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FOREWORD

This report covers approximately a one-year effor” expended on
Contract No. AF %0(£02)-2778 which has been carried out as part of
the Physics of Faillure program of *he Pome Air Development. Center.
The beginning of the work in this progrem was ~onducted under Contra~*t
No. AF 30(€02)-2177 and the regults of this earlier effort are rerorted
in its final report, RADC-TDR-42-271 (Svracuse niversity Reseerch
Institute Report No. EE 751-625TN-7) enti+tled, THFNORFTICAL AND
EXPERIMENTAL STUDIES RTLATING TO MECHANWISMS OF FATLURE OF SEMICONDUZTOR
DEVICES.

Two reports whicrh cover a portion of this effor* whizh overlaps
the previous contract appear in *he putlization, PAYIITZ OF FATLUPE
IN ELECTRONICS, edited vy M. F. Soldverg and Josep: 7acnaro, Foms Alr
Development Center, Spartan Books, Ine., 195%, whi-L cons’s*s =f *Ye
Proceedings of the Syvmposium on *the Physgics of Failure In
September 25 and 27, 1942, sponsored ti “he Applied Pesesr:h lakorz ory
of Rome Air Development Ten'er and *he Armour Resszr-n Founda*ion,
One of these repor:s wes "Some Physicel Me~henismes Ten‘ritusing ¢
Tunnel Diode Failure," »v R, P, Nanawa*i, and “7e s%rer was "Eles*riasl
Detection of Surface Effects in Transiszsrs,’ tr W. TFowsrd Card,

Later informal reror*s were givern ty G, M. Glesfzrd and W, Zowarad
Card on the curren® oonwract a® *he fon*ractors Progress Briefing, PADT
Reliatili®y Program, Tughes Alrcora?s Company, Tuller=cn, Taliforniz ox

January 3l. 195% on *he progress cr *he current tontrast,

AIR FORCE, Cawo Show Prig, Co. ¥ 20 63 - 47 -
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AB3TRACT

Extensive studies of low frequency noise in resistors and semiconductor
devices have been made for the express purpose of exploring any correlation
between low frequency excess noice and device deterioration or other ano-
malous behavior. New techniques for making noise measurements have made it
possible to distinguish between two types of noise, one which iz more or less
regular which has been called clean noise and the other called burst noise
which 18 irregular and statistically nonstationsary. Present results indicate
that burst noise is associated with chemical processes and is related to drift
of electrical parameters. It is tentatively concluded that burst nolse is
also related to irreversible processes which are precursors of device failure,
although further studies are required to definitely establish this connection.

Further studfes have been nade of gallium arsenide tunnel diode failure,
Infrared radiation from diodes biased in the injection region has been measured
and related to true injection current. The voltage-current characteristic of
a number of diodes as a function of time have been recorded., From these
measurements a quantitative relationship among radistion, injection current
and degradation rate has been established. From these results and freno
other experlments, including capecitance measurements, an increased under-
standing of failure processes in gallium arsenide tunnel diodes has evolved,

PUBLICATION REVIEW

This report has been reviewed and is approved. For further technical informarion on
this project, contact Nr. Regis Hilow, RASGR, Ext. 5264.

Approved: 7//4—%'(. %./

7~ DAVID F. BARBER
Chief, Applied Research Laboratory
Directorate of Engineering

- P
Approvyd: /@ﬂt&lgé‘llz&:

WILLIAM P. BETHKE
Director of Engineering

FOR THE COMMANDER:

i1



Foreword -
Abstract .
Contents .
SECTION 1.
1-1.
1-2.
1-3,
1.4,
SECTION 2,
2-1.
2-2.
2-3.
2.k,
2-2.
2-6.
SECTION 3.
3-1.
3=2a

3-3.

3k,
3-5.

5-6-
3-Ts

TABLE OF CONTENTS

v 8 5 5 3 8 2 & ¢ & ¢ ¢ e & & 8 & 8 B 8 3 & 3 s @

INTRODUCTION

BackgrounGe ¢ ¢ o« o« o o o ¢ o ¢ o o o s 0 o s o »
Low Frequency Noise in Electronic Devices « + . .
Failure Mechanisms in Tunnel Diodes + « o + o «
Supplementary Materiale « o o « 5 o o o ¢ o ¢ s o
THEORY OF EXCESS NOISE IN SEMICONDUCTOR DEVICES
Physics of Failure Investigations « « + + + « + &
Excess Noise and Energy Conversion. . . . . .
Excess Noise and Geometry « « « + v « o o « o « &
Scattered Noise Meamsurements. . . . . . . . . . .
Power Spectrum and Excess Noise . . . . . . . . .
Spectral Density and Autocorrelation Function . .
EXPERTMENTAL STUDIES OF CURRENT AND BURST NOISE
Noise Messurementse « « + « ¢ 4 o v 4« « o« o « « &
System for Measuring Broad-Band Noise . . . . . .

Output Fluctuations from a Broad-RBand Noise
Measuring Systeme « o « « « o o . o000 ...

Purst Noise and Broad-Band Noise Measurements . .

Autocorrelation Function snd Spectral Density
Megsurements. + « o + v v 4 ¢ ¢ 4 4 e s e e s e

Measurements of Amplitude Distribution Function .

Excess Noise and Drift. & v ¢ o ¢ « o o ¢ o o o & &

iv

10
13
18

27

%2
36

L3
52
55

-

o tmnan . AU RN SN O e

e

A O Y




PSRN’ e

— - i

R e e T o

SECTION 4. INFLUENCE OF INJECTION CURRENT ON DEGRADATION OF
GALLTUM ARSENIDE TUNNEL DIODES

4ed. INtrodUCtION + + ¢ 4 4 v « s v o e s e e s 8 s s e« 59
4.2, Redimtion from GaAs Tummel DicdesS « + o ¢ « « & » o & 60

k.3, FExperimenta) Procedure for Measurement of
Deterioration « + o ¢ + o o ¢ o s s o« o o o s o 5 o . 64

Lol, PExperimental ResultS. « « « « « o o + o = « o« ¢ s o + 65

-5, Discussion of Results « + - « o « « o = « o« o o ¢+ o+ Th
SECTION 5. TUNNEL DIODE FATLURE STUDIES

5-1. Introduction: + « « o ¢ ¢« o o ¢ = ¢« 4+ s s + s« « o+ T5

5-2. Modes of Failure in Tunnel Diodes » + + + + « &+ v « « 75

5-3. A Propoged Theory of Failure for Tunnel Diocdes. . . . 78

5-4, General Discussicn of GaAs Tunnel Dicde Failure
Processes « + o o ¢ o s o ¢ 4 s+ s s ¢ s e 4 e 4 . . . RZ

5-5. Excess Current in Tunnel Diodes . . . . . . . « . . . 8§

5-6. Miscellaneous Experimental Results. - « « « + o« o . . Oh

S5-Te SUMMAYY + o ¢+ o o o o o o o o+ o 6 o + o o o o o o « o 100
APPENDIX I

Investigations of Germanium-Gallium Arsenide Tunnel
Heterodicdes. « « o v v v v v ¢ « ¢ 0 o s s s o o s o . .« . 101

APPENDIX II
Junction Capacitance of Degenerate p-n Tunnel Junctions . . 112

REFERENCES 4 4 ¢ o + o 4 « 4 ¢ o o » o o o o o o v s s o« « « . 128




-

g 22

I s (DR e o

SECTION 1

TRTRNATINTTON

R 1-1. Background
At the time this group beceame involved in the Physice of Failure Program

of the Rome Air Development Center, it was apparent that no one group or
contractor could hope to explore all possible aspects of failure mechanisms.
It seemed that the best contribution to the total effort was to build on and
extend the work which had been done on previcus contracts.

On the preceding contract (No. AF 30(602)-2177) we hed mede eome studies
of microplacms breakdovm phenomenon in p-n junctions and studies on the
electrical detection of surface effects in transistors. We had begun a study
of low frequency noise in semiconductor devices and had developed a unique
sampling correlator for meking low frequency noise meagurements. In
addition, we had developed a technique for fabricating tunnel diocdes and
had begun & study of their mechanisms of failure,

All of this work was reported on in the report, RADC-TDR-62-271,

THEORETICAL, AND EXPERIMENTAL STUDIES RELATING TO MECHANISMS OF FAILURE OF !
SEMICONDUCTOR DEVICES.

Of the work which had been done on the preceding contract, two particular
areas of activity showed evidence that further work might lead to tangible
results in the understanding and control of failure mechanisms. These were
(1) Iov freguency noise studies and (2) Failure studies of Gallium Arsenide |
Tunnel Diodes. These two sreas have received the bulk of the effort on i

1

the current contract which covers the period of 1 March 1962 to

May 1, 1963.




1-2. Tow Freguency Noise in Electronic Devices

In Section 2 and Section % to follow, the theoretical and exverimental
studies of low frequency nolse are discussed in complete detail. We believe
that some significant contributions have been made in both the understanding
and measurement of noise end its possible connection with device failure.

In particular, the techniques which we have developed for the measure-
ment of low frequency noise has made possible the differentiation between
two types of noise, the more-or-lees regulasr type, and a much more erratic
type which we heve classified as "burst" noise. It is the so-called "burst”
noise on which our attention has been focused, and which we now believe to
be related to irreversible chemical processes which are involved in device

degradation and ultimate failure,

1-3. Failure Mechanisms in Tunnel Diodes

For some time there has been considerable attention paid to the problem
of fallure of gallium arsenide tunnel diodes with an attempt to understand
the mechanisms of failure and to eliminate the causes. Preliminary efforts
on this problem are described in the report referred to in Section 1-2 in
which a tentative theory of fajlure was proposed. For some time, after the
initial shock of the knowledge of the wholegale failure of GaAs tunnel diodes
had worn off, and the applications were confined to the low voltage non-
failure region, there was a minimum effort expended on the failure protlem
of these units in various segments of the semiconductor industry. Now
with the renewed interest in GaAs with respect to lasers and other devices
it appears that our own judgement in maintaining a continuous (although

small) effort on this problem has been Jjustified.

JU
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There have been two, more or lese independent approaches to this
problen which ere reported on independently in Section 4 and Section 5.

Santtonm b 1n Aarmtad +n tha maecinamant AP madiatinn Prom Malae furmel
diodes, a cereful experimental correlation of radiation with injection current
and deterioration rate under conditions of relatively high forward voltage
bias. An explanation of the probable cause of failure based specifically
on these experimental results is presented,

Section 5 1s devoted to continued efforts to evclve a comprehensive theory
of tunnel diode failure. It contains modifications of the preliminary
theory presented in the previous report, as based on further experimental

evidence based on a vaeriety of tests and measurements.,

1-i, Supplementary Material

During the course of the contract two studies, in part directly
related to the contract, and in part, something of & peripheral nature
were made, Both of these are summaritzed in two Appendices.

One of these relates to development of Germanium-Gellium Arsenide
Heterodiodes. Work in this area is proceding currently as part of other
contracts.* We are following this work closely with respect *o the
Mechanisms of Failure aspects.

The other such s*udy is a comprehensive analysisz of *unnel diode
capacitance experimentally end theoretically. By the careful developmen*
of a unique measuring system, it has been found possitle “¢ measure tunnel

diode capecitance throughout the region of interes* without <he "sece<sering’

*
C-24905--National Science Founda*ion, "Heterojunctions”, Dr. P.L. Anderson.

A¥ 20(602)-3059--Rome Air Development Center, "Heterojunction Devices,”
Dr. R. L. Anderson.

N
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of peints previcusly Tound la wue viciuily of the peak., At the same time
a comprehensive theory has been developed, teking into account all free
charges in this region with agrees with measurements. Preliminary
evidence suggests that changes in capacitance in this region are

precursers of device failure.




SECTICN 2

THEORY OF EXCESS NOISE IN SEMTCONDUCTOR DEVICES

2-1. Physiecs of Failure Investigations

Investigations into the physlcs of failure of semlconductor devices

generally follow elther of two attacks., By the Pirst method, when a device
faills in a particular way, studies are undertaken to find what physical,
chemical or other process accounts for the observed device failure. This
method is followed, for example, in the investigations of gallium arsenide

device fallure reported in Sections 4 and 5 of this report. For clearly

defined failure modes investigations of this sort can bring quick and

veluable results. Most physics of failure investigations in tne past

have followed this approach.

In the second method of attack particular anomalous, erratic, or unexplaired
characterictics of a device are investigated for two purposes. Tirst,
the relationship of the characteristic under study to the performance and
long-time behavior of the device are determined. Second, at*tempts are
made to account for the characteristic under study in terms of physical 1
and chemical processes. If the mechanism under study contributes to
failure, then, ideally, the completion of this investigation will allow
this failure mode to be eliminated.

These two lines of attack fit different situations. The firs* is
obviously suitable when the failure mode is endemic in the population, N
as is the case for GaAs tunnel diodes. The second may be the only practicatle
method when Tallures are relatively rare, as is the case with good present-

day transistors and diodes. Section 2 and Secticn 3 report on an




wpe b RN

v

S ————— o

investigation of the second kind, related to excess noise in semiconductor
devices.

Nearly every semiconductor device generates electrical noise in excess
of thermal noise and shot noise.1 Similar excese noise is also generated
by vacuum tubes and many kinds of resistors, and even by single crystals
of semiconductor. This excess noise 1s often called current noise because
it 18 only generated when current flows; or it is called 1/f noise because
of its peculisr 1/f spectral density. We include in the term excess nolse
all noise that 1s not thermal noise or shot noise.

