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Table 1—1 (Cont ’d.)

Objectives Results

Second experiment 1. Determine if the 1. No detectable change
lowest level of in parameter as a
reliability test— function of testing
ing of breakdown method selected .
voltage produced
change in device 2. 250°C for 10 days
parameter. failed to produce

change.
2. Determine temper—

atures for aced — 3. 3000C for 10 days
crated aging that produced accelerated
do not produce aging without cata—
failures. strophic failures.

Experimental design Devise an experiment 1. Selected accelerated
for main experiment to determine if a aging stress levels

combined effect of 250°, 275°, and
exists. 300°C for 20 days

based on second cx—
periment.

2. Selected neutron flux
levels of 0, 1012,
5xl012, and 1013 n/cm2
based on the litera-
ture and the author ’s
previous work.

Main experiment Determine acceleration 1. H~~ degrada t ion was a
aging rate as a func— function of both tern—
tion of neutron flux perature and neutron
level, irradiation.

2. BVCBO was unaffected
by the irradiation
and temperature.

~~• ~~CBn 
parameter was

unaHected by testing.
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CHAPTER I

INTRODUCTION

A system is always designed with its operating environment in mind .

The two environments that are of particular interest in this research

are neutron irradiation and overvoltage transients. These environments

are of interest to both military and civilian system designers. The

neutron environment can be produced in pulses from nuclear weapons and

continuously from nuclear reactors. Overvoltage transients can be

produced by lightning or exoatmospheric detonation of nuclear weapons.

System designers must know how their systems respond to these two

environments singly and in concert so that they can predict service

life or design in a specific service life.

Modern electronic systems are composed primarily of semiconducting

devices such as diodes, transistors, and integrated circuits. These

devices are selected for incorporation in the system design based on

their electrical and physical parameters. These parameters are subject

to change as a function of the environment experienced and the length

of time in service. One such parameter is the breakdown (avalanche)

voltage (By). The objective of this research is to determine how the
— breakdown voltage is affected by neutron irradiation during the normal

*Superscript numbers refer to references listed beginning on page 73.
- s_ — - V
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operating or storage lifetime of the semiconductor device .

Transistor gain (tilE) is the second parameter known to change as a

fun ction of device longevityl* a~d exposure to neutron irradiation .2

This change in gain (H~~) produces a change in the breakdown voltage

across the transistor (collector to emitter). The real—time aging of

devices is prohibitige because real—time testing for 7 to 10 years is

impractical . Consequently, an accelerated aging method is necessary to

complete this investigation in a realistic time. The literature on

accelerated testing was reviewed in order to determine a method to pro-

duce accelerated aging of transistors. This review indicated that there

are two dif fe rent types of accelerated testing in coamon usage. The

fi rst and by fa r the most prevalent is accelerated life testing. In

this type of testing the devices are stressed above normal operating

level and the number of catastrophic failures are noted as a function of

test time. This allows one to predict the mean time to failure but does

not provide data on the aging of transistors. A second set of investi-

gations was found on aging of transistor gain (Rn) . No accelerated

aging investigations were found on semiconductor breakdown voltage or on

any semiconductors that had been irradiated. A detailed discussion of

the results of the literature search in accelerated aging and neutron

d amage are presented in Chapter 2.

Integrated circuits are composed of many transistors on a single

safer or chip of silicon. This complexity makes it difficult to study

the eff ect of environments and longevity on the individual device break—

down voltage . It is essential that this investigation be limited to

devices that can be studied in a one—at—a—tima manner with a minimum

of side effects. For this reason , this investigation is iimited to

-h - - . ~~~~~~~~ ~~ 
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three types of transistors and one type of diode. The device, selected

and the rationale for selecting them are described in Chapter 4 ,

Experimental Design Development.

Once accelerated aging is accomplished, it is necessary to

determine the rate of acceleration (T) to determine how much time was

compressed. The Arrhenius model was selected to determine the accel-

eration factor or rate, and a discussion of the model is presented in

Chapter 3. Accelerated aging models and statistical techniques that

are pertinent to this investigation but no~ in common usage are also

presented in Chapter 3.

Information and data obtained from the literature described in

Chapters 2 and 3 indicated a method for parameter testing and achieving

accelerated aging. Presented in Table 1—1 is a summary of the objec-

tives and results of this investigation.

Table 1—1 Flow of Experiments

Obj ectives Results

First experiment Establiah methods of 1. 125°C stress level
accelerated aging. was insufficient to

produce acceleration.

2. Selected techniques
of breakdown voltage 

- 
-

measurement affects
device parameters.

3. Diode was not affect—
ed by elevated tem-
perature.

—---------- — - ---.--—-- - - - - - . - - --~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —--.-- - .-~ .4
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Table 1—1 (Cont ’d.)

Objectives Results

Second experiment 1. Determine if the 1. No detectable change
lowest level of in parameter as a
reliability test— function of testing
ing of breakdown method selected.
voltage produced
change in device 2. 250°C for 10 days
parameter . failed to produce

change.
2. Determine temper—

atures for accel— 3. 3000C for 10 days
erated aging that produced accelerated
do not produce aging without cats—
failures . at rophic failures.

Experimental design Devise an experiment 1. Selected accelerated
for main experiment to determine if a aging stresa levels

combined effect of 2500, 275°, and
exists. 300°C for 20 days

based on second cx—
periment .

2. Selected neutron flux
levels of 0, 1012,
5x10’2, and 1013 n/cm2
based on the litera-
ture and the author’s
previous work.

Main experiment Determine acceleration l. 
~~ 

degradation was a
aging rate as a func— function of both tern—
tion of neutron flux perature and neutron
level • irradiation .

2. BVCBO was unaffected
by the irradiation.
and temperature.

3. BV~1~ parameter was
unaflected by testing. 

- - - - 
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Table 1—1 (Cont’d.)

Objectives Results

Findings 1. Calculate acceler— 1. Acceleration factors
ated aging factors. and activation energy

calculated {gr flu~
2. Calculate BVrEA at of 0 and 10 £ n/cm

different poInts in
device life cycle. 2. BVrp0 calculated for

3O~O days of opera-
tion and storage.

The first experiment was constructed using four different device

types and two acceleration stress levels. The first experiment (Table

1—1) was conducted as described in Chapter 4. The results of this

experiment indicate that different testing methods for determining

the breakdown voltage parameter were required. A second experiment

was conducted to determine if the minimum achievable level of the

breakdown voltage nerameter testtn~ would produce a change in the

breakdown voltage parameter. An additional experiment was conducted

to determine the accelerated stress levels required to produce change

without producing excessive failures. The second experiment deter-

mined the stress level, test method, and length of exposures that

are used in the main experiment. The main experiment combines aging

and neutron environments in a sequential manner in an attempt to deter-

mine if the breakdown voltage (BY) is affected by neutron irradiation

as a function of device age. The main experiment is described in -

Chapter 5.

The main experiment was conducted , and the data was reduced using

S

- — -
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the statistical methods described in Chapter 3. The data were analyzed

using Analysis of Variance (ANOVA) techniques and a paired “t” test. -

The changes in parameters were noted and accelerated aging was deter—

mined to have occurred . The results of the data analysis is presented

in Chapter 5.

The results of the experimentation and subsequent calculations

are presented in Chapter 6. The acceleration factors and the acti-

vation energies were calculated for comparison with published data.

Breakdown voltages were calculated at an arbitrary time with the

neutron irradiation applied before and after aging.

The conclusions of this investigation are presented in Chapter 7. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- -~~~~-~~~~~~ --- .~~ - -- - - _ _ _
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CHAPTER II

SOLID STATE THEORY AS RELATED TO
NEUTRON DAMAGE AND ACCELERATED AGING

The following paragraphs present a description of the background

and theory essential for a basic understanding of the breakdown phenom-

enon. Also presented is a numerical example of the effect of changes

in breakdown voltage of a device in relation to second breakdown damage .
The fi rst area to be addressed is the breakdown voltage phenom-

enon. Assume that a semiconducting diode is reverse biased as shown

in Figure 2—1.

