system may be wasteful. If lower perform-
ance building blocks are chosen, on the other hand, then it may be necessary to use
several of these to perform a function that could have been done with a single high
performance circuit. An additional argument against the use of standard building
blocks is based on the fact that many subsystem functions can be built with far fewer
compotnrenbt if they are designed directly.

In a recent paper, Rice (Ref. 2) has given an example of the difficulties involved
when one attempts to build an electronic computer from a few basic building blocks.

59



60

The original objective was to design the bulk of the logic circuits for the computer
using eight standard Boolean circuit packages. When the drawings were turned over
to the manufacturing area, there were, however, 486 instead of eight circuit packages.
Although the system could easily have been built using the eight packages, if had
better performance at lower cost by using the 486 circuits than it would have had
with 8. We may conclude that, at least for many systems, the use of a small number
of standard Boolean circuits as building blocks, integrated or not, is not the correct

approach.

Before proceeding further, let us consider what is really needed in order to
meet the objectives of lower systems cost, improved systems performance, and
higher systems reliability.

From the systems point of view, flexibility must be maintained to permit op-
timum design, to a given performance, if cost reduction is to result. This is almost
a truism, yet still not recognized by many. For if standardization on a relatively
small number of specific building blocks does anything, it takes away the flexibility

of design so vital to the systems designer.

System performance is, of course, determined to a large degree by device
performance and, in addition, optimization requires clever circuit design as well.
In most systems there are a number of special circuits which require pairs or
larger multiples of like devices with closely matched characteristics over wide
temperature ranges. Thus schemes of integration which provide devices with such
characteristics will lead to better system performance at lower cost. Several ex-
amples are described below.

Systems reliability is determined by device reliability and by the margins and
redundancy incorporated into the design. Any integration technique, to be useful,
must provide reliability at least equal to and preferably better than that which can
be obtained by the use of conventional individual components. Of nearly equal im-
portance is the dcvelopment of reliability evaluation techniques such as stress aging
which provide information on failure laws and on the correlation of failures of dif-
ferent devices with usage. Such data will lead to improved systems reliability
because it will provide the system designer information which will permit him to
optimize his design from margin and redundancy considerations.

From the viewpoint of the device designer, flexibility must also be maintained
in order to enable him to take advantage rapidly of important advances in technology.
If device manufacturing costs are to be reduced, the use of processes which are not
excessively difficult to control is an important factor.

Let us now consider a few examples of integrated circuits which are with us
today. They are not sophisticated, but they are, nevertheless, useful, relatively
inexpensive, and highly reliable.

As a first example consider a parallel combination of silicon computer diodes
(Ref. 3). This multiple diode is illustrated in Fig. 43. A group of six diodes with
one side common is fabricated on a common substrate and bonded to a header. Lead
wires are attached, by thermocompression bonding in this case, to the individual
diodes and the external lead wires. The fabrication procedure for these diodes is
cssentially identical to that for single diodes of the same type. The only differences
are that the die includes six diodes rather than one and that a large central mesa is
included so that header bonding may be accomplished without contacting any of the
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Fig. 43 - Multiple diode. This illustrates a multiple of six silicon computer diodes
fabricated on a common substrate. Lead wires are thermocompression bonded

to the mesas and to the external leads of the eight-pin header. The larger
mesa in the center is used only in bonding the wafer to the header

electrically active regions. A major advantage lies in the use of a single header
which one expects to lead to lower costs. In order to realize this benefit, however,
a satisfactorily high yield must be achieved. Laboratory results (Ref. 4) have shown
that this can be the case and, more specifically, that the yields are much higher than
would be expected if dropouts were statistically independent. For statistical inde-
pendence of dropouts, the yield of a multiple of six diodes would be equal to le yield
of the diodes tested individually raised to the sixth power. Actual yields on the above
multiple diodes (6 out of 6) have run about y 3 . The reasons for this improvement
are clear. The diodes in the multiple are immediately adjacent to one another
through all stages of fabrication and thus receive common processing throughout
manufacture. Furthermore, some of the major factors controlling yield are functions
of the encapsulation process and not of the individual diode.

Results of stress aging of these diodes have been described recently by Howard
and Hare (Ref. 5). The important results of that report were that:

(1) The reliability of multiple diodes is approximately equal to that of single
diodes of the same type.