Several characteristics of excess nolse suggest a relationship to
device faillure: (l) Excess noise occurs most commonly in deviceg known
to deteriorate, such as hot-cathode tubes and transistors. (2) In semi-
conductor devices most of the excess noise generally comes from the surface,
and surface changes have previously been known to cause failures. (3) Excess
noise, or part of it, may be generated by the deterioration process taking
place in the device, since some electrochemical processes generate excesgs
noise. (h) Measurements of excess noise from a large sample of devices
are often widely scattered, and this may indicate lack of contr012 in the
manufacturing process, and hence that devices in the sample may have other
weak points.5

Our investigetions indicate that there are two kinds of excess noise.
One kind remains relatively the same in time, while the other kind is
erratic. We call the first kind regular or clean current noise, and the
second kind Bgzggh noise. The burst noise appears to be correlated with
parameter drift, and to come from a nonstationary random process.5

In the discussion to follow the theory for current noise is reviewed

and extended. Most of this theory relates to regular or clean current
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noise, since & comprehensive theory for burst noise has not yet been
developed. later, in Section 3, we employ some of the derivations of this
section to interpret experimental results for both clean current noise

and burst noiece.

2-2. Excess Noise and Energy Conversion

low-frequency excess noise results from an energy conversion process
which changes d-c power from the biasing source into a fluctuating quantity.
For example, in Fig. 2-1 (a), voltage vy hag a time-varying component
vhen bilas current Ib flows through the noisy device R. For most devices,
such as semiconductor Junctione or carbon composition resistors, there
i8 no evidence that the minute amounts of electrical energy stored in
the device affects the low-frequency excess noise, thus we assume that
the noise voltage results because the resistance R of the device fluctuates
in time.

Assume that R varies according to

R(t) = R &(t) (2-1)
wvhere

0<alt) <=, g(0) = 1

If g(t) were a known function then vl(t) would be

v (t) = —slt) v, (2-2)

T + elt)
o

Note that

0 vy(t) <V (2-3)



(@)

Fig. 2-1. Noisy device R in biasing circuits.

Ip CD ( v(t)
=l

Fig. 2-2. Excess noise from a film resistor of thickness w.

Voltage V, is chosen to make v(t] = 0. !
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i.e., there is no possibility of infinite noise power or noise voltage.
It g(t) is not known, however, and not e stationary random process few
further conclusions are possible.

In many ceses the resistance fluctuations are assumed to be governed

by a stationery random process. Thue we can express r(t) by
R(t) = R, h (t) =R [1 + h(t)] (2-4)

where ho(t) and hl(t) are stationary random functions of time, and
ensemble averages and time averages are equal.

For the stationary process, it i1s convenient to consider only the
"a-c component.” Thus in Fig. 2-1 () we chose Vé so that the engemble

average of v(t) is zero

v(t) = 0 (2-5)

by making
vV, = [=—"— V] (2-6)
2 R + Rb b
For small fluctuations
In (6] << (2-7)
o]
this requires
RO
V, = == V. (2-8)
2 RO + Rb b

For & stationary random process, an ideal true rms voltmeter (infinite

bandwidth and infinite impe?ance) connected to read v{t) would have a time-
1/2
average indication [v(t)el . In noise work, however, it ig often more
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convenient to deal with v(t)2 vhich is proportional to the avallable noise

power. For a nonstationary random process the short-term average used %o

apyroximate v(t)a may change with time.
Up to now nc mention has been made of the frequency characteristics

of the noise. This will be treated later in Section 2-5.

2«3, Excess Nolse and Geometry

If a device generates exceggs noise by virtue of a fluctuating resistance,
then the noise magnitude will depend on the materiml, the geometry and
the current. Here we present a functional form for thie property, assuming
that (1) the noise sources are distributed uniformly throughout the device,
(2) correlation among noise sources extends over distances small compared
with device dimensions, (3) the noise-induced current densities are smsll
compared with bfas current densities, and (4) the noise is a stationary
random process. While some aspects of this functional form have been
presented before6 experimental verification can be inferred from the

7

work published by others’ who considered a less generel functional form
for the geometric nolse dependence.

The discussion is presented in terms of bulk properties, but can
eesily be rephrased for surface properties. Experimental results on
carbon film resistors, referred to below, indicate that the excess noise
in these devices is a bulk or granular effect in the f£ilm, rather than
a surface effect, at least for the thick films used commercially for

resistors. On the other hand, for most semiconductor devices, the noise

seems to originate in the surface.

10
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Assume excess noise 18 generated in the device shown in Pig. 2-2
where the roigeless low-resistance end connections ensure uniform current

density. We postulate that

3

3 2 ) 2 2

E = — -
; v(t)* = & e hl(t) b (9) (2-9)
3

: vhere v(t)” = mean squared noise voltage

: Py = material resistivity (ohm meters)

h, (t) = stationary random function euch that h,{t) = 0

J = average current density (amperes per square meter)
um(J) = current density function.

2, 4, w

length, width, thickness (meters)

By assuming that the noise voltages generated by two resistors in

series are uncorrelated, the linear dependence of v2 on £ indicated by

Eg. (2-9) is plausible. Similarly, by considering two resistors in parallel,

the dependence of v(t)2 on 1/(aw) is reasonable, provided +the noise-induced
currente are small compered with bias current; we have assumed this to
be true.

If the resistivity were increased by a factor k, the noise voltage

also would be increased by k provided hl(t)e and um(J) were not changed.

It follows that v(t)e depends on pma. This dependence can not be verified
experimentally, since to change Pm requires a change cf material, or at

least a change of temperature, and oy and h, mey slso change.

1
One might at first expect that “m(J) should be proportional to JI,
with o = 2. FExperimentally, however, a is seldom exactly 2. An slternative
' form for Eq. (2-9) makes um(J) =K & and lete hl(t) depend also on J.
While this may be more physically correct, Eg. (2-9) is more convenient

to use.
11



7 on carbon film resistors

Experimental results by Kirby and Sibilia
essentially verify Eg. (2-9). The resistors used were made by firing
carbon on to & ceramic rod, then cutting a spiral groove through the film
to increase the resistance to the required value. If we neglect groove
width and end effects, Increasing the resistance by a factor k2 is brought
about, in effect, by increasing track length ! by k and decremsing track
width 4 by k.

In all the experiments, the broad-band nolse mean-square voltage

waes approximately

v(t)? = k 16 (2-10)
Thus Eq. (2-9) beccmes
v(£)? = é; pm2 hl(t)2 k 76 (2-11)

Several experiments employed various spiralling lengths but constant
4-0.6

track widths, With constant bias voltage, v2 varied as . This
agrees with the results that can be predicted from Eq. (2-11), because
J veried as 1/f in the test.

A second group of experiments, again at constant bias voltages,
employed various spiral pitches and track lengths. The results presented
are consistent with ;5 varying with zo'h, as predicted by Eq. (2-11).
Further experiments at constant bias voltage in which the nocise was
measured before and after cutting the spiral groove, always showed & net
increase in noise.

The results of several groups ¢f experiments showed that the noise

increased with increasing film registance i.e., decreasing film thickness.

12
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1/2 1/2
should vary as R since R varies

Equation (2-11) predicts that [v(t)°)
inversely with w, and the experimental results sagree approximately with
this prediction for values of film thickness used commercially. At high
film resistances, (corresponding to thinner films), the noise was greater
than predicted by Eq. (2-11) presumably because these filmg were subject
to greater localized current concentrations.

Apparently, no equally comprehensive experimental results on other
film and bulk materials have been published. Equation (2-9), however,
should apply to cther materials as well, provided the underlying

assumptions are met.

2-U, Scattered Nojse Measurements

It was not mentioned in the preceding section that the measurements
referred to were the averages for samples of 10 or more devices. Tt turns
out, in fact, that when the low-frequency noise is measured for & group
of apparently similar devices the histogram of measurements shows a very
wide scatter and is skewed toward large noise. Two interrelated explanations
for this observation are (1) that the manufacturing process is not in
"statistical control"8 and (2) that some of the noise comes from & small
number of discrete sources. This gection discusses these explanations.

Several examples of skewed histogrems have been published. Figure
2-3 (a) shows the results for 4O carbon film resistors’ and Fig. 2-3 (v)
shows the results for 99 tin oxide film resistors.lo Even on a logarithmie
scale, the measurements remasin skewed toward higher values.ll Figure 2-3 ()

shows on a logarithmic scale the distribution of measurements made on

5000 tin-oxide film resistors.>

13
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£1lm resistors (b) 99 tin-oxide film resistors (c¢) 4OOO tin-
oxide film reaistors.

1



W S I S RIS

T

-

When low-frequency noise measuremente are used for statistical quallity
control, measurements are compared on large samples (25 or 100 or more)
from several different lots or from several different manufecturers. A
wide scatter in measurements in one sample as compered to another 1s said
to imply lack of control in the manufacturing process in the widely
scattered case, and hence a poorer reliability risk.3

We suggest that the scattered nolse measurements generally observed
mey result from a small number (perhaps cne or two in some cases) of large
or high-level discrete noise sources in some devices. Careful
invegstigations on tin-oxide film resistorsla showed that cracks and short-
circuiting chips and other groes defects made some devices very noisy.

This obgervetion justifies the use of atatistical quality control techniques,
and motivates the mathematical description presented next.

Assume that there are two ccmponcnts of excesgs noise, one at low
level due to many small or low-level sources in all devices, and the
second, at high level due to & small number of independent, ususlly large
discrete high-level sources in the noisier devices. If the high-level
sources are uniformly distributed throughout the material from which the
devices are mede, then P{n), the probability of n high-level sources in
any one of many devices of the same size, 1s given by a Poisson distribution.

e

n!

P(n) = (2-12)

where
]

>

P(n) =1 (2-13)
4

and N is the average number of high-level sources per device. The low-

level noise may also result from a Poisson distridbution of sources, which
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vecomes a Gaussian distribution for a large average number of sources per
device. In Section 2-3 we tacitly assumed this was true.

While a Poisson distribution for the number of high-level sources
seens reasonable, the probability density function for the strengths of
the sources is unknown. For analysis, let us assume that all of the high-
level sources belong to one kind and uge ;E as & measure of source
strength. We define the source probability density as ps(:g); thus

[>-]

f » (V) a() =1 (2-124)

0

Among all the devices with exactly one high-level source, the

probability density function is
2 3
p, (v7) = p (+%) (2-15)

L
For those devices with two sourcesl

2
v
2 2
py(v7) = / p(x) p (v° - x) ax (2-16)
0
For those devices with k sources

3
v

pk(ve) = / B, (%) ps(v2 - %) a» (2-17)

0

When these definitions are combined, & general expression for all

the devices is

16
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Pa(‘?) = P(0) - 0 + P(1) pl(;ﬁ) P

= P(k) pk(-v_é) (2-18)
K=l
Of course,

/ pd(?) d(?) ='/‘d(.v_2) Z P(k) pk(?)
0 0 k=l

P(x) f p(+) a(+?)

k=1 0
- P(k) = 1 (2-19)
=]

This probability density function pd(v?) applies to the few high-level
sources, It must be combined with the probability density function for
the low-level noise to give the function to be compared with the histogram
of measurements.

Alternative views are that there is only one kind of noise, or that

there are more than two. These views would then empioy different ps(ve)

functions to give equivalent results.,

17
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In order to illustrate the outcome of the analysis just presented
¢onsider the histogram shown in Fig. 2-3 (c). Estimate that 3500 out

of 4000 devices hsve low-level noise only, hence,

P(0) = €N = 0.875
and
N = 0,13
Since no information is available on the probability density function for

high-level sources, assume

2
av

ps(;E) = ae (2-20)

because it is easy to integrate. Here a is a scale factor. Following
through with Eg. (2-18) for a = 1 gives the probability density curve in
Fig. 2-4., There 1s a long tail on the function as required. We attribute
lack of quantitative agreement to lack of knowledge of ps(;E).

In this section we have shown that by assuming that come of the excess
nolse generated in devices comes from a few discrete sources we can account
qualitatively for the widely scattered data generally obtained when one
measures the noise from a number of apparently similaer devices. We have
not yet tried to determine if there is a correlation between measured
burst noise, as discussed in Section 3, and the exceptionally noisy

members of a large sample of devices,

2-5. Power Spectrum and Excess Noise

Up to now we have been dealing with v(t) and v(t)2 neglecting any
frequency-dependent properties of the noisy devices or measuring system.