Ohmic contacts Junction

N— region P—region

Figure 2—1 Reverse-biased diode

The electric field across the junction causes hole—electron pairs

7 

. 

-~~~~ .
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to be generated in the depletion region (Figure 2—2) which produces a

current through the device called leakage (IR). If the bias voltage

is increased, the energy of -the carriers in the depletion region is

raised. This increased energy increases the possibility that during

a scattering collision, another hole—electron pair may be generated by

breaking a covalent bond . A distribution of the f ield can be seen in

Figure 2—3.

- Junctiop

Deplet ion 
-

region

N—region r P—region n

Distance

Figure 2—2 Minority carrier concentration and depletion region in a
reverse-biased diode

Junction

Distance

— Figure 2—3 Electric field distribution in reverse-biased diode

t 
_ _ _ _

— _±~~~~~~~ 
—

~~ 
.~ .h .~~~~~~
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Each hole and electron causes another hole—electron pair to be

generated before the electric f ield sweeps the f irst pair out of the

depletion region. Thus, a growing number of pairs are created and this

process is referred to as multiplication. The threshold of the break—

down process has been found to be a function of the doping level on the

side of the junction with the smaller doping level , and the breakdown

is complete when the junction Is flooded with carriers . Second break-

down occurs after a device has been taken into breakdown for a

sufficient period of tine. Damage or degradation occurs only after

second breakdown has occurred (Figure 2—4).

Budenstein’s3 work in second breakdown indicates that a device

must be carried into second breakdown for a period of time (normally

10 iisec) to produce damage. Further, the assertion is made that damage

cannot occur to the j unction until  second breakdown has been reached .

Is ——- ESD = V 5 I8 A t 2

‘A 

I 

ESB — VA ‘A ~

V~ VA Voltage

ESB — energy where second breakdown occurs

ESD — energy where threshold damage may occur

Figure 2—4 Characteristic curve for a P—N junction

— ~~~~~~~~ It is now necessary to expand the discussion from simple diode

to actual device construction . It is well known that diodes , -

~~~~~~~~~~~~~~ ±~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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transistors , and other devices are not constructed as shown in Figure

2—1 but are junctions which have been diffused or implanted i~ pure .

silicon . These j unctions (Figure 2—5) have corners that are rounded

and can be described as having radii (R). Larin2 presents a chart

Junction Junction

I N—region

Figure 2—5 Junction construction

which gives a relationship between junction radius and doping levels

to give breakdown voltages (Figure 2—6) .

If more than one junction is to be used to produce a useful

function such as amplification in transistors (three region devices),

then breakdown is also considered across the total device. Let BV~~

be emitter—base breakdown with collector open and BVCBO collector—base

breakdown with the emitter open. (A detailed development of the solid 

______ -
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Figure 2—6 Junction breakdown voltages as a function of doping on
lightly doped side and various junction radii (from Larin2)

state theory associated with multiple junctions has not yet been

accomplished, but some empirical theory has been developed and is

discussed below.) If breakdown is considered across the total device,

~BVCEO) can be approximated by -

BV
BV
~~~ 

— 
CBO (2—1)

-
p.-- - 

(HFE
)l/N
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where is the direct current coamon emitter current gain , N has been

f ound to be 6 for N—typ e silicon , and 4 for P—type silicon . (A value

of 5 is normally used in neutron damage studies.) It is clear that the

collector—emitter breakdown voltage is less than collector—base and is

a function of transistor gain. It is well known that transistor gain

is a function of exposure to neutron flux,4 but neutrons also tend to

produce defects in the crystalline lattice that act as traps for hole—

electron pairs. These defects can be thought of as reducing the ia-

purity concentration and thereby increasing the breakdown voltage.

As an example, assume a transistor with a doping level of 1.5 x

1015/cm3 and a radius of 6.Opm which gives a breakdown of 120 volts

(BVCBO). Now if this junction is exposed to 1 x 1015 neutron/cm2,

which is assumed to reduce the carrier concentration to lO~
5/cm3,

the breakdown voltage increases to 135 volts. Now assume that the

gain of the transistor (H~~) was 50 initially and 4.6 after 1 x 10
15

irradiation. The breakdown voltage BV
CEO would have changed

from 55 volts to 100 volts using an N of S in Equation 2—1 .

From the above discussion it is apparent that changes in the

transistor gain (H~~) produce significant change in the breakdown

voltage (BVCEO). Neutron irradiation produces large changes in

but these changes can also occur from exposure to other environments.

ICang5 indicates that the gain (Ha) changes as a function of time.