(2) That all diodes within a common encapsulation fail at essentially the same
stress level.
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(3) That failure, when it does occur, is most likely caused by contamination
arising from the can itself.

These results imply that no reliability penalty is incurred and that the oppor-
tunity for a systems reliability improvement is present.

A B

4 23--
Fig. 44 - Diode bridge circuit. When used as a modulator the

performance of this circuit is determined by the match of
the forward characteristics of diodes A and D and of B and C.

Values of match in forward voltage required vary from
0.1 my to 100 my depending on the application.

Another diode example is in order. Fig. 44 shows a bridge circuit which is
commonly used as a modulator. The performance of this circuit is determined by
the closeness of the match between the forward characteristics of the diode pairs.
It has been common practice for several years now for device manufacturers to make
individual diodes and then to search for matching pairs by the very laborious method
of measuring and cataloguing large numbers of diodes. Once found, matching pairs
are packaged together as a unit. Currently, laboratory made multiple diodes are
being evaluated for suitability as e]ements in bridge circuits. Preliminary results,
based on a sample of 100 cans, six diodes per can are as follows. For a random
choice of two diodes per can, the median difference in forward voltage is 4.3 mv
and 88 per cent of the pairs have a difference of less than 10 my. For the best
matched pair in each can, the median difference is 0.35 mv in forward voltage;
100 per cent of the pairs are matched to 10 mv and 82 per cent to 1 mv. In addition
to the close match at room temperature, a good match over a wide temperature
range is expected because of the intimate thermal contact between the diodes of
the pair.

The usefulness of multiple devices is by no means restricted to single junction
diodes. As another example consider transistors, which are already being packaged
as multiples in a variety of configurations. Several examples are shown in Fig. 45
including an "or gate where both emitters and collectors are tied together, a chopper
where collectors are tied together and a differential airplifier where a-l leads are
brought out independently. In most of these configuratio,., the closer matched the
characteristics of the two transistors, the higher the performance of the circuit.
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(a) "OR' GATE (b) CHOPPER (C) DIFFERENTIAL. AMPLIFIER

Fig. 45 - Transistor milltiples, (a) "OR" gate common to many logic circuits.
The emitters and collectors of the two transistors are connected

together while the base leads are separate.
(b) Chopper used to convert do to ac. In this case the collectors are
com-on while btLh emitters nnd bhnses arc brought out Separately.

(c) Differential amplifier where ril loads are brought out Independently.

Improved performance at lower cost results by using two transistors fabricated

together and mounted in the same package,

The pnpn diode, one of the few devices currently available, incidentally, which
performs a complex function directly, will serve as a final illustration of the mul-
tiple device. In nne type of electronic switching system under development, switch-
Ing is carried out on a time division basis, In such a system, high speed, low loss
switching elements are needed as gates. An attractive solution consists of a pair
of pnpn diodes connected as shown in Fig. 46, Since the diode pair always appears
in the same configuration, they can be fabricated in a common encapsulation to re-
duce the numhier nf cans, thus hopefully reducing the cost, wilhuut impairing system
performance.

In some of the examples of multiple devices that have been described, there was
at least one common connection between different dovices, thereby facilitating use of
a single substrate. By using this type of multiple, the advantage of elimination of
some intcrcorwections is achieved. In some of the transistor multiples and In the
pnpn diode, on the other hand, fabricatlon on a uutumun substrate is difficult and
therefore not done.

It is Important to realize that different elements need not be on the same semi.
conductor substrate, Although fabrication on the same slice of material leads, in
certain instances, to the elimination of interconnections, the multiple use of single

Fig. 46 - PNPN dinde gate. PNPN diodes connpartd
as shown provide high-speed, low-loss switching
elements for time division gates, The occurence
of diodes In pairs, as shown. suggests a common,.
three-loaded encapsulation for the two devices,
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material is advantageous only when the complexity of the structure is not increased
and the performance of the circuit is not degraded. In other words the material that
is optimum for one device or one function is not necessarily optimum for all devices
or all functions. Thus, because a common substrate necessitates the use of a com-
mon material, this will also not always be optimum. In particular, one can consider
the use of a semiconducting substrate as an insulator to provide isolation between
devices and as a resistor.