In this section we dlscuss the l/f spectral density function associated

18
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with current noise, and mention its possible origins and limits.

i Since the available excess noise power is limited by the source, as

discussed in Section 2-2 no bandwidth limitations have been required in

analyzers to sources of current noise and found the power spectral density

to vary nearly as 1/f in the entire range of measurement, of the order
of elght decades. This outcome has been unsatisfying, since postulated

physical mechanisms for 1/f noise behavior ?all for a lower limit to 1/f

behavior, and moreover the integrated spectral density function does not

converge.
To illustrate the convergence problem define & one-glded spectral

density function w(f) such thet

T
3
v(t)" = w(f) ar (2-21)
Ty
Clearly, if
w(r) =§ (2-22)
end we start with a finite handwidth f2 - fl > 0, then
f
X fs
lim Fdf = lim X fn o (2-23)
flc-oO £ a0 1
. 1
£y

does not exist.
It is interesting to estimate a low-frequency 1limit for the 1/f

spectral density using the discussion of Section 2-2. From Fig. 2-1 (b)

the maximum v(t)2 results when R acts as a switch. TIf over the measurement

20
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interval T the switch i1s open half the time, end 1f V, = V.b/2, then

2
2
V.
v(t)° = -E- (2-24)
and
f2 »
K Yy
7 ar < T (2-25)
1

Now teke as a numericasl example the results of noise measurements
on the collector junction of & 2N1021 transistor with V.b = 12 volts and
a handwidth approximately 1.0 eps to 10 KC. This device gave excess noise

of about 10"1‘ volts rms. From Eqs. (2-21) and (2-22),

10~8

K = = {2-26
Zn 10 )

Using this value of K in Eq. (2-25), and assuming f, remains the same
while 'i‘l is lowered until a departure from 1/f behavior is observed, we

find that

8 b
s th e-36 x 10" £n 10

1< (2‘27)

This is of the order of one cycle per century. Thus there is no reason
to expect a measurable lower limit to l/f behavior unless 1t comes from
the physicel mechanism postulated to acccunt for the noise.

Postuleted physical mechanisms for a stationary random process to

explain l/f behavior require long time constants, associated, for example

with surface quantum states,]'5

and these time constants must be insensitive
to temperature. An slternative explanation in terms of a nonstationary
process, linked to irreversible chemical processes such as surface changes

would link excess noise to deterioration. However no such theory has

21
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been discovered in the literature and our own work is incomplete.

As an example of how a process which i1s not necessarily stationary
can give indications of & ZL/*.F'2 spectral density (but unfortunately not
a l/f spectrum), assume that the noisy device comprises many independent
sources. During a measuring interval T some elements generate a step

voltage

vi(‘c) -V, u(t - ti) (2-28)

0<ti<T

Anglysis then shows that each such element, and hence the whole device
would give w(2) = % (2-29)
£

The noige properties of such & device would be analyzed by means of
a so-called comb filter, or else by recording the nolse for 0 < t < T
and repeatedly pleying it back into a wave analyzer such as is discussed
in Section 3-5. No problem arises through lack of convergence of
Eq. (2-29), since the lowest measurable frequency must be greater than
the reciprocal of the measuring interval T.

This example is interesting as well since it shows that l/f noise
cannot be generated by elementary independent steps; if elementary steps

are involved they must be correlated perhaps pertislly with near neighbors. If
v(t)-v(t-t)1/2 u(t - t,) (2-30)
i 1 i i

a l/f spectrum would be observed, dbut few common physical processes

give such a voltage.

22
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2-6. Spectral Density and Autocorrelation Function

Even very nolsy devices give so little noise power that high-gain
amplifiers are Vgenera.lly employed., Consequently, even if the input nolse
has a 1/f spectrum for 0 < £ < w, the amplifier output has a limited
gpectrum. In this section the bandwidth limits are discussed and a typlcal
autocorrelation function calculated in order to provide background theory
for correlation function measurements reported in Section 3-5.

Most meagurements of current noise are made with a-c amplifiers that
span the audio frequency and low radio frequency range. For low impedance
sources, the upper limit is set by the cross-over between current ncise
and amplifier noise. For high impedance sources, amplifier input capacitance
sets the upper frequency limit. Typlical limits are 10 KC - 500 KC. The
low-frequency limit is set by coupling capacitor problems; d-c amplifiers
are generally not feasible because of the high gain required and the high
d-c bilas across the noilsy device which would have to be balanced out.

Figure 2-5 relates amplifier input and output spectral density when
the amplifier pass band is determined by one high-frequency and one low-
frequency time constant., We assume here that the input noise 1is a stationary
random process with 1/f behavior over all frequencies for which the emplifier
glves measurable response.

The input 1/f noise spectral density is conveniently expressed by
“
vy (£) = W (0) = =W, () (2-31)

so that if the amplifier has a transfer function

v, (3w) AT
B(36) = 7 130) * T30 TeD0ee T (2-32)
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then the output spectral density is

W) = | B(3w)?| Wy lu) (2-33)

2
A T° W (w)
= 2w :o . ;wg (2-34)
(w T, + 1)(w T, +1)

We note that the problem of lack of convergence has disappeared, because

now
0

2
vy (t) =/w2(w) dw (2-35)

(o]

exists.
For & broad class of stationary random processes, the spectral

density function and the autocorrelation function comprise & Fourier

transform pair.l6 Thus, the (time average) autocorrelation function

T
R(t) = lim / v(t) v(t + 1) at (2-36)

Tep
0

is related %o the one-gided spectral density by the pair of equations

R(1) = ‘//~ w(f) cos wt 4f (2-37)
0
w(f) = 4 /R(f) cos wr 4t (2-28)
0
where w = 2nf

25
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Using Eq. (2-34) in Bq. (2-37) gives the autocorrelation funetion Re(‘r)
for the output of the amplifier

-]
Aw w Tl L (w )
RZ(T) = W cos wr 4df (2-39)
(w +-1)(w T, + 1)
2 0
- A Y% wl(wo) T1 w cos wr dw

2 T 2 . 2 w2 + 1

1 2 3 . 2

1

-//’ g co8 ;T dw (2-40)
W 4+ -5
0 T2
17
This can be integrated™' to yield
5 T
Aw W (w) T - E’
R (1) = —2 1.0, L -3 e Ei(—)
2 2% T 2 T 2 2 1
1 " "2
i LI x
T T T

+e TE(- 9142 (e m(—)+e Ei (- =)]
e T, 3 T, T,

(2-41)
where Ei (x) and Fi (-x) are tabulated exponential integral functions.>®
Notice that the amplifier sets the limits for the 1/f range in the
derivation Just presented. If the limits are get by the model for the
physical mechanism, for example Van der Ziel's model,lg then a different

autocorrelation will result.20
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SECTION 3

EXPERTMENTAL STUDIES OF CURRENT AND BURST NOISE

%-.1l. Noise Measurements

In addition to the anelytical work reported in Section 2 we have been
using several kinds of systems to measure the nolse and other properties
of a variety of devices. The purposes of these investigations were (1) to
determine how each noise measuring system responded to both clean current
noise and burst noise1’2 with a view to the development of a detector of
burst noise, (2) to determine the noise properties of several different
devices, and (3) to begin attempts to determine whether either clean noise
or burst noise 1g related to deterioration or other anomelous behavior in
devices.

The results reported in this section show that the measured spectral
density and the measured autocorrelation functions for clean current noise
and burst noise do not differ appreciably. On the other hand, the amplitude
distribution function for burst noise is nongaussian, while that for clean
noise apparently i1s gaussian. Also, the broad-bend rectified rnoise level
fluctuates more for burst noise than for clean noise. Whlile our measurements
are not yet complete, preliminary conclusions are (1) that noise from chemical
processes ie burst nolse so that burst noise indicates the possibility that
chemical processes may be taking place, snd (2) burst noise comes from a

statistically nonstationary random process.

3-2. System for Measuring Broad-Band Noise

Figure %-1 ghows the system we use most often for measuring broad-band

noise. Here the noise voltags 1s amplifiled, rectified, filtered, and then
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fed to a strip-chart recorder. Typlcally, several minutes of chart record w
is averaged to provide the noise reading, and this average can be made as
accurate as desired by counting squares or using a planimeter. Employment
of the strip-chart recorder thus eliminates the difficulty of estimeting
the average deflection of a fluctuating indicator over a long period of
time. More important, as will be shown in Section 3-4, the strip-chart
records for burst noise differ from those for regular current noise.

Thls section discusses the measuring system and shows how the average
recorder deflection is related to the input noise.

Usually the two-battery bias circuit shown in Flg. 3-1 is employed
for messurements of resistor ncise in order to balance out most of the
d~c voltage across the isoleting resistor before the preamplifier is
connected. Adjusting bias voltage to provide balance to within + 1.0
volts adequately protects the preamplifier input. Transistor Junctions
give such low currents that a one-battery biss eireuit (i.e., Vb2 = 0)
is usually satisfactory.

Either of two commercial preamplifiers is employed. For low impedence
gources we use a battery-powered Millivac VS64A (hushed) tramsistor smplifier,
typieally with nominal bandwidth 2.0 cps to 14 ke, and 40 to 80 db gain.

Very noisy devices saturate this amplifier on the 50 to 80 @b gain settings.

For high impedance sources a Keithly 103 1s employed, typically with 1.0 cps

to 10 kc bandwidth and gain of 1000, Either rectifier power supply or

batteries ere employed. Noise from the amplifiers generally limits the

sensitivity of measurements.
The rectifier circuit shown in T'ig. 3-1 operates ag & full-wave linesr

detec’cor5 followed by an RC low-pass rilter. If we assume that the diodes
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are ideal, that the recorder input impedance is large compared with R,, and

that il(t) is a current-source drive, then analysis shows that

v, (s) =E§ L o Ll ) (3-1)
2 2 1+ R2 [Cl + -g] 8 1

For the frequency range of interest here, Rl is sufficiently large compared
with the other impedance magnitudes so that, approximately, il(t) is a

current source

vl(t)
11(t) = -5 {3-2)
1
Noting also that C; >> ¢/2, Eq. (3-1) becomes
v, (8) = -33 S Uv, ()] (3-3)
2'%) " TR L vy 3-3

Most of the post-detector filtering is provided by C:L which with 32, glives
about a 0.5-second time constant.

Ideally, for any stationary input, such as a stationary random noise,
the d~-c output voltage depends on the amplitude probebility density function

of the input voltage. Thug, if vi(t) hes a gaussian distribution of

amplitudes v12
.2
1 20
p(vy) = —— ¢ (3-4)
O
with rms value
1/2
[v (] =0 (3-5)

then it can be shownu that




O e

lvllt” e 2 f vlp(vl) dv, (3-6)

L]
o] o
Q

(3-7)
Using this result in the d-c¢ limit of Eq. (3-3) gives

R2 5
V'd.‘_c = Vazts = SR /-; c (3'8)

1

R ,
= ﬁ';—eR Vl(t)z (5'9)

1

Consequently, 1f the voltege gain from v, to vy is X then

2

2x Rl 5
;2—;-2- [valtﬂ (3-10)

Vn(t)Q =

Because Cl does not provide "complete" filtering, the recorder
indication will have a fluctuation superimposed on the average deflection.
Section 3-3 discusses this. TFor a nonstationary input, or an input with
nongaussian amplitudes, such as burst noise, not all of the preceding analysis
applies.

The smplifier-rectifier system shown in Fig. 3-1 gives full scale on
the recorder 50 mv range without overloading appreciably; however, for a

gaussian amplitude function peaks above 3.7 standerd deviations are clipped.
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5-3. Output Fluctuations from a Broad-Band Noise Measuring System
In this section we show liow the fluctumtions of the recorder indication

may be calculated for a restricted class of stationary random functions.
This calewlation is used in Section 3-4 to interpret experimental results.

F First, consider & time-independent full-weve rectifier characteristic

v,=® | vll (3-11)

From the d-c limit of Eq. (3-3), we know that for the system in Fig. 3-1
P e 2 (3‘12)

Second, for convenience, use & two-sided spectral density function

a(f) = -;- w(£) £>0 (3-13)
s(-f) = s(£) (3-14)

where o
v(t)? = s(£) af  (volts®) (3-15)

Third, assume that the noise has not only a gaussian distridbution of

amplitudes (as assumed in Section 3-2) but is further restricted to be a

gaussian random procesa.5

With these assumptions, a straightforward extension of the analysis
for a half-wave linear detector6 to the full-wave case gives for the

spectral density of the output (with nc post-detector filter)

2
s,() = 2% 0% 8(r) + ,,: - f 5,(x) 5,(£-x) a&x  (3-16)
1 w

The d-¢ output voltage

3e
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2 .2 2 ,
Vao =[5 7 0] (3-17)

predicted by Eq. (3-16) agrees, of course, with Vy.o Predicted by

Eq. (3-8) and ({3-12). The second term in Eq. (3-16) gives the spectral

density of the ripple in the output before the post-detector filtering.
For exsmple, if Sl(f) were the ideal band-limited flat-spectrum

noise shown in Fig. 3.2(a) with megn-square value E2 voltsa, then the

1/2 and the ripple spectrum would be as shown

d-c output would be [2b7 Ea/:r]
in (b). Purthermore, if the rectifier is followed by an ideal low-pacs
filter, as shown in (c), then (@) shows Sa(f), the restricted spectrum of
the output. Using the rectangular approximation indicated by the broken
lines in (d) gives an approximate rms ripple voltage at the indicator

(strip-chart recorder) of

22
b E 1/2
Vo ® [2—,&.: ar ] (3-18)
¢ 1/2
= E [—2-] (3-19)

1 !
For the present discussion, the interesting relation is the ratioc of

rms ripple to the d-c ocutput, i.e.,

. 1/2
b E [—s] 1/2
n £
a-0 1 c
=g = 75 = 7)) (3-20)
d-c g [%] 1

The ratio V,_/V, . can be computed by the sbove method for any

-C
spectral density fupction from a gaussian random process. Consider, as
& further example, white noise and 1/f noise both filtered by a bandpass

amplifier with transfer function
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B(Ju) = | (3-21)
'(_Mrl + 17(33&'2 ¥ 1)

T1 >> Té

Assuming also that l/T2 >> fc, fairly tedious analysis shows that for

white noise input

v
a-c
a, = s £ T (3-22)
1 Va_c ¢ 2

and for 1/f noise input

(e, £ ]1/2
_ _a=c l¢c _
2V, T L2 (3-23)
n (=
T2

As a numerical example, assume that the amplifier has & transfer

function given vy Eq. (3-21) with T, = 1/(10n) end T, = /{21 % 101*).