This change is normally attributed to changes in surface properties

at the point where the PN junction intersects the surface. Other 

- .-. - - -- ~~~~~~~~~~~~
-
~~~~~~~~~~ 
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common problems that produce change in devices are bond failure and

metal penetration of the silicon.

Consider the surface problem first . Assume that the silicon is

coated with an oxide for passivation. The pasaivation layer is porous

and contains numerous defects caused by the method of application and

basic properties. These defects act as charge traps which can be en-

visioned as forming a path from anode to cathode in parallel with the

seiniconducting material . Any potential difference between the anode

and cathode will cause tunneling from defect to defect along the short-

est path between the anode and cathode. This forms a separate conduct-

ing path which appears as a leakage current which reduces the gain of

the transistor.

In a similar manner, the metal ions are transferred into the

silicon. The metal ions reduce the mean—free path length between the

anode and cathode, causing an increase in leakage current and a

decrease in gain. Both of the degradation methods described above are

di rect ly affected by the ambient temperature . At 25°C the charge for-

mation is a slow process , but at 300° C it takes several hours to

several days to form. The source of charge is believed to be at the

oxide—ga s interface .

The process of change described above requires some level of

energy to be delivered to the semiconducting devices for activation.

Let this energy be called the activation energy E(ey) , which ts de’.’

f ined as the potential that must be overcome to produce change in the

devices . The lowest value of activation energy is 0.69 ev , which i-s

def ined as the radiationless transition6 or the point where the lattice

in some solid state materials reaches an energy level sufficient to emit

- . --~ ~ --
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a single frequency of energy. At the other extreme, the highest acti-

vation energy is 15 cv , which is required to cause displacement effects

in the bulk silicon lattice.2 No data can be found in the literature

to indicate the activation energy to start the processes of filling the

defect in the crystalline lattice caused by neutron irradiation. This

process , called annealing , starts immediately after irradiation and

can be accelerated by elevated t emperature.

The investigation of activation energy required for a particular

failure is somewhat limited . Peck and Zierdit 7 published a few acti-

vation energies associated with particular mechanisms and these are

shown in Table 2—1 .

Table 2—1 Activation Energy Levels and Mechanisms

Mechan ism E(ev) 
- 

-

Surface—inversion failures 1.02
Au—Al bond failures 1.02 — 1.04
Metal penetration 1.77

With the physical reason for change defined and the energy range

required to produce such change established , it is desirable to deter-

mine what effect a change in gain 1
~FE and subsequent changes in break—

down voltage will have on the second breakdown damage level. The de—

crease in gain (H~~) produces an increase in breakdown voltage (BVCEO),

which at first glance should be a more desirable condition , but damage

‘ to semiconductors occurs when a device is driven into second breakdown

V5 as a function of the energy dissipated and there is a range of

-4

~

,_ _  
_
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~

-

~
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applied voltages for which the energy dissipated in a device is

increased with increased BVcg0.

Damage has been found to be a function of pulse power and time.8’9

The power delivered to a device is determined by the breakdown voltage

times the driven current. This is consistent with early discussions

on the effects of second breakdown of junctions. Consider an equiv-

alent circuit shown in Figure 2—7.

50

-WI ’,- -I
I v sVDR ~~~~ Driven ‘— _J.

( ) voltage
sour ce I

Figure 2-7 Breakdown voltage equivalent circuitry

Nov if VS is the diode breakdown voltage , VDR is the driving

voltage, and the characteristic impedance is 50, then one can deter—
VDR - V

m i ne the power driven into the device as S (Vs). As the
50

neutron dose level increases , the theoretical breakdown voltage (Vs)

— also increases. Let V~ 1 be the initial breakdown voltage, V~2 be the

breakdown voltage after irradiation, VDR exceed the sum of V~1 and

which is defined as V
ORO

, then the power driven into the device

will be greater af ter  irradiation than before .

Assume for the sake of discussion that V~1 is 55 volts and V~2
is 75 volts. Then after breakdown occurs , more power will be dissi-

pa ted in the device for driving voltages exceeding 130 volts (VDRO)

-- - -~~~~~~~ -~~~~~—~~~~~~ - -~~~- - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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as shown in Figure 2— 8. It is therefore essential that changes in

breakd own voltage be known as a function of neutron dose level .

500

400

0’~
V

100

0 50 100 200 300 400 500

Driven voltage VDR (volts)

Fi gu re 2 -8 Neutron irradiation e f fec t s  on power dissipation
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CHAPTER III

ACCELERATED AGING MODELS
AND STATISTI CAL TECHNIQUES

It Is apparent that the time required for normal aging is pro-

hibitive and a method of accelerating the aging process is required .

Walsh , Endicott , and Best 1° indicate that any accelerated aging pro—

cess must be conducted in such a manner as to produce the same effect

that normal aging would have on the parameter of interest , which re-

quires the assumption that all mechanisms undergo the same degree of

acceleration . Hence , in an ideal accelerated aging process , t ime is

the only var iable that is compressed .

The stress environment that has been found in the literature,11’4

and described in the previous chapter is elevated temperature .

Accelerated aging at elevated temperature presents a problem of in-

terpretation of device parameter test data and from this test data,

interpretion of the behavior of a device over long periods of time

at normal operating temperatures. In order to gather sufficient data

to develop a prediction of degradation during norma l operation , a

device should experience accelerated aging (stressing) at a minimum of

two levels , and three levels would determine linearity of the process .

The temperatures that are selected for stress must be sufficient—

ly high to cause parameter drif:  but not too 1iigh to produce device

—- _~~~~~ —— --  - -_ — - -  —~~~~~~~~~~ --~~~~—~ -~~~~~~~ _- - - -a——~~~~~~~~~~~~~~ —~~~~~~~~~—~~~- ~~~~~~~~ -- - -
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failure. The lover limit of the stress t emperature is the lowest

temperature at which significant changes in the device parameters can

be observed over a test period . A low estimate of this temperature is

preferable to a high astimate, as the stress temperature can be raised

if no change in the device parameters is observed after a few days . If

an excessively high stress temperature is used, device parameters may

change too rapid ly to yield significant data. The upper temperature

limit depends mainly upon the eutectic point of the devices. Above

this temperature, devices can suffer  severe degradation or failure

caused by the formation of Au—Al intermetallic compounds (plague) .

The stress levels that are to be used are determined experimen-

tally and will be described later. It is important now to discuss how

the accelt-ration data will be modeled .

The Arrhenius model15 is highly useful in analyzing accelerated

test data. In this model the amount of device degradation D is a

function of a device parameter (such as leakage current) M:

D = f(M). (3—1)

The Arrhenius model is based on two assumptions . First , degradation

is a linear function of t ime SK in days

D = R (T~ ) 5K’ ( 3—2)

where T is absolute temperature , j  is a particular temperature, and

R(T) is the degradation rate as a function of absolute temperature ,

which depends only on the stress level ( i .e . ,  the stress rate is in—

~ II~~~

IIJI1I°I II I 

the logarithm
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of the degradation rate is a linear function of the reciprocal of

the absolute temperature . 
-

The Arrhenius equation is . - -

R(Tj ) e~~ B/Ti , (3—3)

where A and B are empirical constants . If the values of R(T1) are neg-

ative, only the absolute value of R(T
1) can be used in the Arrheniua

model. Taking the natural logarithm of both sides of this equation

yields

in R(T1) A~BITj. (3—4)

A plot of this relation is known as an Arrhenius plot.

Suppose that tests are run at two different stress levels (j

and 2) and different test times (K — 1 and 2) so that the same amount

of degradation results from each test. This means

-

or

R(T 1) S1 — R(T 2) S2. (3—5)

Noting that R(T j ) is a function only of stress level , we obtain

(e~~~/Tl) S1 — (eA B/T2) S2. (3—6)

Solving for S2 yields

s2 — e~~
1
~l.#’T1 — l/T 2) S1. (3~ 7)

- --
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Defining an acceleration factor T — e B(1/Ti — l/T2) and substituting

it into the above equation yields

S2 = TS1. (3—8)

The model assumes tha t a linear extrapolation can be made from elevated

temperatures to normal operating temperatures. This assumption may not

be valid and must be evaluated by considering potentially different

values of T found from different stress tests.

A step—by—step application of the Arrhenius model is as follows:

a) Measure the device parameter M and establish a
transformation which produces a linear function
f (M) by trial . Plot f(M) as a function of time
for each temperature .

b) Determine the slopes of the lines in this plot .
These slopes are values of the function
R(Tj ). R( Tj ) can only take on positive values.

c) Find in R(T j ) as a function of 1/T i and construct
the Arrhenius plot. From this plot determine B ,
the slope of the line . Test for quadratic effects
and estimate their magnitude.

d) Determine the acceleration factor T.

In a hypothetical experiment two sets of transistors are stressed

with elevated temperatures. Transistor gain HFE is measured period—

ically and is given in Table 3—1 .

4 

_ _ _
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Table 3—1 Hypothetical Data Set —

Day ____________________  ________________________

(5) -

— 150°C T2 — 200°C

1 100 100

2 99 98

3 
- 

98 96

4 97 - 94

5 96 92

The next step in applying the Arrhenius model is to plot BIlE ~~

a function of time for T1 and T
2
, which is shown in Figure 3—1. Next,

determine the absolute value of R(Tj)~ for j — 1, 2; then calculate

ln R(T3). Then in R(T) is plotted as a function of reciprocal

absolute temperature (lIT). This is the Arrhenius plot shown in

Figure 3—2. Here it is assumed that if there were data for more

temperatures, the resulting ln R(Tj) for all j would lie on the same

line as ri/Ti, in R(T1)1 and ~lIT2, ln R(T2)]. When all these points

lie on the same line, true Arrhenius acceleration exists. The limits—

tions of having only two data points are obvious.

I— - -  - ‘—~~~~~~ -~~~~~

— -- - -—-- - ----- -
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100 T0(27°C)

95 T1(150°C)

~ 90
.1-I
S(D

. T2 (200 °C)

I

Time S (days)

Fi gure 3— 1 Current—gain—aging examp le

1.0

.8 R(T 2 )

0 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.00211 .00236
(l/473°K) (l/4 23°K)

Reciprocal of absolute temperature (l/ ° K)

Figure 3—2 Arrhenius—p lot example
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To determine the acceleration parameters A and B, the relation

in R(T
1

) — A — B (l/T
1
). (3—9) . -

-

is applied to the Arrhenius plot. The acceleration factor T is a

function of B but is independent of A. In this example,

B — 2.68 X lO~ °K.

The acceleration factor can be calculated from

T — ~~B(1/Tj 
— lIT2) (3— 10)

where T
1 is some elevated temperature and T2 is the normal operating

temperature . Substituting B — 2.68 X lO~ °K , T
1 

— 473 °K (200°C),

and T2 300 °K (27°C) gives an acceleration factor T 24.27.

If  all assumptions implicit in the Arrheniua model are valid ,

the above result means that the subject—transistor gain ages approx-

imately 24 times as fast at 200°C as it does at 27°C. The activation

energy can now be calculated if the Arrhenius model applies. Assuming

that E(ev) Is constant, the activation energy is calculated by taking

two values of R(T1) where j — ]. and .2 and the corresponding two tem-

peratures (T1 and T2) and substituting these known values into Equa—

tion 3—13 to calculate E. Peek and Zierdit7 def ine R(T) as

R(T 1) — Fe~~ ’KTl, (3—li)

and

R(T 2) — Fe~~ l’KT2 , (3— 12)

where R is the reaction rate constant, E is the activation energy,

K is the Boltzmann constant , T is absolute temperature , and F is a

~~~~~~~~~~~~ _
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proportional constant, and

r~i,1n~R(T1)J= 2.3 logLR(Tl)J . -

then

~~ 1E 2 .3 log LR(T1)3J(8.63 x lO s).rio3 10 ~I~
— x l03

L
T1 T

~~ J

In order to develop an accurate Arrhenius model and calculate

the activation energy , one must have a homogeneous data base. To

achieve this data base , mavericks or outliers m ust be removed .