Further, since the major advantages of integrated circuits come from the use of
a common encapsulation it would appear to be sensible to encapsulate different types
of devices in a common package without regard to whether or not they are on a com-
mon substrate. Indeed, such a scheme is highly desirable In many instances.

Now let us examine a particular circuit and see how these concepts can be applied.
The circuit is the diode transistor logic gate known also as LLL or Low-Level Logic.
The basic circuit configuration is shown in Fig, 47. The basic features of this logic
circuit are as follows:

YVA JVa

RA<

TA.
J~VA

VA

RA T

69PARATE

TSB~

Fig. 47 -LLL gate. This logic gate performs the "and not" B~oolean
function and in addition provides pulse amplification. If aillof

the translator. Ti - - TN are off', then transiator TB will be on.
If any of the transistors Ti - - TN are on, then transistor TB Will

be off. The "and" function is performed by the diode. and &h in-
version or "not" function and AMPl1ifCaLlon by the transiutors.
The shifter diode DS provides circuit margin against noise,

I ;



INPUT TRANSISTOR
CIODS5 COLLECTOR

F ------ HIFTERr N

EMITTER

Pig. 4H - Inegr'ation of LILL gato on. a single L.ubstrnte.
"[his Illustrates how the active compononts ol the LLL

gate can he fabricated on a single substrate. Seven
dl ffJu in and oxide masking operations plus fifteon

lead attachments are required. Performance of such a
gate Is Inferior to one made of Individual components

and fabrlcation difficulties are greatly Increascd.

The input diodes are all connected to collectors of transistors of the previous
stage as Indicated in the figure. When all transistors connectect to these diodes are
In their off, or high Impedance state, then current will flow from supply B through the
shifter diode Ds (which is incorporated to provide margins and in many cases actu-
ally consists of three series diodes) Into the base of the next transistor turning it on
and thus forward biasing all the diodes connected to Its collector. Tills in turn robs
the base current oi the next set e1 transistors turning them off, etc. The function
performed by this circuit Is referred to as an "and not" function, since, when tran-
sistor I and transistor 2, etc. are off, then tranlar.tor B will not be off, In this cir-
cuit the diodes are the logical elements and the transistors serve as pulse amplifiers
and inverters.

Let us now consider several approaches which might be employed to integrate
this circuit. To begin, it is desirable to have at hand some additional information
from the circuit designer concerning the speciic use of the gate and its many varia-
tions. When one examines the use of this logic szheme In any real system, one finds
that the number of diodes feeding Into any pulse amplifier, called the "fan-hi" in
circuit parlance, and the number of output diodes, called the "fan-out", varies widely.
In typical computers, the fan-in and fan-out may vary from one to ten throughout the
system. Therefore any integration scheme that will leave the -system designer flex-
ibility must be capable of providing from one to ten diodes per gate. Further exami-
nation of the LLL circuits show that the shifter diode never appears in the circuit
except In the input lead to the transistor, the base In this case.

Now for the possible methods of integration of this circuit. There are, of course,
a considerable number of ways of doing it, but we shall consider only four here. One
method consists of complete Integration and two ways of doing this are illustrated,
First, one could integrate fully on a single substrate of silicon. One method of doing
this, chosen for the purpose of illustrating disadvantages as well aS advantages, and
not because it is the simplest or best way, is shown in Fig. 48. The lines on the
figure indicate leads either going to external connections or providing internal inter-
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connections, Planar technology permits many of these leads to be made by evapora-
tion of metal films over an insulating layer so that internal interconnections need
not be made by thermocompression bonding. In order to provide electrical isolation
between the p-side of the input diodes and the transistor base, an n-type region is
interposed. The junctions formed between the .n-side of the shifter diodes and the
transistor base arc back biased in circuit use and therefore dc isolated, but their
presence does give rise to extra capacity. This scheme provides, through the use
of a common substrate, the advantage of either elimination of or easier methods of
fabrication of interconnections, However, the yield picture on complex structures
is not yet clear and it appears possible that the advantages to be gained could be
outweighed by the fact that any defective component requires the replacement of the

r- complete structure. The loss of the ability to pretest and select components for
performance is severe and may lead to difficulties, when high performance cir-
cults are fabricated in this manner.