With fc = 1/n cps, calculation shows oy = 0.00225 and a, = 0.0%82, An

interesting parameter

Q, T
2 il 1
v a .; = ——————-—-——2—-— .T_ (3_2]{.)
1 (Tl)
n (==
T

gives the ratio of ripple for 1/f noise to the ripple for white noise
if the gains are set to give the same d-c output. For the present example
y = 17.

In principle the ratio Vﬁ-c/vﬁ-c can be calculated for any input
vhich is a gaussian random process, and any amplifier transfer function.

For small such ratios, the fluctuation about the mean deflection will
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have a gaussian distribution of amplitudes. Thus, tolerance lines can be
drawn on the strip chart, and a calculable fraction of the record, on the

average, should fall within the tolerances. For example, lines drawn at

\4

d~c £ 2 V,_, should contain 95 percent of the record.

Strictly speeking, failure of the calculated percent of the record to
fall within the tolerances only means that the noise does not come from &
gaussian random process. From the charte and waveforms presented in
Section 3-4 it appears that in these cases the noise 1s alsoc nonstationary.
Thus we assume that an out-of-tolerance strip chart implies a nonstationary

nolse, which, as mentioned in the next section, is classed with burst noise.

3.k. Burst Noise and Brosd-Band Noise Messurements

This section reporls results of broad-tand noise measurements made
on & number of devices, mostly using the system of Fig. 3-l. We relate
these strip chart records to the time waveforms observed with an oscilloscope,
and also to the discussion of Section 2-3,

The excess nolse from some devices shows spikes, steps, skewed amplitude
distribution functions, or chenging noise levels., Other devices have none {
of these anomalies. We say that those devices with the anomalous behavior 1
have burst noise. ‘

Figure 3-3% shows the strip-chart recorde for the collector Junctions
of two 2N1021A transistors in (a) and {b), and nearly-white noise in (c)
for comparison. (In fact, a megnetic tape of the noise was also made, as
is discussed in Section 3-5.) Although the gain and bandwidth were the
same for both transistor tests, the two charts are different, with (a)
showing greater fluctuations than (b). Very roughly, (b) has fluctuations
about 10 or 20 times as large as those in (c) as predicted by Eq. (3-2&)

and we assume (b) has clean current noise. Because the fluctuations in (a)
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Fig. 3-3 (a), (b) Broad-band excess noise from transistor collector

Junctions with 12 volts bias. (c) Thermal and amplifier noise.
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are larger and the noise level appears to fluctuate we infer that (a) has
burst noisge.

For a second example, Fig. 3-U shows results for two 200K carbon
composition resistors, (that 1s, with one substituted for the wire-wound
isolating resistor normally employed in Fig. 3-1). In Fig. 3-4 (a) the
segments are labelled for the battery voltage across the two resistors.
The discrete gtep in the 202,5-volt segment, and the several spikes in
the 225~-volt segment are typical of the strip-chart records genersally
cbtained with carbon composition resistors. In (b) the nongaussian
amplitude distribution function lasted for several minutes; similsr waves
lasting a few seconds are often observed but are exceedingly difficult to
photograph. Evidence such as this indicates that the noise from carbon
composition resistors (also called contact noise) is nonstationary.

For an example of noise with exceedingly large burst content, linked
to a chemlcal process, Fig. 3-5(3) shows results from & deteriorated
4s-volt dry cell battery, supplying current to a 5000-ohm wire-wound
resistors; (b) shows a sample of the waveform. Spikes and steps in the
time waveform predominate in battery noise.

Figure 3-6 shows results at several voltages from a 220K carbon film
resistor. At low voltage the oscilloscope pattern and strip-chart record
were regular, indicating few if any bursts. For 135 volts and above,
bursts appeared in the oscilloscope pattern and the strip chart became
more erratic.

By contrast with the results from carbon film resistors, Fig. 3-7
shows the relatively regular noise recorded from a Kodak EKTRON lead
sulphide photoconductor cell. We assume this is clean current noise.

As e final example of broad-band noise measurements, Fig. 3-8

gshows results from a silicon resistor designed for sensing temperaiure
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Fig. 3-4, (a) Excess noise from carbon composition resistors.

(v) Waveform with 5 milliseconds per division.
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(SENSISTOR). Here the noise changes from intervals of very bursty behavior
to intervals of almost clean current noise.

We have observed and measured the excess noise from many other devices
as well. As judged by the occurence of steps and spikes in the oscilloscope
pattern some of the devices had burst nolse and others did not. Those
devices with a lot of steps and spikes gave excessive fluctuations to the
strip-chart record. Thus the brosd-band noise measuring system provides s
nonsubjective but, unfortunately, fairly insensitive indicator of burst
nolse, More selective instruments for distinguishing burst noise would be

useful.

3-5., Autocorrelation Function and Spectral Density Measurements

One characteristic of low-frequency excess noise that continually
attracts the attention of researchers is the power spectral density
function which varies closely as reciprocal frequency. Occasionally,
reported results have shown considerable scattering of the experimental
points. Moreover, we wondered if the very erratic broad-band noise records
for burst noise, such as are reported in the preceding section would give
rise to any anomalies in the spectral density function, thus accounting
for scattering of measured points. This section reports studies of this
sort made with a wave analyzer to give spectral density direetly. 1In
addition, we report measurements made with a special sutocorrelation function
computer to determine the Fourier transform of the sgpectral demsity. Cur
results indicate that both burst noise and clean current noise give elose
to a 1/f spectrum. We have no definite evidence that burst noise contributes
anomalies to either the spectral density curve or the autocorrelation function

curve.
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In order to make measurements which are of value even for a nonstationary
process, we record the noise to be analy:zed on a special-purpose magnetic
tape recorder. By repeatedly rewinding the tape we can get cach measured
point from exactly the same semple of noise.

Figure 3-9 shows the noise recording system. Part of the gsystem is the
same as in Fig. 3-1. By recording on the magnetic tape and strip chart
simultaneouely, we can determine i1f any relation exists between broad-band
noise and spectral properties. The same recording system was employed for
the spectral anelysis and autocorrelation function measurements reported in
this section and also for the amplitude distribution function measurements
reported in Section 3-6.

The Mnemotron "extended frequency range" modulator-demodulator and
tape-recorder system employed here hes nominal frequency range 0-800 cps,
but a calibration curve was necessary tc compensate for the non-flat
freauency response. With the calibration curve, however, useful results
0-1000 cps were obtained,

For spectral analysis measurements, the system shown in Fig. 3-10
wvag employed. The voltage-to-frequency converter nominally generates
pulses at a rate directly proportional to the amplitude indication on the
vave analyzer. By totalizing these pulses over the measurement interval T
(as timed with & stop watch) an average very close to the theoretically best
can be odbtained.

We can compute the required measurement interval T for any desired
accuracy.7 Fcr example, provided the bandwidth of the analyzer is much
less than the center frequency, of the pass band, we can be 95 percent sures

that the error is less than P percent if

L x lOL

T= K (seconds) (3‘25)

Ly
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For Af = T cps and P = 5 percent T is about 4 minutee. Thus even for this
modest accuracy, averaging the reading of & fluctuating indicator by eye
is not likely to be satisfactory.

Typical results for spectral analysis are shown in Fig. 3-11 and Fig.
3-12. Two 3-minute samples marked A and B on the strip chart record shown
in Fig. 3-11 vere analyzed, and the results are shown 1n Fig. 3-12, Both
samples gave gmooth spectra and both are nearly 1/f. The curve for sample
A may be glightly steeper; however, other similar experiments on both clean
current noise and moderately burst noise gave no clear evidence of large
departures from l/f behavior. Measurements made on germenium whigkers,
transistors, batteries, and carbon-film resistors showed nearly 1/f noise
in every cease.

For autocorrelation function measurements we employed & special
sampling correlator which is discussed elsewhere8 in the system shown in
Fig. 3-13. Autocorrelation functions, shown in Fig. 3-14, were measured for
the two samples of noise ghown in Fig. 3-3. The slight differences, aside
from amplitude, between these two results can be attributed to inaccuracies
in the computer. Moreover, they both agree in form with calculated curves
using Eq. (2-41). (Direct comperison with Eq. (2-41) is not valid since in
that equation low-frequency response depended on only one time constant.)

We conclude from these results that neither gpectral density nor

autocorrelation function measurements provide sensitive means for distinguishing

burst noise from clean current noise,

It was mentioned that the recorder system permits useful measgurements
for even a nongtationary process. To illustrate this consider a stationary
1/f noise source which is turned off at some time not too close to the

beginning of the measurement interval T. The input is now nonstationary.

L7
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A spectrum analyeis carried out with the recorder and wave analyzer system
employed here would still show very closely u 1/f spectrum, at least within
the range of valid measurements for which the center frequency is much
greater than 1/T. The measurement thus gives little indication of anything
ercept 1/f vehavior.

In the same manner, we interpret some erratic strip chart records as
resulting from changes in noise level. 1In view of the example Just discussed

we expect our measurements to indicate 1/f behavior, as they do.

3-6. Measurements of Amplitude Distribution Function

Measurements show that clean current noise has & gaussian amplitude
distribution function, whereas burst noise hac 8 distorted distribution.
Tnle section shows how these measurements were made and reports typical
results.

The recording system of Fig. 3-9 was used to supply noise to the amplitude
distribution function analyzer* employed in the system shown in Fig. 2-15.
Once again the recording system permits all measurements to be made from the same
sample, and the electronic counter permits accurate averaging.

Typical experimental results are plotted on probability coordinates
in Fig. 3-16. These coordinstes give straight lines for inputs having
gaussian amplitude distridutions.

Measurements were made on the first three minutes of each of the noise
samples shown in Fig. 3-3, and the data are plotted in Fig. 3-16. Curvature
at the extreme ends may have resulted from amplifier distortion. Also

plotted are measurements of battery burst noise; it is clearly nongsussian.

*A Quan-Tech model 317 Amplitude Distribution Analyzer was loaned to us by
the Robert F, Lamb Compeny, Inc., Syracuse, N.Y., by arrangement with
Mr. William TLewrow.
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Fig. 3-15.

53

Tandberg Mnemotron From Noise
Tape o M 100 [*source,
Recorder Amplified
Model 6 (Extended Frequencyl
(Spesd 74 Response )
Channel No. i¢2)
Tektronix Quan-Tech
:Y” 53 ": 54K Amplitude Counter
lug-in Unit e i et Output
(0. Vit / cm) .—_ﬂ Distribution
Type 133 Analyzer gnolog
ut
Power Supply M3i7 P
Ampli.
Vol ' fude
oltage to ",','J:"‘ Electronic
Frequency
Converter Counter
dy-2210 Percent| NP-524C
(1 volt raenge) Time V.
Exceeded

System for measuring amplitude distridution.



eI M N

Per Cent Time V Exceeded

| T T T 1 T
99.9 |-

99.8

2NIO2IA Clean Noise No.5

99.0
98.0 |-

2NIO21A Burst Noise No.8

Battery Burst Noise

90.0 |-

70.0 |-

50.0 |-

30.0 |-

10.0 |-

'to -

o.l |
0.05 L 1

20 40 60 80
Amplitude V

Fig. 3-16. Measured amplitude distribution functions.
54



[ —

We conclude that measurements of emplitude distrivution funciions
can distinguish devices with burst noise from those without. Because of
the gimilarity of the two results for transistors, however, this eppears
not to be & sensitive test. In view of the central 1limit theorem9 one

would not expect great differences from a gaussian distribution except

possibly at the extremes where memsurements are very difficult to meke

anyway.

3-7. Excegs Nolse and Drift

Changes in transistor-junction reverse current indicate long-term
ingtability, and a large increase in this current manifests failure., If
excess noise is linked to this mode of deterioration, then we expect a
correlation between drift and some parameter of this noise. This section
reports on very preliminary searches for such a correlation. The results
are not yet conclusive.

Figure 3-17 shows data from measurements of noise and drift for
13 transistors. Each point represents one device, Narrow-band noise
voltages at 1000 cps were measured first with & Quan-Tech M31C transistor
noise analyzer and used as abscissa. Maximum fractional changes in
collector-junction reverse current at from 12 to 60 wvplts bias during
1200 hours of continuous bias at room temperature are used as ordinastes.
These measurements, comparing total excess noise with drift do not show
uuch correlation, but the sample sizes are too small tc provide fimm
conclusions.

In auolher experiment broad-vand noise was measured at the end ot a

drift test. The collector Jjunctions of nine type 2N251 and one type 2N1021A
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transistors were reverse biased at 60 volts for 1250 hours. Broad-band
noise was measured using the system of Fig. 3-1. As & rough measure of
burst noise we used the peak-to-pesk fluctuation in a T-minute strip chart,
divided by the average level, (compere with Eq. (3-23)). The results
plotted in Fig. 3-18, with one point per device, show little correlation.
It was spparent, however, that each device had turst noise and each device
was subject to appreciable drift.