All data points will be reviewed for the presence of outliers,

(see Chapter 5). Outliers may be caused by faulty test equipment, by

human error in performing the test and/or recording the results or by

similar reasons not pertinent to the statistical analysis. Retention

of outliers in the data could introduce bias and decrease the precision

of the statistical tests. Therefore, a test to identify outliers is

required in the data analysis, and this test is the Dixon criterion.’6

The Dixon criterion assumes that the population mean and standard

deviation are unknown and that the experimental observation comes from

a single normal population. The test is capable of rejecting extreme

observations at either the low or high end of the data set. The first

step in applying the test is to arrange all the readings in a data set

in order from lowest to highest (x1 < x2 < . . . < x). Two equations

are used to calculate a test statistic, depending upon whether the high

or low end of the da ta set is suspect :



- -

~~~~~
-- 

~~~~~~~~~~~~~~ 
— — - ~~~•1~

~~~~~~~~~~~~~ ~
.—

~~~~~~~~
-—-.—- ~ -, 
_

— 

- 25
X~ xn2

Upper — 
— (3—14)

and

x3 — x lLower — (3—15)
x~_1 _ x

1

If the value calculated exceeds a critical value , then the reading is

rejected as an outlier .
I

Before any experimentation is initiated, all parameters must be

checked for normality. The Lilliefors’17 analog to the Kolomogorov—

Sisirnov test (the test normally used in determining normality) has been

selected for this evaluation. The Kolmogorov—Smirnov test requires that

the population mean and standard deviation be known before testing.

Lilliefors’ analog , however , allows the calculation of the unbiased

estimate of the mean and standard deviation from the sample data.

Since the population mean and variance will be unknown for our data,

Lililefors ’ analog is the desired test.

I’
*
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CRAPTER IV

EXPERIMENT AL DESIGN DEVELOPMENT

The main experiment design was developed from a series of two

preliminary experiments. The first experiment was designed from in-

formation obtained from the literature (see Bibliography) , the imple-

mentation of which was constrained by the facilities that were avail-

able. Test equipment for measuring H~~ with sufficient accuracy and . -

BVC~~ with a pulse sufficiently short to comply with published work

was designed and fabricated . The first experiment was intended to

develop an accelerated aging rate for the four selected devices, but

the actual results indicated that temperature stress levels which

had been selected based on the literature were incorrect. The second

result obtained from the first experiment was that the breakdown

voltage measurement produced changes in the device parameter. This

led to a second experiment to set the temperature stress level. The

effect of testing was minimized by using the latest available auto-

matic testing procedures. The discussion of these two experiments and

the way in which they led to the design of the main experiment is pre—

~~~~~ sented in this chapter. -

The components selected as the test vehicle for the first experi-

ment were one diode and three transistor types. The diode was a 1N4148

(identified by the letter D), which was selected because of its

26 
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extensive use by Tasca18 in his investigation of avalanche breakdown in -

semiconductors. The 2N2222 NPN (identified by the letter N) transistor

was selected because of its wide use in circuitry and its use as a test

vehicle in breakdown and neutron damage investigations. These two de-

vices offer the best opportunity to relate this investigation to pre-

vious work. The next device, a 2N2907 (P) PNP transistor , was selected

because it is used as a complementary device to the 2N2222 in many cir-

cuits. The last device was a medium power NPN transistor that was

readily available, 2N2537 (NN). The characteristics of these devices

are displayed in Appendix A.

The Arrhenius model requires that a minimum of three stress tem-

peratures be used. Three t”~mperatures were selected based on available

equipment and were 25°C, 125°C, and l550C. Special electronic measur-

ing equipment was designed to permit the measurement with an accuracy

within ±2%. The of these devices was measured at 1OV , 10 ma, and

10 ~isec , and BV
~~~ 

was measured at 1 ma for 10 iisec. The 
~
1FE measure-

ment levels are within the devices’ normal operating limit. The current

and duration of the pulse for measuring the BVC~~ 
were selected based

upon the work of Budenstein, Ponins , and Smith,3 and these values were

selected to be well below the threshold of second breakdown and damage.

An experimental plan was developed f or each device and is displayed

in Table 4—1. The actua l test lot is described by a set of two or three

alphanumerics. An example would be NN3 , which designates the third lot

and its associated testing of the 2N2537 transistor. Each lot contains

15 units, and 300 devices were committed to the experiment. The sample

size and the two elevated temperatures were selected based on the avail—

ability of two ovens. The experiment was conducted in these two ovens

---- --- — -------
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for a period of 60 days with device parameters measured every other day .

The experiment was designed to determine first, if aging had

occurred and second , if testing had produced changes in the device

parameters .

Table 4—1 Lot Definition for First Experiment

Lot Temperature (°C) Measured periodically

1 25°C Yes

2 125°C No

3 125 °C Yes

4 155°C No

5 155°C Yes

Note: 15 devices per device type, 4 device types per lot.

Devices in Lot 2 (Chamber 125°C not measured periodically) and Lot

3 (Chamber 125°C measured periodically) were used to determine if pars—

meter testing had any effect. Lot 1 was the control lot. Unfortunate—

ly, Lot 3 of the 2N2222 devices (3N) was destroyed in transportation

back from the test site, and all four device types in the 155°C tem-

perature oven, Lots 4 and 5, were destroyed because of a runaway con-

dition which occurred on the 45th day of the experiment. It was ap—

parent at this point that an additional experiment would be required

to determine acceleration stress level, but some insight could be

derived from the data obtained in this first experiment. All data

which were available were subjected to -statistical analysis as des-

cribed below.

-
----

~
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A two—sided t—test was selected to determine at the .05 signifi-

cance level the effect of repeated measurements upon device parameter

means . The two—s ided t-test was selected because deviation may be on

either side of the mean. An F—test was selected to determine , at the

.05 significance level, the effect of repeated measurements upon de-

vice parameter variability. Sample Lots 2 and 3 were used for these

determinations . All tests were performed on the differences between

initial and f ina l  measurements on each part and not on the individual

measurements. Catastrophic failures were removed fr om each lot before

analysis .

A summary of the calculated differences on each lot is f ound in

Tab le 4—2 . Significant differences were found between Lots NN2 and NN3

with respect to the 11FE mean and the BVc~~ variance . (See Table 4—3.)

No measurement effects at the .05 significance level were found in the

other lots. This indicates that the BVCBO measurement produced a change

in the 2N2537 device parameter and a new measuring technique will be

required .

A two—sided t—test  was conducted on the differences in the initial

to final diode data to determine if aging had taken place , but no sign—

if icance could be detected at a — .05. This implies that the low tem-

perature baking had no detrimental effect on the diodes. The stress

temperatures used in this experiment did not produce changes in the

diode parameters. Therefore, it was eliminated from further experi—

mentation.