EMITTER
BASE OUTPUT DIODES

COLL•CTOR

" (a) ib)

Fig. 49 - Partial tntegration of LI, gate on n common substrEmte.

(a) Illustrates the translator and the output diodes of the LLL gate.
(b) Shows how the transistor and diodes may be fabricated on a common
substrate. Use of a common substrate here introduces negligible fob-

rication difficulties and provides the advantage of elimination of
interconnectlons between the transistor collector and the diodes.

Circuit conatldorntloits dictate against the general use of this svheme.

Before the secondmethod of fabricating the complete circuit is described, con-
sider another scheme where part of the circuit is integrated on a common substrate,

-This Is Illustrated in Fig. 49 which shows the transistor and the output diodes fab-
: ricated on a single piece of silicon. This scheme appears to offer advantages because

the n collector and the n-side of the diodes are connected together in the circuit, and
therefore, fabrication on a common substrate eliminates interconnection without
Introducing difficulties. In this scheme, the gate could be completed by adding the
shifter as a separate wafer and encapsulating all in one package. One disadvantage
of this scheme, however, not immediately apparent, does come to light when it is
regarded from the systems point of view. The external lead wires connecting the
different packages will be from the computer diodes to the shifter diodes. This is
the worst place for long leads from noise considerations. Thus. though this Is in-
deed a useful scheme, some price may be paid in system performance and reliability
because of decreased circuit margins.

I'
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Fig, 50 - Integration o( LLL gate with different devices on different
semiconductor wafers. (a) shows integration of the complete LLL gate.
The computer diodes are fabricated on a common substrate, the shifter
diode and the transistor separately. All components are packaged to-
gether. (b) Shows separate packages for the computer diodes and the

shifter-transistor combinations.

The next scheme illustrates the second method of complete integration, but no
longer on a common substrate. Fig. 50 shows the diodes fabricated on a common
substrate, a second wafer for the shifter and a third for the transistor. Again,
common packaging is used so that the advantages of potential cost reduction, in-
creased performance and higher i cllabllity are gained and this is accomplished
without forcing different types of components onto a common substrate. The fourth
scheme also shown in the illustration differs only in that the diodes are in one package
and the shifter And transi.qtnr Are pirkAged tnapther in Annther.

Which of these integration methods is preferred when cost, performance, rella-
bility and circuit flexibility (many different values of fan-in in this case) are taken
into account? The first two schemes make use of a single semiconductor wafer for
either the complete gate or at least a substantial part of it. While offering many
advantages, the complexity of the fabrication procedure in the first case and the
degradation of performance in the second tends to rule these out at present, Lack
of sufficient data precludes a definitlve choice between the third and fourth method
at this time. However, some of the factors which will influence this choice can be
named,

Spare piarts are always needed and are usually carried in inventory by both the
systems users and the device manufacturer, One such factor is the cost differential
between an inventory of complete gates and one consisting of multiple diodes and
shifter-transistor combinations. If complete gates are packaged, the Inventory cost
per package will be higher. On the other hand, if inventories of diodes in single and
multiple up to say ten are carried separately from the shifter and transistor pack-
age, then more packages may be required, though they will be cheaper. In addition
to inventory, other considerations of importance are cost of manufacture and the
mechanics and cost of interconnection at the next level, An additional factor relates
to the circuit design itself. Should the circuit design be modified in such a way that
several stages of diode logic occur without pulse amplifiers and inverters then the
separate package method would be desirable, Other considerations will most cer-
tainly enter, b0L these appear to be impoi'ftdt ones.

The arguments presented and examples cited above have been primarily con-
cerned with the methods to be used in fabricating the semiconductor components of
An integrated circult. The same line of thought applies equally well, with appro-
priate modifications, to passive components. It follows that the fabrication of
resistors and capacitors of silicon, or other semiconductor material, should be



done only if a performance, reliability or cost gain Is achieved. Although semi-
conductor resistors and capacitors may find application in Integrated circuits, in

many cases their inclusion leads to a degradation in over-all circuit performance.