Future experiments are intended to determine what parameter of
burst noise, if any, is correlated with particular drift modes. For
example, in the results Just reported, no distinction was made between
increasing or decreasing current, and no distinction was made between

many small bursts end a few large ones.
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SECTION b

INFLUENCE OF INJECTION CURRENT ON DEGRADATION CF
GALLTIUM ARSENIDE TUNNEL DICDES

k.3, Introduction

The usual fallure mode is associated with high forward bias and is
menifested bty an increase in valley current (IV) and a decrease in peek
current (IP) with time.l’e’3 Although in a given junction, the rate of
degredation is a monotonic function of forward current (If), few quantitative

generelizations have been made, Gold and Weisberg3

have reportéd an
"sctivation energy" for failure of about 0.5 volts. This corresponds to
a doubling of the rate of failure with an increase of temperature of about
10°C. They also report a decrease of capacitance with failure,

To explain their results they postulated:

A, The injected electrong recombined with holes through the aid
of a "deep level" located about the middle of the gap.

B. The energy released by recombination was given to & substitutionsl
impurity atom and the atom was moved to an intersticisl site (Frenkel defect).
Such an intersticial atom has a charge {when on the p-side of the junction)
and is therefore in reality, an ion.

€. The intersticial atom (ion) diffuses to the Junction where it forms
ion-pairs with the p-type dopant and thus:

1. The doping is neutralized in part and thus the Junction becomes
wider and the pesk current decreases.

2. The valley current decreases because of thls same effect.

However, there is, in addition, an accumulation of these ilons on the edges

of the transition region which creates band-gap states which increase tunneling

9



in the valley regicn and conseguently an increased current results. Either
of these two effects may predominate.

Little quantitative work has been published which tests this hypothesis.
One of the difficulties is that the injection current has not been Iidentified
in Gals tunnel diodes. The injJection current is expected to vary as qu/KT’
but at sufficiently high bias where inJjection current is expected to predominate,
the I R drop masks the voltage dependence of the current. (This.eqv/KT
dependence has been observed, however, in Ge tunnel iodesh).

By measuring infra-red emission from forward biased tunnel diodes,5 we
have shown that injection current does exist and follows the theoretical
qu/KT relation. We have attempted to relate deterioration rate to injection
current. Although we do not have sufficient data to be certain, the results
to date strongly indicate that deterioration rate is indeed directly
proportional to injection current. Further, we can explain the Gold-Weilsberg

"Activation Energy" from our results.

4.2. Radiation from GaAs Tunnel Diodes

Infra-red emission has been reported from GaAs diffused diodes and
such devices have been used as solid-state lasers. At room temperature
the radiation spectrum has & sharp peak at 1.35 ev and another broad peak
near 1.0 ev. It is the pesk at 1.35 ev which predominates at high currents
and is responsible for laser action.

We measured the radiation intensity (relative number of photons emitted
per second) on GaAs tunnel diodes obtainéd from three manufacturers and on

units made in our labvoratory. A silicon photo duo-diode was used as a



detector. By placing a monochrometer between tunnel diode and detector,
it was found that the detector measured only the radiation at the 1.35 ev
peak. All subsequent tests were made without the use of a mcnochrometer.
The radiation intensity (p) was measured as a function of voltage at
room temperature. Figure 4-1 shows a plot of the (2n I)'Va and (Zn o)-Vé
characteristics of & representative tunnel diode. The radiation can be

empirically expressed as

o =0, qu/KT (4-1)

where V is the applied barrier voltege, i.e. the applied voltage (Vé) minus
the I R drop in the series ohmic resistance. Equation (4%-1) agrees with
Fig. h-1 for a value of R = 0.4 ohms. The temperature dependence of N

can be obtained from a measurement of the radiation as & function of
temperature at constant voltage. Figure L~2 shows & plot of (4n p)-lOB/T
characteristics for the diode of FPigure 4-1. Since the curve is s

straight line, the term p_ in Fq. (4-1) can be written:

po = A e"Q¢/KT (’4--2)

where A 1s s constant and § 1s 1.69 volts. From Eq, (4-1) and Eq. (4-2)
we obtein for the radiation

p=A e*Q(Q‘-V)/KT (h"‘B)

In any consideration of carrier transport in the vicinity of a barrier, ‘
an injection current, due to carriers flowing over the barriers, is expected

to exist in addition to (and reasonably independent of) the recombination

61
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Fig. 4-1. Measured I-V and p-V characteristics of a tunnel diode.

The radiation follows the form

Q(Va-IR)
D’DoexP v
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current and other anomslous currents which predominate. The forward current

then can be expressed

-q(Vy,-V)/xr

/KT | p (habs)

I= IE(O) e

where the first term is an empirjical relation which describes the excess

current. Both IE(O) and 7 generally very with voltage and temperature.

The second term in Eq. (4-4) represents the injection current. This is

small compared to the excess current except at very high forward bias for

GaeAs junctions. The coefficient B is independent of voltage and is only &

weak function of temperature. The term VD represents the built-in voltage.
Comparing Eq. (4-3) with the last term in Eq. (k-4), we can conclude

that the radiation is proportional to the injection current and is independent

of the excess current, provided we can relate @ to Ve Vriting Vp = Vb(o) + BT

where B 1s the temperature coefficient of Vb, from the experimental results

(Fig., 4-2) we can identify ¢ with vb(o). However, in tunnel diodes, the

meterial is degenerate on either side of the Junction and so the Fermi

level should be reasonably fixed with respect to the band edges and consequently

we expect B to be small., The values obtaeined experimentelly for ¢ in tunnel

diodes are about 1.7V. This is approximately the value expected in such &

Junction.

L-%, Experimental Procedure for Measurement of Deterioration

A four-section wafer switch with 12 contacts per section was mounted

on a 1 rpm motor shaft; the peak current,* valley current,* and the forward

*Although we refer to peak currents and valley currents, vhat we messure are

the currents at specifled voltages. Because biasing at the pesk or valley

often caused the circuit to treak into (class-C) oscillation, bias was slightly
on the positive resistance side of the extrema. (See Fig. L_3) Although the

terms peak current and valley current have no meaning when the negative resistance
region vanishes, we will use these terms as defined above,

6k




current wasg monitored once each minute, To assure constent temperature,
the diode was immersed in a circulating oil bath,
A typical run has the followlng cycle:

lst 10 sec. measure I

P
2nd 10 sec. measure IV
Next X sec. inject at perscribed voltege (+ 2 mv) (x < Lo)
Next (40-X) sec. no voltage applied.

The cycle is then repeated, The monitored currents are plotted on a strip-
chart recorder.

To compare the deterioration rete under different conditions, the voltage,
temperature, or duration of injection (X) is veried during the test on a parti-
cular diode or on subsequent diodes.

A portion of & strip chart record showing forward current, If, peak

current, I_, valley current, IV and the zero reference is shown in Figure 4-3,

PJ

L-L, Experimental Results

The strip chart record of Fig. 4-3bis somewhat typical of our results.
We can see that the peak current decays with time, The rate of change is
dependent on the applied voltage. On the left of the chart, the date are
erratics This is caused by a "bad contact" in the diode. This "break" is
common and appears after a considerable degradation. It often occurs after
IP and Iv have reached steady state values. Unfortunately the diode of
Fig. 4-3 did not produce much quantitative data since the forward current
varied with time (see below) at a given blas voltage and becauge the

diode "opened" before a steady state in the peak and valley currents was

reached.
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Failure data for a more typlcal GaAs tunnel diode are plotted in Fig. Lk,
Here (IP(t) - IP(w) and (Iv(w) - I,(t)) are plotted against time for a run
at constant temperature, constant injection voltage, and constant injection
time (25 sec.) per cycle. The values of Ip(m) and Iv(w) were the steady .
state or final values of .peak and valley current respectively and were
obtained from the data.

We can see from Fig. 4-4 that IP and Iv are both constant initially and
then approach their final values exponentially with time. The time constants
for peak current and fcr valley current degradation are approximately equal.
The initlsl constant portion is of longer duration for the peak current
than for the valley current. In Germenium units and in GaAs diodes with
larger series resistances, the time constant appears to decrease with time.
This is presumably a result of an increase (with time) of excess current in
the injection region causing an lncreased I R drop and consequently a
reduced barrier voltage and reduced injection current, and thus a reduced
failure rate.

For diodes with sufficiently small series resistance then, we can

write _(t_to)
IP(t) = Ip(w) + [Ip(to) - Ip(w)] e T
~(t-t.)
T
T, (t) = T (=) - [1() - T (5 )] e
If we define the failure rate as
a Iv(t) a IP(t)
~dat _ dt _1 (h-5)
TT,08) = T 0] 7 TT08) - I (=]~ « o

our postulate that degradation is proportional to injection current then

1s equivalent to
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x = e VKT (4-6)

In Fig. 4-% i1s shown & plot of T va. V. V is the applied voltage
minus the I R drop. This data was teken from a single run where the
injection bias wes varied, We can see that the time constant for failure
as deduced from peak current can be described by Eq. (4-6) quite well except for
large t where the time constant increases, The varistion of time constent
with voltage as determined from valley current measurements do not flt the
theory quite as well.

Since the slope is close to that predicted by Eq. (4-6), we can
tentatively say that the failure rate is indeed proportional to injection
current.

A difficulty with the sbove procedure is that as the steady state
value is approsched, the denominator of Eq. (4-5) 1s difficult to determine.
However, if the bias is changed from V; to V;' at to, and the failure rates

are compared just before and Just after t_, we get from Egs, (4-5) and (4-6)

aI;,/at azl',/at

e = g__ [ ’ s - o , -
775 = ST T P KR vy - vi) - R(Tp - 1291 (4-7)
we can then solve for R. 3
I:/3t
(V' - V;z) - K_Tz Y{
a a q IV 't
R = 77 {L-8a)
f b
912/t
N - S 4
a 8 q SIP 751‘
R = Ir = III (.)""B-b)
£ s

Below is a table of R as obtained from Eg. (%4-8a) and Eg, (4-8b) and
using dete on a single unit on which the bias voltage was changed 6 times.
For comparison, R was obtained in the same manner but the time constant for

railure (Eq. 4-6) was assumed to vary as «qV/2KT,
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71




L L b R -

. -

"Suio0 #°Z = ¥ ST
(saadire auo JO JUSLIMD PIBMIOI B 98) sanbiuyosy ssTnd Buisn anyan

paansSesm Ay, *S2Tpnis SJANTIBI WOJJ PIONPIP SB 20UBLS[SAX SITISS *T STABIL

¢°1 €1 72 °2 129
1°1 T°2 ée G2 1
¢°1 9°'1 1°C ' L3
2 LT 0y Gee 61
Gee- ¢ 1- €2 82 S
Leo- 0°0 12 G2 2

72

[o]
weg 41 wozs  wymq U1 woug f} sreq Ar wozs  wmyeg YL woag | (sam)®y

= 1 3u s 8 ) = 1 Surunss
.Hkm\>wumo 2 AUTEMSSY _HE\>U.. o) Y

(SWHO) ¥ ADNVISISAY SHIUAS

A bty MR s v e b e



TR 1T e " RN

We can see from Teble 1 that the data are consistent with the hypothesis
that the failure rate 1s proportional to injectiun current. Not only are
the values deduced for R reasonably consistent but agree well with s
measured value of R = 2,4 ohms. On the other hand, the assumption that

qV/EKEéives unreasongble values for R.

failure rate is proportional to e
In the above analysis, we assume that both R and the steady state
values asre reasonably independent of bias., This seems to be true from the

data.
Although all our date indicates that the failure rate is proportional
to injection current, we have not tested a sufficient number of units to

positively reach this conclusion. If faillure rate is indeed proportional

to injection current we can rewrite Eq. (4-6)

=3 (V. -V
T =C e’ ( D ) (4-9)

and correlate the fallure rate with tempersture. We have done little
work on this. However, Gold and Weisberg have reported failure rate

having an "Activation Energy"” of about 0.5 volts. This would mean that

= oo A(0:5)/KT

If V., = 1.7 volts, and V = 1.2 volts, this result would be expected.
g

D
It is not known at what voltage the diodes reported on were bigsed,
but it is almost certainly very near this value, (see Fig. 4-5).

The initial constant portion of the degradation curve is of interest.
If the cycle is interrupted for a time, {say one day) and then resumed,
the values of IP and IV do not change in this interval but again the

slope is zero for a short time before decay commences once again.
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4-5. Discussion of Results

We have ghown from the voltage dependence of degradation, that failure

is proportional to true injection current and quite likely caused by 1t.

It is reasonable to believe that recombining carriers impart their energy

to the lattice and thus cause Frenkel defects. We see no evidence of a
deep level acting as & recombination center. When the intersticial atom
and vacancy are in close proximity, no forbvidden-region states are created
and there is no immediste effect on the I-V characteristics. As the more
mobile half of the Frenkel defect {probably the intersticial atom) diffuses
avay, the interband states are formed and the valley current increases
because of tunneling to (or from) these states due to the high electric
field in the transition region. These intersticial atoms accumulate at

the edge of the transition reglon on the p-type side (or the vacancies congregate
on the n side if they are more mobile.) The doping is partially neutralized
and the peak current begins to decrease. This requires & somewhat longer
delay than that needed merely for the creation of interband states.

The time delay in degradation after an interruption is thought to
result from a "healing" of the Frenkel defects which are present. This
heeling might be expected to cause a smasll recovery in the I-V charscteristics.
This is sometimes observed but 1t is always very small in magnitude.