The PNP transistor in Lot 2 and 3 had a combined pre—aged mean liFE
of 561.8 and a combined post—aged mean H~.E of 143.0 , which is nearly a

factor of four difference between these two means . These values were

~ 

- - 
_____ ___________
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Table 4—2 Means and Variance for the First Experiment

Lot Device type Samples Variance Mean Parameter

2 D 14 13.3 5.7 V~

3 D 11 14.0 4.8

2 MN 14 389.3 46.1 BvcBo

3 MN 14 1399.0 58.6

2 - P 15 50. 2 30.8 BVCBO

3 P 9 36.8 30.4 BVc30
2 MN 14 531.9 80.4 liFE *

3 MN 14 896.1 104.2

2 P 15 11,425.0 448.7

3 P 9 12 ,505.0 364.1 11FE

so grossly d i f fe ren t  that no statistical test was deemed necessary to

be assured that accelerated aging had occurred .
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Table 4—3 Analysis of Data Obtained from First Experiment

u
~F~ 

parameters

_________________________ Lot 2 Lot 3 Test result.

NPN transistors (Type NN)

Variance 531.9 896.1 Not significant (52)

Standard deviation 23.1 29.9

Mean 80.4 104.2 Significant (52)

PNP transistors (Type P)

Var iance 11,425.0 12,505.0 No t significant (5%)

Standard deviation 106.9 111.8

lean 448.7 364.1 Not significant (52)

Breakdown voltage BVc~~

_________________________ Lot 2 Lot 3 Teat results

NPN transistors (Type NM )

Variance 389.3 1,399.0 Significant (52)

Standard deviation 19.7 37.4

Mean 46.1 58.6 Not significant (52)

PNP transis tors (Type P)

Variance 50.2 36.8 Not significant (52)

Standard deviation 7.1 6.1

lean 30.8 30.4 Not significant (52)

Freakdown voltage BV
~~~

________________________ Lot 2 Lot 3 Test results

Diodes (Type D)

Variance 13.3 14.0 Not significan t (5%)

Standard devia tion 3.6 3.7

lean 5.7 4.8 Not significant (52)

4’. 
______ ______
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The result of this f irst experiment indicates that test levels of

BVCBO and liFE on the transistors should be changed because of the de-

gradation caused by testing. The new test levels must be set well

below those indicated in Dr. Budenstein ’s work for BV
CBO, and the liFE

test level should be minimized .

Because of lost data , a second experiment was performed to deter—

mine what temperature should be used to produce accelerated aging of

parameters in the three types of transistors. The second experiment

is described below .

The second experiment was conducted in two phases . In the first

phase ten 2N2222 and 2N2907 transistors were subjected to 25 tests of

their liFE and BVCBO parameters . The test conditions for the devices

were BVCBO at 1 microampere and 1 ~isec , and at 10 )isec and 100

microamperea. These ate the lowest level test conditions at which the

parameter could be measured automatically and still produce consistent

results. The initial and final measurements were tested to determine

if they are from the same population ; this was subsequently confirmed

by the t—test. Therefore, it was concluded that there was no test-

ing e f fec t  and the temperature level for accelerated aging could

then be determined .

In the second phase a sample of f i f t y  of each of two device types ,

2N2907 and 2N2222 , which were obtained for use in the main experiment ,

was tested and subsequently subjected to var ious temperature stress

levels to determine the maximum level which would be used without

t generation of typ ical failure modes . Fot each device type a subgroup

of ten units was exposed for 240 hours to temperatures of 25°C , 150° C ,

200°C, 250°C, and 300°C. The means of the individual subgroups and — 

- — ---- — - -‘--- -- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
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their shifts as a result of accelerated aging are listed in Table 4—4.

Table 4—4 Measured Parameter Means f or Second Experiment

Parameter BVCBO

Device Temp. (C) Initial Post 2 Initial Post 2

25 106.2 106.3 +,09 216.8 218.2 40.6

150 106.4 106.6 +.18 205.6 205.8 +0.1

2N2907 200 107.3 107.5 +.18 222.2 222.9 +0.3

250 110.1 110.0 —.09 191.8 191.7 —.05

300 106.6 106.3 — .28 227.2 214.4 —5.6

25 96.3 98.1 +1.9 80.8 80.5 —0.4 
-

150 95.3 94.9 —0,4 76 ,0 82.9 +9.0

2N2222 200 92.0 93.3 —1.4 83.7 80.4 —3.9

250 93.2 95.0 +1.9 78 .0 79. 2 +1.5

300 94.7 96.2 +1,6 835 62.0 —25.7

These results indicated that no significant parametric shifts occurred

at or below 250°C and no catastrophic failures occurred at or below

300°C. The 240 hours at temperatures at or below 250°C were insuf—

ficien t in duration to produc. accelerated aging. In order to

-
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achieve accelerated aging at 250°C for these devices, a stress period 
(1

in excess of 240 hours is required. A stress period of 480 hours was

selected for the main experiment.

The Arrhenius model requires two or more stress levels to be valid,

and for this reason three stress levels were selected for use in the

main experiment. These temperatures were 250°C, 275°C, and 300°C.

Ne xt , the neutron flux level had to be selected. This was accomplished

by reviewing the literature on the 2N2222 and 2N2907 devices. The data

available on these devices indicated that the lowest level of neutron

irradiation to produce change in device parameters occurs at io~
2 n/cm2

and that the device ceases to perform any useful function at the value

of 2x1013 n/cm2. For this reason a range of 1012 to io~~ n/cm
2 was

12 12selected. The neutron fluxes were selected to be 0, 10 , 5x10 , and
210~~ n/c~ , which selection covers the four regio~s of transistor damage

and corresponds to conditions of no damage , threshold of damage, moder-

ate damage, and severe damage respectively. The main experiment was de-

veloped based on the above temperatures and flux levels and is outlined

in Table 4—5 . The experimental design is identical for the two device

types which were tested . Twelve samples were included in each group.

— The 2N2537 was not available for inclusion in the main experiment.

Group 1 of the main experiment was electrically tested at the

beginning and end of the experiment and serves to detsct any effect

of electrical testing when compared to the control, Group 2 • Group 2

was electrically tested whenever other groups were tested and served 
- 

-

to establish any correction factors required to compensate for test

equipment deviations. Electrical tests were performed initially every

five days of accelerated aging , before and after irradiation, and also.

L ~~
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- 
at the conclusion of the experiment . Parameters were measured using

the Tereadyne .7259/261 autc.aUc test systam and recorde d on pap er
printout (see Appendix 3) and punched paper tape for computer analysis.

I
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Table 4—5 Main Experiment —

Group Pre—age - Irradiation (n/cm2) Post—age

i None None None
2A “

2B ‘‘ ‘‘
3A 480 hrs., 250°C “

3B ‘‘
4A 480 hrs,, , 275°C “

4 B
5A 480 hrs . ,  3000 C
5 B “

6A NONE 1 X 1012
6B “

7A “ 5 X 1 0 12

lB “ “
8A “ l X l O 13
8B “ ~‘

9 480 hrs., 250°C i x io12

10 H 5 X 1 0 12

11 “ 
- l X l O

12 480 hrs . ,  275° C 1 X lO~~ 
II

13 “ 5 X1 0 1

14 “ l x l o 13

15 “ l X l O12 H

16 “ 5 X 1 0 12
17 “ l X 1 0 13

18 None 1 X 1012 480 hrs., 250° C
19 “ s x io12
20 “ l X l 0 13
21 “ 1 X 1012 480 hrs.,275 8C
22 “ 5 X l 0 12 

“

23 “ 1x l 0 13
24 “ 1 X 1012 480 hrs. ,3006C
25 “ 5 X l 0 12
26 “ 1X l 0 13

- — -c

I 
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CHAPTER V

THE MAIN ~~ PERIMENT AND DATA ANALYSIS

A total of 500 devices of each type was procured and serialized

f or the main experiment. All devices were from the same manufacturing

lot. Three hundred and ninety—six (396) of each device type (2N2222

and 2N2907) were committed to this main experiment described in Table

4—5. The experimental design is described in the previous chapter

(See Table 4—5). There are 33 groups, and each group contains 12

items. Measurement of BVCBO and HFE were made initially on each group.

Groups 2 through 26 were tested periodically during the experiment, but

group 1 was not tested and serves as the control group. The remainder

of the groups were allocated f or temperature stress and irradiation as

shown in Table 5—1.

The purpose of the main experiment is to obtain data on the break—

down voltage BVc80 and HFE parau’eters as a function of neutron irrad-

iation and aging. The neutron irradiation effects on semiconductors

can be divided into short term and long term. After irradiation, semi—

conductors recover from neutron irradiation rapidly in the short term,

and this phenomenon is called short term annealing2 (usually in hours

but a maximum of 10 days). The effect of the short term annealing was

specif ically not considered in this investigation. The effect under

investigation is the permanent long—term damage. In order to conduct

37
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Table 5—I. Experimental Matrix Showing Group Number from Table

Pre—aged Post—aged

Irradiation Temperiture Temperature

levels A B C D A B C D

I. 9 12 15 6A 18 21 24 6B

II. 10 13 16 7A 
- 

19 22 25 lB

UI. ii 14 17 8A 20 23 26 8B

IV. 3A 4A 5A 2A 3B 4B SB ZB

I. — (1.02 
± 

.05) x 1012 Neutron/cpt2*

II. — (4,74 
± 

.63) x 1012 Neutrøn/cm2*

III. — (1.14 
± 
.29) x 1013 Neutron/cm2*

IV, — (0)

A — 250 degrees C ± 2° C~~
B — 275 degrees C 

± 2° C~~

C — 275 degrees C 
± 2° C~~

D — 25 degrees C 
± 

20 C**

* Measured

** Controlled

111 1 
_ _ _ _ _  

______________
--

~

-

_ _  - - -
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this investigation, the main experiment was divided into two equal seg—

meets Half of the device, were allocated to the szper1~~~tal con~t—

tion that produces accelerated aging before irradiation . The second

half of the devices were irradiated before they wsrs subjected to

conditions intended to produce accelerated aging.

The groups in the pre—aged division of Table 5—1 were subjected to

a 20—day stressing period before being irradiated. These devices were

tested every five days during temperature stressing. These tests along

with the initial test produced five data points on these devices before

they were subjected to neutron irradiation. The groups were tempera-

ture stressed by being placed in ovens that were controlled within

±21°C as shown in Table 5—1. At the end of this pre—aging temperature

stressing, groups 6 through 26 were sent to the fast—burst reactor for

irradiation. The actual flux levels received by groups, as measured by

dosimetry,  is shown in Table 5—1. After one month of “cooling” (radia-

tion level decay to a level that was nonhazardous), the devices were re-

turned for electrical testing.

When the devices were received from the reactor, they were tested

but the post—aging temperature stress was not immediately initiated

because of unavailability of the ovens. The time lapse between the test

after irradiation and the starting of post—aging temperature stressing

was 29 days . The test just before entering ovens for post—aging was

not accomplished because of the unpredicted availability of the

ovens. The testing of these devices was accomplished every five

days as before, and at the end of 20 days the experiment was -
-

removed from the oven. The final test and the 20th day test are

j the same in the post—aging treatment. Including the test which was 
-
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made when the devices were received from the reactor , a total of five

tests were made on the devices in the post—aging section of the experi—

ment. All devices were tested at the completion of the post—aged

stressing, which produced seven test measurements on the devices that

were pre—aged and six on those that were post—aged. The test were

assigned numbers corresponding to the days on which they were made.

The test that was made upon starting the experiment is designated I for

“initial” and the test after irradiation is designated AN for “after

neutrons.” The last test performed , the final test, is designated P.

The main experiment (Table 5—1) was derived from the results of —

the previous two experiments and consists of four radiation levels,

four stress temperatures (including the 25°C case), and two methods of

treatment. This degree of complexity required an extreme].y powerful

statistical tool to determine significant effects and interactions.

The analysis of variance technique (ANOVA) was selected for the analysis

tool. This tool required that there be no missing data and that the

experimental error be random and normally distributed. The most static—

tically sound results are obtained if the mavericks are removed.

In order to replace outlying data points using the Dixon criterion,

it is necessary to assume that the population from which the sample is

drawn is normally distributed. The total population is unavailable for

— testing but the initial measurement of the parameters was tested for

normality using the Lilliefors’ technique. (The computer program used

— in this test is presented in Appendix B.) The results are shown in

Table 5—2. The observed values deviated too far from the critical

value to allow the assumption that the population is normal, and

subsequently the use of the Dixon criterion . A log -

t - - —— ,-~~~~~
_ -  