5.3 SUMMARY AND CONCLUSION

In this chapter, various approaches to integrated circuits have been discussed
and evaluated with regard to their capability to provide lower systems cost, im-
proved systems performance and higher systems reliability. It was also considered
necessary that these objectives must be met without loss of flexibility in either sys-
tems or device design. Lastly it was recognized that devices which are needed in
large numbers and which are not excessively difficult to fabricate are required to
give lower costs,

Cunoideration of devices which perform complex functions directly was limited
because they do not, in general, exist. Subsequent considerations of integrated
circuits showed that the major advantages to be realized come from the use of a
common package rather than a common substrate. Further, the use of a common
substrate for Its own sake can, In many Instances, lead to increased cost with no
apparent gain in either performance or reliability.

It was also concluded that integrating Boolean functions has its shortcomings
because It limits the systems designer's flexibility. On the other hand, the us. of
multiple devices and the common encapsulation of different device types go a long
way toward meeting the objectives for a wide variety of digital systems.

In summary it Is believed that the very real advantages to be gained from the
use of Integrated circuits can be realized without resorting to over-sophisticated
approaches which may insLead defeat the intentions.
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Chapter 6

EXPERIMENTS IN THE AGING OF CONTACTS TO SEMICONDUCTOR DEVICES

By G. A. Dodson and B. Stauss

6.1 INTRODUCTION

During accelerated thermal aging experiments performed on transistors
(Refs. 1, 2, & 3), a mechanism of failure was observed which is related to the de-
terioration of the metal to metal bond made to the semiconductor material. This
failure mechanism proceeds at a rate sufficient to seriously limit the ultimate life
of the semiconductor device and also imposcs limitations on the maximum temper-
ature at which some process steps can be carried out. It is the purpose of this
Chapter to discuss the results of a series of thermal aging experiments carried
out on several metal to aluminum bonds,

The poor aging behavior of these metal to aluminum bonds is revealed in two
ways during elevated temperature aging,

I) The resistance of the bonds increases with time,

2) The bond,, becore loutermittent and then complete open circuits,

6.2 TEST DEVICE

In order to study this failure mechanism, it beca me necessary to make measure-,
ments on specially prepared test vehicles. These test vehicles consisted of two metal
wires of the appropriate material thermocompresslon bonded to an aluminum layer
which had been evaporated onto a p-type germanium substrate, This structure was
mounted in a tubulated type TO-28 transistor encapsulation. Such a strticture is free
of any p-n junctions which might interfere with measurements of the contacmt resistance,

Four kinds of metal wires were used in preparing eight groups of devices for this
study. The eight groups are:

Group No. I - Gold wire units in an open tubulated can.

Group No. 2 - Gold wire units sealed in room air.

Group No. 3 - Silver wire units in an open tubulated can.

Group No. 4 - Silver wire units sealed In room air.

Group No. 5 - Copper wire units in an open tubulated can.

Gruup No. 6 - Copper wire units seated In room air.

Group No. 7 - Platinum wire units in an open tubulated can.

Group No. 8 - Platinum wire units sealed in room air.

69



70

The open devices were intended to show the effect of aging in a dry air ambient i
(i.e., that in a clean aging furnace) white those which were pinched off in room air
(approximately 50 per cent R.H.) were intended to show the effect, If any, of a limited
ambient and/or contamination from the outgassing of the can.

6.3 AGING CONDITIONS

Six units from each of the above groups were placed on aging at each of the
following temperatures, 200*C. 250"C, 300'C and 350"C. Such all array of tempera-
tures was chosen in an effort to determine the effect of temperature on the rate of
deterioration of the metal to metal bonds.

6.4 MEASUIREMENTS

The "soundness" of these bonds was monitored by resistance measurements
made through the two metal to aluminum bonds.

6.5 EXPERIMENTAL RESULTS

Thp Rging behavior of the units prepared using silvcr wires (Croups Z and 4)
Is very poor with the bonds becoming open circuits within the first ten hours of
aging on most of the aging runs. However, the cans which were left open tended to
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outlast the sealed units. Because of the insufficient data on these units, they will
not be considered in the results to follow.

Fig. 51 shows typical resistance changes versus aging time for open cans
(Groups 1, 5 and 7) aged at 200 C. All other experimental groups and/or aging
conditions show a similar trend with more pronounced resistance change.
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Figs. 52 and 53 show, graphically, the results of resistance change as a

function of the aging temperature of Groups 1, 2, 5, 6, 7, and 8 for two-ohms in-
crease and one-hundred ohms increase respectively.