The "breaking" of the tunnel diode after considerable degradation is thought
to be caused by mechanical failure due to the Frenkel defects. We have

not microsectioned these Junctions as yet to determine where the bresk is.
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SECTION 5

TUNNEL DIODE FAILURE STUDIES

5-1. Introduction

The problem of rapid fallure of Gallium Arsenide tunnel diodes under
conditions of high forwerd blas ralsed serious questions about the extensive
use of ITI-V compound semlconductor materisls in general. Studles of
Gallium Arsenide tunnel dlodes and their possible mechenisms of failure
were undertsken as part of the work of the previous contract and a tentative
explanation of tunnel diode failure was given in Chapter 6 of the final
report. Part of the objective of this work was to extrapolate some of the
results and some of the understanding of GeAs tunnel diode failure to an
explanation of feilure mechanisms in other devices involving other compound
semiconductors or other highly doped p-n Junctions.

Subsgequent experimental and theoretical studies in addition to the
radiation studies diccussed in Section 4 have extended and modified the

conclusions of the previous report.

5-2. Modes of Failure in Tunnel Diodes

A number of observations of modes of failure in Gallium Arsenide tunnel
diodes have been made., Some of these observations were made and reported on
in the previous contract, however most of them were made during the current
contract., These results may be discusszed conveniently with reference to
Fig. 5-1 showing the static characteristic of a typical tunnel diode.

The arrows indicate the direction of cliange with failure, with their lengths
approximately proportioned tc the proportion of tunnel diodes tested which

exhibited the indicated change. The results are summarized as follows:
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(1) Vhen forward biased in the so-called injJection region, the rate of
deterioration increased with increased forward bias. This agrees with the
results obtained independently described in Section &,

(2) When vcltage-biased in the reverse tunneling direction the current
does not change even vhen biased to the point of the same power dissipation
which caused forward-blased diodes to fail.

{3} No tunnel diodes with no applied source showed degradation even
when stored at elevated temperature, (unless they hed previously been subjected
to large forward bias),.

(L) In a specific test, two similar tunnel diodes were bilased at a
high forward voltage bias corresponding to twice the peak current, one at
room tempersture and one at liquid nitrogen temperature. In e oh-hour
period the peak almost disappeared in the one at room temperature while
the one at liquid nitrogen temperature showed no noticeable change.

(5) In all tunnel diodes memsured (about 10), Junction capacitance
decreased monotonically as deterioration progressed for voltages above the
valley voltage.

(6) 1In the majority of tunnel diodes (13 out of 15) the valley current
as well as the current at higher forward voltages increased with time. 1In
the others, the current decreased with time. (These independent observations
agree essentially with those of Section 4 where the injection component of
forwvard current was separately identified and found to be identified with
deterioration rate.)

{7) The more heavily doped tunnel diodes (and hence the higher current
density units) deteriorated at a faster rate than the more lightly doped ones.
For example, for GaAs diodes made from materials doped to approximately

9 x lolg/cc the peak was reduced by 50 percent in & few minutes; those doped

7
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to 7.5 x 1019/cc gave similer deterioration in a matter of hours; and those
doped to 5 x lclg/cc similarly deteriorated in approximately & 24-hour period.
(8) GaAs tunnel diodes blased at a fixed current level in the injection
region showed an exponentlal decrease (with time) of their peak current and
reverse tunneling current. Agaln, these observatlons agree with the more

quentitative measurements discussed in Section k,

5-%. A Proposed Theory of Failure for Tunnel Diodes

The following discussion proposes and shows the plausibility of & theory
of failure for tunnel diodes. This theory is based specifically on the
experiments outlined in Section 5-2 above, as well as upon the studies
reported in Section 4 and the observations of other workers in the field,*

The f£ollowing two conditions are proposed as sufficient to cause
fallure of tunnel dicdes:

(1) A sufficient source of energy must be available within the device
to creete crystel defects by removing host and/or impurity atoms from their
normel lattice sites. (These will then exist as charged ions.)

{2) The electric field intensity in the transition region must be
high enough to move these atoms across the transition region.

In addition, we assume there is a deterioration threshold below which

self-healing of defects proceeds faster than defect genecation.

Let us now focus our attentlion on GaAs tunnel diodes which failed
rapidly and see if the above two-part hypothesis can explain the observed
modes of deterioration.

2.7

First, radiation measurements show that photons with 1.35ev energy

are generated within the device. It would seem that a sufficlent number of

*
See references for both Section 4 and Section 5.
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such phctons could create crystal defectg and thus account for Pert 1 of
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the hypothesis. In order to test this possibility, a detailed examination

was made of the characteristics of GaAs tunnel diodes at voltages in the

vicinity of the radiation threshold, i.e., in the vicinity of the threshold

of detectable radiation as determined by the noise and sensitivity of the
silicon detector used., Thus, Fig. 5-2 shows the current vs. voltage and
the radiation ve. voltage characteriatics for s typlcal GaAs tunnel diode;

the radiation threshold was in the vicinity of 1.12 volis.

Messurements on & number of diodes showed a correlation between radiation
and deterioration. Three tunnel diodes were biased respectively at 40, 60,
and 100 mv above the radiation threshold; they all deteriorated within 48
hours. Two dicdes biased 4O mv below the radiation threshold showed no
deterioration after several days. Similarly, cther diodes reverse biamsed at
comparable power levels showed no deterioration. These results are all
consistent 1f the radiation causes the defects which are assumed to occur

during deterioration, Moreover, the radiation threshold and deterioration

threshold may occur at nearly the same bias voltage.

It was also observed that GaAs tunnel diodes mede by alloying substantially
longer than normally did not deteriorate when biased at & voltage corresponding
to twice the peak current in the forward direction.8 This voltage turned
out to be well below the radiation threshold. However when the temperature
wvas raised to 160°C, the same current point was beyond the radiation threshold
end the diodes showed deterioration. These observations provide added
evidence that voltage rather than current is the critical failure-related
parameter.

Furthermore, it is known that at & given current level, the deterioration

rate is an increasing function of doping level., This observation is
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consistent with the hypothesis of deterioration, because more highly doped
devices have higher voltage for the seame current, and consequently more
radiation for the same current, since the radiation vs. voltage curve changes
little with doping level, The greater radiation would presumably result in
& higher rate of defect generation in the highly doped devices.

The above observations show- thet deterioration is voltage sensitive;
they make plausible the hypothesis that radiatien provide the energy to generate
lattice defects, as called for in Part 1 of the hypothesis. We now turn to
Part 2.

Because all tunnel diodes are made from highly doped materials on both
sides of the metallurgical Junction, there is a relatively high electric
field intensity in the transition region. Any atom which has been removed
from a normal lattice site is ionized and hence can move across the junction
in the high field. Of course in the more heavily doped diode (at the same
current level) the field will be higher; and hence, not only can defects
be more readily created as described above but, once removed, they will
move through the transition region at a higher rate, thus satisfying
simultaneously both of our stated conditions.

We have referred to the higher electric field as a function of doping
with specific reference to the large forward biased situation which we have
been describing. It should be pointed out that high fields are present in
the transition region even under low or zero bias conditions, with the
fields actually being higher at low blases. This suggests that if the
proposed mechanism of fallure is valid, that once the crystal defects have
been created, the failure process will continue even when the externsl
bias is removed. This has been shown to be true as illustrated in Fig. 5-3.

This figure shows a tumnel diode which has been blased in the injection region
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(a)

(c)

Fig. 5-3.
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Original (b) After 2 hours
of bios at < |

25 min, (d) 1 hour

(e) 16 hours

Deterioraticon of tunnel diode (Gallium Arsenide) after bias
wvas removed.
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for two hours. When the bias was removed, no change was immediately
apparent in the statie characteristie., However after 30 minutes with no
vias the static characteristic was agein plotted and it was found that the
peak current wes lower and within one hour i1t was reduced by 25 percent.
After sixteen hours, no further deterioration wes evident, suggesting that
most of the crystal defects which had been created were removed from the
high field region in the first hour or so.

Tf, as postulated, the motion of host and/or impurity atoms is
responsible for detericration, the rate of such motion and hence deterioration
should be quite sensitive to temperature. Tunnel diocdes forward biased at

twice peek current showed no deterioration at liquid nitrogen tempersature.

5-4, QGeneral Discussion of Gads Tunnel Diode Failure Processes

Up to this point it has been postulated that in the majority of
cases failure in Gallium Arsenide tunnel diodes is a two-step process
(1) removel of atoms from normal lattice sites &nd (2) movement across the
Junction in the high field of the transition region. Various measurements have
been made which tend to support such & theory with the distinet pessibility
that radiation is a cause of such failures. We shall now consider in some-
vhat greater deteil what the effects of such movements through the crystal
would be, At least two distinctly different effectes might be produced.

First the net charge density in the transition region would be reduced
and the trensition region would be broadened. Such a mechanism is illustrated
vy Fig. 5-4. This statement is supported by cepacitance measurements at and
beyond the valley voltage, which indicate that degradation is mssociated
with a decrease in this capacitance (see Appendix II). A conclusion can be
reached that the tunneling barrier width should increase with degradation thus

resulting in a lowering of the turneling probability.
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Second, the motion of ions can lead to the production of additional
crystal defects. The moving atoms may end up interstitially, they may foxm
a cluster of like atoms, or they may leave vacancies. All such defects lead
to additional band-gap states which tend to increase that part of the tunneling
current which tunnels into band-gap states. It is by now fairly well
understood that band-edge tailing and broadening of impurity bands produce
band-gap states in & degenerate semiconductor, Thus current tunneling
into band-gap states would incresase,

The two effects outlined above lead to opposite effects as far as the
tunneling current into band-gap states is concerned. This can help explain
the experimental observations that the valley current may decrease or
increase while a tunnel diode is detericréting. Moreover the valley current
and the excess current in the "injection" region change in the same direction
with deterioration in any one diode, apparently for the same reason, i.e.,
depending on the relative importance of the two components of tunneling
current into band-gep states.

Since carriers tunneling into or out of the main bands account for
most of the current for low forwerd and reverse volteges, both should
decrease with transition region widening. All experimental results agree
with this prediction.

With constant current bias the current peak of come diodes did not
disappear entirely. One possible explanation is that with deterioration,

the bias voltage (for the constant current) decreased below the degradation

threshold in some devices.

One final consequence of the proposed deterioration meechenism is of

interest because from it, the prediction can be made that tunnel diodes
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nade from direct wide band-gap material will feil faster than those made
from indirect material such as germanium. (A wnterial ig direct or

indirect depending on whether or not the lowest conduction band valley is

at the seme value of crystal momentum # kc as the highest velence vand
maximum.) In GaAs, the obgerved radiation 1s primarily due to direct recom-
bination which need involve only photons. In Germanium the recombination
process for forward-biased dicdes must of necessity involve a much more
complicated mechanism because both momentum and energy must be considered.
Thus, in addition to photons, phonons or impurity scattering or some cther
scattering process must be involved, Because Germanium has a band gep of
only 0.7 ev the recombination process necessarily Involves multi-particle
collision with rather low probabilities. Probably at least three photons
must interact simultaneously with a host or impurity atom, thus we must conclude
that while germanium tunnel diodes will deteriorate under extreme conditione

they would be expected to do so at a much slower rate.

5-5. Excess Current in Tunnel Diodes

Tunnel diodes generally have currents greater than predicted. Several
mechanisms that account for the loss of energy experienced by & tunneling
electron when the bands are "uncrossed" have been considered by K’ane,9 and
found to contribute only a small fraction of the experimentally observed
excess current. Vajima and Esaki,B have suggested instead that excess
current comes from carriers that tunnel only part way through the barrier,
meking use of local band-gap states due to imperfections; the two-step
transition, only one of which is energy conserving tunneling, is shown in

Fig. 5-5.
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Several simplifying esgumptions permit analysis of the Yajima and Esaki
model, and lead to useful predictions. TLocal band-gap states such as A in
Fig. 5-5 are assumed to be continuously distributed throughout the band gap.

If only trengition 2 is rate controlling then e simple formulation leeds

10 have

to an expression for excess current in GaAs tunnel diodes, Others
used the model to predict excess current in silicon diodes. By assuming that
the band gep is the only parameter that varies significantly with temperature,
we can predict the temperature dependence of excess current observed
experimentally.

Anelysis of the mechanism shown in Fig. 5-5 leads to the following

expression for excess current

I, =CN B (5-1)
vhere
C = constant
N, = density of occupied band-gap states {e.g., at &) atove

the top of the wvalence band,

-
n

tunneling probability for electirons from states NQ *o
valence band.

The tunneling probability P& is given byll
g e
XX
Py =€ 3 {=.2)

where

bom )M/2
o =X g (5-3)

X 3qh

m_ = reduced electron effective mass .

numerical factor .. unity

[0}
#

electronic charge

3
[
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Z = electric field in junction transition region.
In Eq, (5-2) E,_ is the partlel energy gap for tunneling along transition 2

in Fig. 5-5, and is given by

)

E, = Eg - qu, + q(vfn * Vo

The field 8 is assumed constant and given by the maximum field
€=€ .,
1/2
E(Vb - vx)

¥

1/2

E
=2 £
= w { . + v+ vfp - vxi (5-4)

where

built-in voltage

<
n

<
n

externally epplied voltage

£
n

transition rsgion width at Vo T Ve = 1.0 volt

Ven? pr = voltages corresponding to the Fermi energies on the
n and p sides.
Equations (5-1), (5-2) and (5-4) can be combined to give
(a.xqul/ %) 3
I, = CN, exp { - (E - av + alv,, + vfp)]} (5-5)
For temperatures within a restricted range the band gap varies linearly

with temperature
Eg(T) = Eg(O) - By T (5-6)

go that Eq. (5-5) becomes

AN / ( :
I, = CN, exp {— (——2-——--)[!3g 0) - BgT -qv, + q(vfn + vfp) }
(5-7)
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In Eq. (5-7) the factor “xwl involves the effective mass of the electron
and varies with temperature. Cardona12 reports that in GaAs this dependence

1e very weak for wide temperature ranges. Consequently Eq. (5-7) predicts &
simple temperature dependence for Ix proportional to exp (BgT). By contrast
injection current varies as exp (qv/kT)e Thus, 1f Eq. (5-7) applies a plot

of £n Ix vs. T for fixed voltage should he a straight line,

Experimentel results confirm these predict.ons, Figure 5-6 shows the
nearly straight lines for two GaAs tunnel diodes. Figure 5-7 shows results
on a third diode up to 103°C, which gives Bg = 0,0013% ev/deg K. Cther results
give values for Bg within 15 percent of 0.0013. This value is about twice
the value for nondegenerate gallium arsenide.