~~~~~~~ —
- ‘
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Table 5—2 First Test for Normality

f Part Parameter D—critical D—observed

2N2222 BVc~~ .045 .066

2N2222 RyE .045 .104

2N2907 BVCBO .045 .150

2N2907 RYE .045 .072

Table 5—3 Outliers Replaced by Group Mean

Device Group Test Parameter

2N2222 22 5 liFe
2N2222 22 10

2N2222 22 15 H~~

2N2222 22 F liFE

_  _
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transformation of the 2N2222 data was found to be normally distri—

buted (D—observed of .044) permitting the use of the Dixon criterion.

The transformed 2N2 222 data were examined f or aaveric~ks (out-

liers) by use of the previously described Dixon critetion~ The trgp.s—

formed data from each test was evaluated , and only four outliers were

found , always the same device (identified by serial number) . The out—

h ers that were identified are shown in Table 5—3 , and these outliers

were replaced by the mean of the respective groups .

The data in each group of the final test (F) were then subtracted

from the data in the initial test (I) . The results of this subtraction

were checked for normality. All groups of HFE were found to be normal-

ly distributed , but the BVc~~ had many groups that were non—normal .

The ANOVA is valid only for the 11YE parameters , and another test for

BVC~~ will be required.

The ANOVA was conducted on the difference between initial and

final test data on both the 2N2222 and 2N2907 B~~ . The results of this

analysis are shown in Table 5—4, and the computer programs used are

displayed in Appendix C.

The ANOVA on the H~~ parameter indicates that both devices are

sensitive to radiation, temperature stressing, and the sequence of

exposure (pre—aged and post—aged). There is a high degree of signif i—

cance in the interactions leading one to the conclusion that the pro-

cess involved is nonlinear, bu t in any case , the experiment has pro-

duced change in the 
~~~ 

parameter. Now it must be determined if the

aging can be modeled so as to calculate an accelerated aging factor.

This model and calculation will be addressed in the next chapter. 

- - - -

~ 
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Table 5-4 Analysis of Variance Results

2N2222 2N2907

Factors df i~ F ratio ~~ P ratio

Irradiation level (B) 3 16,125 *108 304,291 *444

Temperature (C) 3 8,763 * 59 39~975 * 58

Method of aging (D) 1 5,872 * 39 217,372 *317

g x C interaction 9 10,160 * 6.8 5,932 * 8.6

B x D interaction 3 2,144 * 14 29,426 * 43

C x D interaction 3 1,172 * 7.9 20,984 * 31

B x C x D interaction 9 430 * 2.9 4,260 * 6.2

Error 352 160 685

Total I’
Degree of freedom is denoted by df , MS is mean square, and * is a

•i~nificant variatio n.

Factors Critical values

Replications 12 P.05 (3, •) 2.6

Irradiation levels 4 F .05 (1, •) • 3,84

Temperature 4 F.05 (9, “) — 1.88

Aging type 2 -

11T4 
384
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Before heaving this data for the modeling discussion, it is essen-

tial to determine two more points: first., that the breakdown voltage

has not changed during the experiment and a-econd, the measuring of BVCBO

has not caused change in this parameter. The breakdown voltage BVCBO

data can be analyzed to determine if any significant changes occurred

during the experiment . —

The ANOVA technique was used on 
RYE 

but was not considered valid

f or BV
CBO because the residuals were found to be non—normal. The

literature survey did not provide any insight into the form of trans-

formation required to produce normality . A number of transformations

were used in order to find one that produced norma l residuals. This

included ~~~ log , in , sin , cos , tan , hyperbolic sin , hyperbolic cos ,

hyperbolic tan , and inverse . No transformation was found to produce

normal residuals.

A paired “t” test was used to test the BVCBO data on both device

types. The paired “t” was performed on the means, and the means are

normally distributed according to the Central Limit theorem. The paired

“t” test was performed by taking the difference between the mean of the

group for the fifth day of elevated temperature and the 20th day. The

5th day measurements were used in this test because device testing was

not accomplished just before entering the oven in the post—aged trest—

ment, and then for consistency between testing in both treatments.

The result of the paired “t ” was that the 2N2907 and 2N2222 BVCBO were

unaffected by temperature before or after irradiation . The results

are displayed in Table 5—5.

.
~~~~~~~~~~