It should be noted from these figures that the sealed units (Groups 2, 6, and 8)
have much shorter aging life then the units left open to air.

6.6 CONCLUSIONS

An important mechanism of failure of germanium transistors as a result of
thermal aging is a change in resistance in the electrode connections together with
a reduction in the mechanical strength of the lead bond, It Is believed that the
mechanism of this failure is related to the. nolid MatP diffusnin, surface or hulk, nf
the various elements present.

This failure mechanism imposes a serious limitation to the reliability of the
devices, Since this is a problem of major importance, it is proposed that additional
experiments be directed toward confirming the postulated mechanisms. By such a
program it is expected that solutions can be found to remove this restriction on the
performance of these devices.
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SECTION .5 - CONCLUSIONS

TASK 4 - NkýW AND IMPROVED TRANSMISSION TYPE TRANSISTORS .4

The fabrication of thedesired surface geometry fOn the 1-wAttt; 100-incetran-
sitor, using the new techniques of oxide stripe separation, has been carried out.
Some modification of jigging and processing must be done before devices can be
produced. Further characterization of mesa transistors indicates that the base
resistance of the device is at least as low as the value computed from its structure.
Further reduction.of the encapsulation parasitic inductances must-be.obtained before
unambiguous evinuation of the transistor-wafer may be obtained. Higher collector-
breakdown voltage must be obtained to meet design objectives.

Dcnign calculations indicate that a low-pNwer tzinui,,tur-with-a- unilateral gain
of 14 db at 3 kmc it feasible, A 0,25-mii diameter emitter, with 0.1-mal separation
between the emitter and base electrodes, is necessary. Structures of this size have
been produced. However, scattering of the evaporated materials during the evapora-
tion of the electrode structure has privented fabriuation bf latisfactory devices, A
new low-parasitic encapsulation is also necessary for this device,

The low-frequency base current in all diffused-base germanium transistors,
which results In a fall-off of current gain at low emitter currents, appears to be due
solely to a surface recombination current In the emitter space charge at the perimeter
rf the emitter electrode,

TASK 9 - FUNCTIONAL DEVICES AND INTEGRATEDr CTCUITS

Barly results from a series of accelerated aging experiments on multiple diodes
in a single encapsulation have indicated that the main population (90 per cent of the
units) possess good tolerance to both thermal and electrical stresses. The remaining
10 per cent are statistical freaks showing power aging properties.

A rev!ew of various methods of integrating semiconductor circuits led to the
conclusilon that Integration on a single substrate, or the integration of solely Boolean
functions, possesses dicadvantages. An approach utilizing multiple like devices ori a
common substrate and the common encapsulation of unlike devices on separate sub-
strates appears to go a long way toward meeting the objectives for a wide variety of
digital systems,

Accelerated aging exporlments on thermal compressiun bonded lead wircs to
aluminum contacts on a semiconductor substrate have shown that the resistance of
the bond increases until an open circuit occurs. The rate of aging appears to be a
function of the ambient atmosphere around the bond.
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SECTION 6 - PROGRAM FOR THE NEXT INTERVAL

TASK 4 - NEW AND IMPROVED TRANSMrSSION TYPE TRANSISTORS

The fabrication of the 1-watt, 1000-mc transistor with the now structure will.
continue, and proccssing details will be improved. so the completed devices can be
obtained. Additional evaluation of both the new structure and the mesa structure
will be carried out to obtain a better understanding of the device. An effort will be
made to improve the quality of the epitaxial germanium in order to increase the
collector breakdown voltage,

Investigation of scattering of evaporated materials will continue as the major
effort on the small geometry necessary for the M2275 transistor. Work on evapora-
tion masks and jigging will continue with the goals of improving the geometry and
easing the device fabrication.

Design studies for both devices will continue and fabrication of very low parasitic
encapsulations for both devices will be started.

7'St A, u - FUNCTIONAI DEVICES AND INTEGRATED CIRCUITS

The development of the technology necessary in the production of integrated
circuits will be continued. Particular attention will be paid to the establishment of
integration techniques possessing the flexibility necessary for wide application to
various digital systems.

Accelerated aging .studies will continue to investigate the mechanisms of failure
associated with semiconductor devices,

Experiments to determine the reliability of multiple diodes in a single encapsul-
ation will be completed and the results will be evaluated.
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