Equation (5-7) also predicts that £n I, varies linearly with voltage
(for fixed temperature). Figure 5«8 shows experimental results verifying
this prediction with coefficient 4.9 (volts)-l.

Experiments such as these are difficult to carry out because of device
deterioration. In Eq. (5-7) N, depends on the density of band-gap states,
vhich should increase with deterioration. Experimental regults show a
monotonic increase of Ix as expected.

In GaAs tunnel diodes the experimental results show that excess current
predominates to several times the peak current. Thus for the usual operating
voltages the injection current component is negligitbly smell bty comparison.

Plots ¢f £n Ix vs. T give single straight lines for voltages between 0,65
and 0.95 volts, and temperatures 77°K to MOSOK. For fixed woltages greater than
1.0 volt, however, the results show several straight-line segments. The upper
voltage limit for one straight line depends on the maximum temperature. These

results are not yet fully understood.
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Fig. S-8. Experimental data on a GaAs tunnel diode--excess current
versus voltage.
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5-6. Miscellaneocus Experimental Results

This section reports further experimental results which are elther
incomplete or not fully understood.

Figure 5-9 shows the long-term decay of peak current, and of reverse
tunneling current in = tunnel diode, After the initial period both current *
magnitudes decayed exponentially with 95-hour time constants.

Figure 5-10 shows the capacitance vs. voltage and conductance g vs.
voltage curve for a tunnel diode whose static characteristics has a "bump"
vhich was clearly observable only at liquid nitrcgen temperature as seen in
Fig. 5-11. The two straight-line segments of the l/CJ2 characteristic for
v > 0.2 volt is typical in tunnel diodes having a "bump."” Figure £-10 shows
how the capaclitance characteristics change after some degradation. Figure
5-12 shows & somewhat unusual characteristic of capecitance obtained on
enother GaAs tunnel diode with a bump. These characteristics are as yet
not fully understood,

Other interesting experimental results are presented in the sequence
of oscilloscope pictures shown in Fig. 5-1% where a GaAs tunnel dicde was
blased in the "injection" region where it Would be expected to deteriorate
at room temperature. This diode, however, was in iiquid nitrogen while under
bias. The reduction of reverse tunneling current with time s quite
noticeable, This current continued to decrease for a time after the bias
was removed. After a while the reverse tumneling current started to
recover. The recovery stopped half way while the diode was maintaired in
liguid nitrogen. When the tunnel diode was brought to room temperature the
recovery was almost complete. This experiment suggests that there are two
mechanisms at work, one vhich leads to degradation and other which restores g

the device to its original state. ther results show that bteyond a certair

ok
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amount of degradetion full recovery is impossible., Apparently temperature
plays & key role in determining the equilibrium point between the two
opposing tendencies, This experiment provides further evidence of the

deterioration threshold discussed in Section 5-3,

5-T. Sunmary

A simple theory for tunnel diode deterioration has been presented.

The predictions of the theory are consistent with the experimental
observatlions on GaAs tunnel diodes. To check the theory further sdditional
experiments must be performed on GeAs and other tunnel diodes.

If the vroposed theory 18 correct then the following are undesirable
characterisiics of material for tunnel diodes: (1) direct, (2) wide band
gap, (3) high diffusivity of moving ions in the crystal, and (4) high
doping levels. On this basis GaSb and InP tunnel diodes should alsc deteriorate,
All these predictions need further checkinge.

It may be mentioned that the discovery of & capacitance minimum in the
vicinity of the peak current in the GaAs tunnel diode and its extreme sensi-
tivity to deterioration may provide an early indicator of degradation in tunnel
diodes (see Appendix IT). Similar studies in other tunnel diodes are

also contemplated.
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APPENDIX I

INVESTIGATIONS OF GERMANIUM-GALLIUM ARSENIDE TUNNEL HETERODIODES*

Introduction

When two dissimilar semiconductors exist on elther side of a jJunction,
the Junction 1s called a "heterojunction" in contrast to "homojunction"
where only one semiconductor with different doping levels is involved.
Semiconductors with similar lattice structures such as Ge and GaAs permit
epltaxial contact with each other, The periodicity of the lattice is not
disturbed at the junction and so the properties at the Jjunction can be
expected to be those of the bulk, When degenerate Ge is despoited epitaxially
on degenerate GaAs, the heterojunction formed is a tunneling junction. Since
the materials on either side of the Junction are different, the energy band
diagram of such a Junction is expected to have discontinuities in the tands
at the Jjunction. Figur: I-1 chows the energy band diagram proposed for a
(n - Ge) - (p - GaAs) tunnel heterodiode. The I-V characteristiecs of such
& tunnel heterodiode are shown in Fig. I-2.

Due to the existence of discontinuities in band edges at the Junction,
the analysis of transmission coefficient and the tunneling current is very
difficult, However, if Ge is more lightly doped than GaAs, the relative
voltage** gupported in the Ge is much higher than that in the GaAs. If this

is the case, the characteristics of the Jjunctions are dependent on germanium

*In this appendix R. L. Anderson summarizes the Electrical Engineering master's
theslis by Keiske Yawata.

**The relative voltages supported in Ge and GaAs are approximately
Vo1 - V1 Vo - Vo = Fpea/ ey
where (Vbl - Vl) and (VDQ - V2) are the totel of built-in and applied voltages for

Ge and GaAs respectively, Nbl and Nkz are the donor and acceptor concentrations

in Ge and GaAs respectively and € and €, are the permittivity of Ge and GaAs

which are 166o end 1l.1le_  respectively.
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properties, and if the opposite is true, i.e., if GaAs is more lightly
doped, the characteristics of the junctions are expected to depend on the

GaAs.
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Pabrication and Measuring Techniques

H

L3
¥
F

The furnace used for deposition consists of a tube (quartz) intersected
by a branch tube ag sgketched in Fig. I-3. Four regions or zones are heated
independently by nichrome heating coils. The desired temperature profile in the
furnace is controlled by verying heater current with a variae. The temperature
is measured with a thermocouple, The deposition tube and all containers whith
go in the deposition tube are thoroughly cleaned with white etch, water and
alcohol Just prior to the experiment. A large piece of Ge, thoroughly cleaned
(with white etch and water) and dried, is put in zone II of the furnace as the
"source”, the iodine container is filled with so0lid iodine and inserted
into zone I, & few grams of phosphorus is put directly in the branch tube,
zone IV; and the GaAs seed, lapped to a desired thickness and cleaned with
GaAs etchant is put on a quartz boat and placed in zone III. Then the
hydrogen gas tubings are connected to the two entrances and the one exit
and the flow rate is adjusted. After flushing with hydrogen, the power is
applied to the heating coils and adjusted to obtain the desired temperature
profile shown in Fig. I-4, The actual deposition process is as follows:

(1) the solid iodine sublimes and the gaseous iodine is carried by the
hydrogen toward zone II, (2) the gaseous iodine reacts with Ge in zone IT

and forms Gel, and GeI), and the tvo gasses are carried toward zone III,

(3) phosphorus in zone IV evaporates and is carried into zone III by the
hydrogen flow, and (4} in zcne IIT Ge is deposited epitaxially on the GaAs

. seed by disproportionation of GeI2 into GelI,, and free Ge, This reaction can

be expressed Ly the {ollowing chemical equation:
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2GeT, == Ge(sol1d) + GeT),

The equilibrium constant (k) of thie disproportionation (defined as the
ratio of the partial pressure of GeIh to the square of the partial
pressure of GeIa*) is determined by minimizing the free energy of the
aystem.2 This is plotted in Figure I-5 as a function of temperature.

It is obvious that in zone II, where the maximum pressure of GeI2 is
required, the temperature should be high, and in zone III the temperature
should be low in order to give the maximum pressure of GeIh, or to give
the maximum deposition of Ge. The limiting low temperature is that &t which
the Ge12 crystalizes. The phosphorus from reglon IV is carried to region
III where it becomes incorporated in the Ge and thus dopes the Ge n-type.
The chemical reactions involved in the transport of impurities are not
known.

The Ge from one side of the seed is removed by lapping. The remaining
crystal is then cut inte pellets about 20 mils square and mounted on
transistor headers, Ohmic contacts are mede to either side of the junction
by alloying technigques. The Junction is electrolytically etched {to reduce
junction area) until the desired peak current is obtained {The I-V
characteristics are monitored during etching.). After the device has been
etched 1t 1s washed and dried snd its ares, capacitance, and its I-V charscter-
istics are measured. The I-V characteristics are obtained by standard
methods., The capacitance measurements are made at a frequency of 106 cps,
using a Wayne Kerr Radio Erequency Bridge Type B601. The areas of the
Junctions are estimated by viewing them under a microscope using a calibrated

eyepiece,

*
The square is used because two molecules of Ge12 are needed to form one
molecule of GeIh.
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Experimental Results

A. I-V Characteristics

The iypiéal—I-V characteristice obtained at room temperature and at
770 Kelvin for tunnel heterodiodes sre shown in Fig. I-6., The negetive
resistance is readily observable. The peak-to-valley current ratio on this
unit is 1l.6:1 at 300°K and 3.5:1 at 77°K. In the positive resistance region
near the origin the forward tumneling current is almost independent of the
temperature. The current in the valley region is much higher than that
which would be expected from injection. Tn order to determine the source
of this high excess current, the following experiment was cconducted:
In one deposition run in which n-type Ge was deposited simultaneously on
degenerate p-type OaAs, the following classes of tunnel diodes were made:

(1) Ge-GaAs heterojunction from deposited Ge on GaAs seed

(2) Ge homojunction from deposited Ge on Ge seed

(3) Ge homojunction from alloying into the Ge seed of (2)

(4) Ge homojunction from alloying into the deposited Ge of (2)

(5) GaAs homojunction from alloying into the Gahs seed of {1).
The diodes from (3) and (5) above produced tunnel diodes having very good
I-V characteristics, i.e,, peak-to-velley current ratios in excess of 15.
Tre diodes from (1), (2) and (4) above hed degraded characteristics of
the type mentioned earlier. This indicates that the deposited Ge is somehow
at fault since 1f the difficulty were merely associated with the interface
between seed and deposition, the diodes from (4) would be expected to have
good I-V characteristics.

In some units a second negative resistance region is observed in the

I-V characteristics. Tt is thought that this results from tunneling of electrons

to {or from) an impurity band within the forbidden region. This second

"hump' has been observed both in Ge and in GaAs homo Junctions.>
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Fig. I-6, Typicel I-V characteristic of a tunnel heterodiode obtained

in the experiment at T = 300°K and T = 77°K.
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B. C-V Characteristics

The results of the capacltance measurement and the estimeted Junction
ereas are listed in Table I-1 as ratios of the former to the latter. If
we ggsume the Ge to be more lightly doped than the GamAs, the transition
region will be mostly in Ge and the net donor concentration in Ge can be

estimated from the measured capacity and a knowledge of the built-in

Unit No. I cl/A(pf/cm2) w(A) Jp(A/cmz) ' ND(cm'3’)

~ e e ]
p-1 © 1.3x10° 110 ™ 9.5 x 102
r-2 & 1.1 x 10 | 10 2 7.0 x 108 |
-1 1 sox10° | 370 5.k 1.1 x 10%®

] e .

Table I-1. Capacitance per cme, Junection width, peak current
density and net donor density in the deposited Ge for three
representable tunnel heterodiodes.

voltage (Vb), and the junction area, The expression for the net donor

concentration (Nb) in the more lightly doped material (assuming homogeneous
L
doping) can be related to the capacitance and the total btarrier voltage as:

1 2(vD - 1)

Eﬁ q € Ae Nb

where e is the permittivity of this region and A is the Junction area.
Plotting 1/02 against V then yields VD(the voltage intercept), and N,

(related to the slope).

Results on three typical units are summarized in Table T-1. The junction

width as estimated from capacitance measurements* and the peal current dens!tx

s
The non-degenerate junction formula for Junction width

W = eA/C Zs assumed to apply.
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Jp is also shown. Tt is seen that the larger doping levels result in

narrover Junctions and higher peak current density diodes as 1s expected.
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C. Rellability
Only one unit (p-l) has been life tested and so the results may not .
be indicative of Ge-GaAs heterojunctions. Tt appears, however, thet before
much meeningful data can be obtained, units having higher peak to valley
current ratios must be obtalned.
This unit was tested at three times the peak current for a total of
1000 hours. No changes in I-V characteristics were observed. Although
the heterojunction tested did not fail on life test, this experiment d4id
not shed murh light on the mechanism of failure in GaAs tunnel homoJunctions
for two reasons: First the Germanium was much more lightly doped than was
the GaAs and so the transition region was essentially entirely within
the Ge, As a result, there is only & very small region in the GaAs
subjected to the high electric field of the transition region; and .
second, because of the large excess current, the injection current was

negligible and presumably the inJection current is necessary for failure.