- - -- -

_ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 5—5 Paired “t ” Test on BV~~0

2N2222 2N2907

Level Temp . 0C Pre—aged Post—aged Pre—aged Post—aged

- 
1 250° 0.5 0.6 0.2 0

2 250° 0.5 0.3 0.3 0

3 250° 0.5 0.2 0 —0 .]. 
-

4 250° 0.7 — 0 —
1 275° 0.3 —0.1 1.0 0.5

2 275° 0.3 —1.7 —1.0 0.0

3 275° 0.4 —0.3 0 0.0

4 275° 0.3 — 0 —

1 300° —1.5 —2.7 0 0

2 300° —0.4 —1.0 0 0

3 300~ —0.3 —0.5 0 0

4 300° —0.5 — 0 —

a — .05

N 12 9 12 9

x 0.042 0.044 0.067 —0 .58

S 0.044 0.17 0.63 1.06

t 0.33 0.77 0.019 —1.64

t (table) 2.201 2.306 2,201 2.306

Conc usion: No siTg~TlI~~~~ Iifference between mean and no tea-peratUre effect. -

- - - -

~
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In a similar manner the paired “t” test was conducted between

group 1 (untested control) and group 2 (tested control) to determine

if testing had effect on either R~~ or BV no significant differ-

ence could be found at a — .05. It is concluded that testing has had

no effect on these devices and the BVc~~ can be assumed to be constant .

iiij 
_ _ _  _ _ _ _ _ _

---- _
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cHAPTER VI

RZSULT$

In this chapter the data developed in the main experiment are

exercised to determine if aging has had a significant effect on the

breakdown voltage when exposed to an envirotasat of neutrons. The

steps that are required to reach this determination are three: (1)

The Arrheniua model 1* developed for each device, (2) the acceleration

factors (T) are calculated , (3) the projected breakdown p.z ter at

an arbitrary time is calculated .

The first significant result from the main experiment was that

the breakdown voltage BV~~~ was unaffected by the experiments. There-

fore, for the remainder of the discussion these parameters are assumed
to be at 95 volts for the 2N2222 and 105 volts for the 2N2907.

Th. effect of the main experiment on the L~ parameter. was not

negligible, and a plot of percent reduction in final values of each

group is shown in Figures 6— 1 and 6—2 and Table 6—1. The percenta ge

reduction was obtained by subtracting the initial group mean. This

differs from the technique used in the ANOVA where final values of[ individual devices were subtracted from their initial values. The

( error mean square (EMS) obtained in the ANOVA can be used to esti-

mate deviation from the mean. This is accomplished by taking the

square root of the EMS and meltiplying by 2 to obtain a two—sigma

f estimate on H
~~
.

47 
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Pre—aged Post—a ged

4O~~~~~~~~~~~~~~~~~~~~~~~~ 

2&~~~l0z

1 — 1 x iO~2 ~~~~~75
2 — 5  x io12 n/cm2

80-
3 — io13 ~~~~~85 -

4 — No irradiation90 _________________________________ 
_____________________________________

25 250 275 300 25 250 275 300
Stress temperature

Figure 6—1 Per centag, of reduction in ~~~ param etsr for the - 2N2222tr ansistor

a. 
_ _ _ _  

. 
_ _  _ _ _ _

I.. — —- ~— _______ ______ ______________
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Pre—aged - Post—aged

I

~ 50-

55
0

9.4
4.~o

~ :: 2 & ~~~9z 

2
2 l — l x l O  n/cm

2- 5 W12 n/cm2
80- 13 2

3 3— 10 n/cm
85-1 ~ —~~~~~~~~~~~~~~ --—--

4— No irradiation
90 _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 

I

25 250 275 300 25 250 275 300
0 c Stress temperature

Figure 6—2 Perc entage of reduction in H~~ par ~~~ter for the 2N2907
tr ansistor

Li ~~ ±iiiz~t
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Table 6—1 R~~ Per centage Reduction from Initial to Final as a Function
of Trea~~~nt

Pre—aged treatment Post—aged treatment

l0’~ 5x101~ ~~ 0 io
l2 

5x1012 
io13 0

Ts pe~~~~~ature 0C ~~

2N2222

250 —13 —42 —55 —1 —5 —18 —50 +1

275 —19 —45 —54 —7 —7 —18 —50 —17

300 —47 —55 —68 —28 —12 —17 —46 —25

25 —13 —40 —65 —1 —13 —42 —64 —1

2N2907

250 —42 —76 —84 +1 —10 —10 —14 —1

275 —41 —75 —86 —3 —10 —20 —23 —4

300 —43 —75 —85 —5 —14 —32 —32 —7

25 — 43 —78 —86 0 —41 —77 —86 —4

—

-~~~~ 
—_.- 

_______  

- - -~~~~~ - --- -- - - ~~~~—- - -~~~~~~—- - -
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The two—sigma estimate is on the individual device and it is

desired to have a two—sigma estimate on the mean . This is accomplished

by dividing the two—sigma estimate of H~~ by the square root of the -

nunber of degrees of freedom of the group . The value of the degrees of

freedom is eleven (11) . The two—sigma estimate is now on the mean

The mean H~.E must be divided by the initial mean of the group in order

to be converted into percentage . From Table 5—4 the ~ 1S for the ‘
~FE

parameter of the 2N2222 was found to be 160, and for the 2N2907 it was

found to be 685 . The largest mean of 2N2222 is 83.0 with the lowest

being 74.2 , which produces an estimated two—sigma of 9.3% and 10.3%

about the mean respectively. In the 2N2907 the largest group mean is

235 , and the lowest is 171, which produces an estimated two—sigma de-

viation of 6 .7% and 9.3% respectively . The median two—sigma deviation

from the mean of 2N2222 is 9.8% , and that of the 2N2907 is 8.5% . The

two—sigma limit can be applied to the data displayed in Table 6—1.

Referring again to Figure 6—1 and 6—2 , one should note that the

controlled groups in both devices (no irradiation case) exhibit simi—

lar values and have similar shapes for both pre—aged and post—aged

treatment . Similarly, one should note that the effect on gain pro-

duced by irradiation alone is the same for the device maintained

at ambient temperature . The irradiation effects on gain can be

seen in Figure 6—1 and 6—2 by examining the pre—aged and post—aged

means at all four neutron levels at 25°C. These initial points in

the data for neutron irradiation and temperature treatment are

sufficient for accepting the conclusion that the initial expert— -

mental conditions are the s~~~ for the pre—a ged and post—aged.
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Pre—aged trea~~~nt of the 2N2222 produced a significantly dif far—

ant change in from that in the post-aged treatment as seen in

Figure 6-1. The values of the Hfl group means in the post—aged treat-

ment are all higher (less percentage reduction) for eleveted temperature

and neutron fluxes greater than zero than the pre-aged values. They

all differ in value greater than the two—sigma est imate (10%) except

for three points : (1) 250°C and i012 n/ca2 where the difference is 8% ,

(2) 250°C and io13 n/cm2 where the diff erence is 5%, and (3) 275°C

and i013 n/cm2 where the difference is also 5%. The conclusion that

the 2N2222 devices are affected differently as a function of device

age and neutron flux levels is validated, and further , one can conclude

that the irradiation of an aged 2N2222 is more detrimental than irradi—

sting a new 2N2222 and permitting it to age.