Discussion |
It would be desirable to raise the pesk to valley current ratio in

the tunnel heteroJunctions. Since the deposited Ge was determined to be the

cause of the low ratic obtained, improvement in the quality of the Ge should

improve the I-V characteristics. However, since it is not known how to

improve quality, efforts were made to increase the doping level of the

Germanium and therefore to decrease the transition region width. Although

increasing the temperature of the dopant in region IV in the furnace

increases the doping level, excesgs phosphorus produces a polycrystalline

deposit.
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Alternatively, more lightly doped GaAs seeds mey be used, This would
result in more of the transition region being in the GaAs and 1f the quality
of this GeAs 1s good, the I-V characteristics mey be improved.
A (p-Ge) - (n-GaAs) heterojunction would offer the advantage that
tunneling would be "direct." It is, however, difficult to deposit
heavily doped Ge by the process deseribed.
If fallure in GaAs tunnel diodes is a result of recombination of
inJected carriers, it 1s quite possible that heteroJunctions will not
fall in this manner. Because of the difference in band gaps In the two materials,

inJection current 1s expected only on the Ge side of the junction.
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APPENDIX TIT

JURCTION CAPACITANCE OF DEGENERATE p-n TUNNEL JUNCTIONS*

Introduction

Farly investigators of tunnel diodes assumed that the variation of
Junction capacitance with voltage wes given by the same expression as applies
for ordinary abrupt nondegenerate p-n Junctions. Thus

c, = 2 (II-1)
L 7

vy - v)l 2

where ka is a constant of the device and Yy is the built-in voltage.
Furthermore, capacitance measurements over a range of voltages on p-n

tunnel Junctions showed behavior as given by Eq. {II-1) . It was then
agsumed that Eq. (II-1) was valid over the entire range of volteges. Tt is
our purpcose here to show that Fg. (II-l) ig valid only over o restricted
range of voltages and that significant departures from the prediction of

Eq, (II-1) are found in p-n tunnel junctions beyond this range. Experimental
results are presentcd, and a theory is developed which explains these
experimental results over almost the entire range of currents and voltages

for which measurements were made.

Theory
It is useful to recall that Eq. (II-1) was derived by considering only

the bound charge due to ionized acceptors and donors in the transition region
of the Junction. In a tunnel diode there are two additional kinds of charges
not present in ordinary p-n junctions. These are the tunneling charges, and

the free carriers {i.e., electrons and holes) that result because the Fermi

*In this sppendix, R. P. Nanavati summarizes the masters thesis of
Carlos Am deAndrade.
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levels on the n and p sides are within the conduction and velence bands,
These last two kinds of charges influence behavior for voltages less than
the peak voltage, and the region of high forward current respectively. 1In
the theory which follows all three kinds of charges are taken into account
in solving Poisson's equation.

Figure II-1 shows where *he free electrons and holes, and the tunneling
electrons are located in the Junction region. Figure IT-2 shows approximately
the distribution of cherge density., The transition region is broken into
five zones for computational convenience.

The Junction capacitance can be celculated from the defining equation

aN. dN 4N
_ 89 -t e b "
AGES -l il bl (11-2)

where Q is the total charge in the transition region of the junction

Nt is the charge dne to tunneling electrons

Ne 1s the charge due to free electrons

N£ is the bound charge
and v 1s voltage.

In evaluating Eq. (11-2) only the negative charges will be considered,
(Alternately only the positive charges could have been considered.) If
the three charges can be obtained as a function of voltage, the Junction
capacitance can be evaluated,

The following are the major mssumptions of the mnalysis. (1) The
entire cslculation 1s made at zero absolute temperature. (2) The carrier
density at the top of valence band edge in the forbidden region is the same
as the carrier density at the edge of the forbidden region at x = w/2 for

each energy level. (3) The field is negligibly small ou%side the transition

region. (U4t) The electrons tunneling from the n-side (i.e., between E, and

Ecn) towards the p-side are neglected.
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The first assumption allows us to carry out the integrations in closed
form. The second assumption gives a higher than actual carrier density in
the forbidden region. At present there is no satisfactory theory to celculate
the actual carrier density. Assumption three is a very good cne particularly
because in tunnel diodes the doping levels are high. Calculations show thet .
the fourth assumption too is a good one. It may be noted that the carrier
density itself is not claimed to be small, only its variation with voltege
1s negliglbly small.

The tunneling electron density cen be calculated by solving Schridinger's
equation in all the regions of Fig. II-1 and requiring continuity of the wave
function ¥ across each boundary between two adjoining regions. When this

procedure is followed, the tunneling charge Nt obtained 1s given below

3/2
’ - cn n
« 113/2 3/2 (-x, —= )
n(v) = an(2[m* 1) w E_a " _v)3/2 302 2 o
t 3 b fp n: (%n + 2) .
zZh” E
vP n=
(17-3) :
The free electrons Né were found to be
N, = 1:.6__’.5r (em*e)3/2 - (&, - Ecn)5/2 (IT-4)
15h vp
The bound charge Nﬁ was obtained as
- (2¥)
N =n, [ 5 - XO(V)] (11-5)
When Eqe. (II-3), (II-4) and (II-5) are substituted into Eq. (II-2) '
the result is '
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3/2
(-K cn n

8z * 3/2 5/2 ) 2,1—.
oy = {255l | 20 o Z TN
e

B, 5/2
2 (-K ——) (n+l)
+ Lo v o St Tgnj:ﬂ }
n=0
=
1 a
SEACE Ry
16 x4, . \3/2 5/2 5/2 d W )
{2g L5 tom,) (o & 2 ] (11-6)

where

h /2 w L ? m¥*, m*
K= [ (11-7)
3 E_

In Eq. (II-6) the first { } is the capacitance due to tunneling charge Cy,
the second { } is capacitance due to bound charge Cb, and the third { }
is capacitance due to free charge Ce. Tt is clear from Eq., (II-6) that
to evaluate CJ(V) explicitly a knowledge of dw/dv and dxo/dv is essential,
These two quantities can be calculated by solving Poisson's equation by

integration.

Poisson's Equation

Poisson's Equation can be solved only if the boundary conditions are

known. These boundsry conditions are given below
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p(- 3) -Zn(- 3) =0 (11-8)

p(v/2) -Zx(w/e) =0 (rr-9)
Zp - E =0 (11-10)

;2.1. =0 (11-11)
x=w/2

glo) =0 (11-12)

Byl-3) - 8.5 = vy - v (11-13)

where § 1s the potential function

¢I is the potential function in region I

g 1s the potential function in region V

P and N are total charges due to electrons and holes in the

transition region.

The first two follow because the field outside the tranasition region is
zero, and hence net space charge neutrality must hold. The third merely
says that the net positive charge must balance the net negative charge in
the transition region. Equation (I1-11) says the field is zero outside the
transition region. Equation (T1-12) 1s the voltage reference and Eq. (II-13)
relates the total voltage across the transition region to the bullt-in

voltage and the externally applied voltage v.
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When Foisson's eguation is integrated in each of the five regions of

Fig. II-1 and the results combined, two equations are obteined with xo(v) end

w(v) as the twe unknowns as follows

. 3/e 3/2 -1/2 3/2,. _y-1/2
h.évfp - 0.33v, + O.26'Tv (v -v) -3.6vip (\rb-v)
;_(2 _ +2.3 S_ (v v)l/ 9.2v, 3/2 Z\ (v -v)
W 13.8(vb-v)l/2 ng + 0.67 vﬂf 27, 9.2 vfp5/2
(TT-14)
where -q vg = Ecn
5/2 3/2 2 2 3/2
-q hrr(?.m*e) w { 1/2 1 X % o Ve *V /2
13.8(v, ~-v)™/ v Z— + 2 0 4 SfE &
Bk & b LU A N
5/2 2
6,v +v/2 I > 5/21 xo xo
-E(‘m——s—vb_v ) -E]+—3'an (—8-+;;§+-§;\
x 1/2
13'8<" - ‘—O') 2 A v+ v /2 8v /2
T e L Rl
(v = v) g TV 105(v, ~v)

2(13.8) v 5/2

3.8 3/2 %% 13,8 _ 3/2 f
T Ve wl ) - T vy +_ET§_-P7T

}' =v, -V {17-15)

Equations (IT-14) and (II-15) are quite formideble and, except for the

capacitance Ce, defy solution in a closed form. The series used in these
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equations turn out to be only slowly converging and hence a computer solution
1s necessary.

The capacitance Ce can however be calculated as follows

N 16x(2m* )B/E(qvfn)s/e (vb -v) %E W
('}e = -av—e = € % [ A4 5 ] (II~16)
15 h (v.D - v)
In the next section we shall see that in Eg, (II-16)
(v, - v) LA (11-17)
b av
in the vicinity of built-in voltage. Thus
(L(S—g)(?m*e)y ? (q an)5/2 v K
15h e :
C_ = = (11-18)
y (v - v) tv, - v)°
<} b

The last part of the equation can be permitted if w can be considered
essentlelly constant in the small voltege range in the vicinity of the

built-in voltage Vye

It should be mentioned here that the calculations of xo/w and w are

valid only for 0.1 < v < 0.5 volt. For v > 0.5 volt, x., overlaps x

2 3
(See Fig. TI-2), and Polsson's equation.would need to be formulated and solved.

Numerical Calculetions and Experimental Results

We shall consider a GaAs tunnel dicde made in our latoratory, meny of
whose parameters are known either from experimental measurements or from the
best avallable published informetion. The device constants of this tunnel
diode are listed below

Im*h|=.- 0.5m  where m is the free electron mass.
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m* 0.08Tm

VD = 1.,"‘ volts

W=0.5x 10™8 neter

v_= 1 volt
g

Corresponding to these values the series can be numerically evaluated
and the variables X s Wy and their derivatives can be computed with
the help of the computer. Figure TT-3 and IT-4 show the result of these
computationss In Fig. II-3 the series are plotted, for convenience,

sgalinst an auxiliary veriable Co, gliven by

3/2 = i 3/2
-KE_ ) - g2 Im*h m’e|(q vg) W

0" 2 jq; ) 3% q 2/’2? (vb =)

{11-19)

Tor the tunnel diode being considered

C, = = 11.8 (10%)/(v, - v)

The capaclitance measurements were made with a high-frequency bridge,
and utilized the circle diagraml technique modified so that it was not
necessary to determine the series inductance or resistance which are
often difficult to determine accurately.

Figure TI-5 shows the naturc of cxperimental € {~Y curve and that
predicted by Eq. (TI-1). It is clear that the form of the prediction of
Eq. (II-1) fits the experimental observation over a range of voltages from
Just beyond the peak voltage to within about 0.2 volt of the built-in
voltage., Outside this range of voltage, however, the experimental
behavior is markedly different. The theory of the preceding sections in
this Appendix is an attempt to find a model to explain the entire curve,

It turns out that though the calculations are quite complex, the

formulation of the Cj(v) as given here predicts the straight-line behavior
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of I/ICJIQ for the range of voltages mentioned above. Except in the

Viecinity of the built-in voltage the Qalculations of Fig. II-4 indicate that

Ce < < Cb' In the vicinity of Vi however C_ predominates over Cb' Figure
II-6 shows two regions in log C; VE. 1og10(vb - v) plot obtained experimentally.
It can be seen that the prediction of Eq. (II-18) is indeed experimentally
verified because of the slope belng 2. Many tunnel diodes including

germanium ones showed similar behavior with the slope being quite close to

2 in the vicinity of the built-lpn voltege. The change of slops beyond the
dotted line results becauvse beyond about 0,2 volt sway from vy the capacitance
Cb dominates.

Interestingly enough the theory of the preceding section predicts
the experimentally observed capacitance minimum and the sharp rise for
lower voltages. TFor instance, the theoretically predicted capacitance
minimim for the dicde in guestion is &t C.1
observed minimum occured at 0,065 volt.

Considering the very approximate nature of the device parameter values
used, the agreement is considered feirly good. The general shape of the
curve predicted by the theory and observed experimentally is the same for
the entire range of positive voltages.

For negative voltages the agresment is not as good. The model would
need to be refined to obtain a better agreement with experimental observations
for the negative voltages. TFor instance assumption (2) of the Theory
leads to an overestimate of the tunneling carrier density. A refinement

of this assumption may produce better agreement between theory and experimental

results.
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Conclusions

A falrly simpie model has been proposed to explain the CJ(V) for
tunnel dlodes. The theory and experiment agree gualitatively for all
voltages, end have close quentitative agreement for positive voltages (in
spite of only epproximate knowledge of important device parameters such as
F_, carrier densities, and Fermi levels). The best agreement with experimenta:
results wvas for Ce and Cb' The tunneling component of capacitance Ct was
Jess accurately known quantitatively. It may he mentioned that the sharpness
of the capacitance minimum (or the 1/|CJ|P peak) is strongly sensitive to
carrier density on both sides of the junetion. Unfortunately these are
known only approwimately.. Incidentally the sharpness of the capacitance
minimum (essentially occurring withirn about 10 miliivolts) is probebly the
most likely cause of the secattered data obtaired by others for voltages less

than the v-i peak voltege in tunrel diodes.,
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