There is a significant difference in the final values of 2N2907

obtained at all three elevated temperature stress levels between

pre—aged and post—aged treatment • This leads one to the conclusion

that there is a significant differ ence in par ameters between aged de-

vice, that have been irradiated and un—aged devices that have been

irradiated . Prom the previous discussion on the 2N2222 , it is clear

that at least two devices are sensitive to the order of the application

of aging and neutron irradiation.

In the post—aged treatment of the 2N2907 transistor (Figure 6—2) ,

it can be seen that 250°C at 480 hours has caused an increase in the

Hp~ parameter over that initially obtained at 25°C. (This is true for

lOu , 5x1012, and io13 n/cm2.) At this stress point and irradiation

- - 

levels, the means of the measured data were essentially equal. This

reduction in damage induced by irradiation ii probably caused by 

~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



defects in the crystalline lattice being refi lled . A si~il.r phanom—

anon was noted in the post-aged treatment of the 2N2222 transistor -

(Figure 6—1) but this increase in gain was not dr atic. Because of

the similar characteristic in both devices of increased gain at ele-

vated temperat ure , precise knowledg e of the neutron flux received by

each group of devices dosimetry and the fact that the data are nor-

mally distributed about the mean (points plotted in Figures 6—1 and

6—2) , it is extremely unlikely that the phenr .snon displayed in Figure

6-2 has not actually occurred. The difference between the two devices

in the amount of increase in gain (Rn) caused by elevated temperature

is probably due to the difference in replac~~~nt me hanjem between the

two devices • There is a major difference in materials, dopants, geo-

metry, and construction between the two devices. This phenomenon will

require additional investigation to be understood.

By comparing the 2N2222 and 2N2907 results as shown in Figure 6—1

and 6—2 , one should note the difference in performance of the two de-

vices in the pre—aged treatment . The 2)12222 device is sensitive to

neutron and stres s temperature , but the 2)12907 device is not sensitive

to the combined effects of neutron irr adiation and temperature. In the

post-aged trea tment the performance of the 2)12907 and 2)12222 are simi—

lar. Both devices have increased Bpg af tsr being exposed to elevated

stress temperatures, but the 2)12907 has a declining H~~ as stress tam—

perature is increased above 250°C. Th. difference in U~~ performance

between the two devices leads one to the conclusion that either the

mechanism of neutron damage or the aging is not the s~~~ in the 2)12222

and 2)12907. A si~~ ary of the results of the main experiment ar e listed

as follows: -
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a) Neither neutron irradiation nor exposure to elevated tempera-
ture produced changes in BVC80 in either device.

b) There Is no significant difference between pre—aged and post—
aged degradation of HFE f or no irradiation.

c) There is no significant difference between pre—aged and post—
aged irradiated devices maintained at 25°C.

d) There is a significant difference in the percentage reduction
in }LFE between pre—aged and post—aged at neutron irradiation
levels greater than zero for both device types .

The results summarized in (d) are unexpected; the solid state and

nuclear—radiation—effects literature does not provide any in~ight into

the phenomenon. One possible conclusion that can be drawn is that the

irradiat ion of new devices produces changes in the accelerated aging

mechanism and subsequently , the accelerated aging factor (T). In order

to check this possibility, it is necessary to develop the Arrhenius

model for Irradiated and nonirradiated devices. The next step is to

develop the model and then check the assumptions necessary for the use

of the model.

From the earlier discussion of the Arrhenius model , it was deter—

mined that the elevated temperature treatment must be linearly related

to the normal operating temperature. The achievement of a linear ex—

trapolat ion requires that the phenomenon under investigation has two

characteristics:

a) Degradation in performance is a linear function of time , and
the rate of degradation is dependent on t ime.

b) The logarithm of the degradation rate yields a linear function
of the reciprocal of the absolute t emperature.

a The most effective and powerful means of obtaining the slope of

the degradation curve (B) and subsequent ly the acceleration factor (T) 

~~~ - - - --—— 
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would be to make use of all the available data. The literature on

the Arrhenius model outlines a two—step process in which the first

step uses the experimental data to establish point estimators upon

which the slope of the degradation curve (B) is estimated. This

method does not allow for estimation of error or establishment -

of confidence levels .

A number of methods were researched for possible application

in this investigation , but the one that held the greatest pro mise

was one descr ibed by Williams ’9 which is an iterative technique.

The use of this technique requires a precise mathematical model.

The modal was developed as follows:

Let 
~prsti represent the data in the experiment where

p is (1 — pre -aged , 2 — post—aged)

r is radiation level (1 io12, 2 — 3zl0~
2, 3 — io13,

4 .0 )

s is test number (1,5, 10, 15, 20, AR , 5, 10, 15, F)

t is temperature level (0 25°C, 1 — 250°C, 2 275°C,

3—300°C)

I is rep etition (1 through 12)

It should be noted that all possible locations describ ed by the

model 
~~rsti are not filled as shown in Tables 6—2 and 6—3.
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Table 6—2 Pre—aged Experimental Conditions

merits
~~~~

1
oc 

1 5 10 15 20 AN 5 10 15 F 
—

25 0 0 0 0 0 4 x x x 4

where x — empty,

o — ~o irradiation,

4 — all four levels of irradiation .

P — 1.

Table 6—3 Post—aged Experimental Conditions

Measure-
Temper ments 

~ 5 10 15 20 AN 5 10 15 F
ature °C

25 0 x x x x 4 4 4 4 4

250 0 x x x x 4 4 4 4 4

275 0 x x x x 4 4 4 4 4

300 0 x x x x 4 4 4 4 4

where x empty ,

0 — no Irradiation,

4 — all four levels of irradiation ,
—_ - -~~~~~~~ P — 2.
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From Table 6—2 and 6—3 it can be seen that the Arrhenius model can

only be applied to nonirradiated devices In the pre-aged condition,

whereas it can be applied to devices irradiated at all levels of irrad-

iation In the post—aged condition. The Arrhenius model that will be

developed in the nonirradiated condition is based on data obtained in

both the pre—aged and post—aged condition. The model for the mean de-

gradation of can be written

112r .t  = Q + R.~(T)s + Cr S2, (6—1)

where Q is the intercept, 
~r

(T) is the absolute value of the degradation

factor , Cr is the linearity testing factor, and S is time in days.

If this model Is linear , then C
~ 
must not differ from zero signifi-

cantly. This model allows ~~ (T) to be negative and further requires

L~(T) to be increasingly negative as S becomes larger. The Arrhenius

model requires that in ~~(T) be linearly decreasing as a function of

the inverse of the absolute temperature (lIT). The model for Rr(T) IS

in Rr (T) = A~ + Br l/T + Fr (l/T) 2, (6—2)

where Ar is the Arrhenius model intercept, Br is the Arrhenius model -

slope , Fr is a linearity testing factor (that must approach zero for the

Arrhenius relation to apply) , and T is temperature in degrees ICelvin .

Converting 6—2 , one obtains 6—3 thus :

~r 
(1) — e~~r + Br~1/T) + 1r (lIT) 2) (6—3)

Substituting into 6—1, equation 6—4 is obtained thus; 
-

- 

- 

H2r .t  - Q + s~~r + Br (lIT) + Fr (1IT)2 + CrS2 ( 6 )

_ _  _ _ _ _ _ _ _ _ _ _ _
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The solution to equation 6—4 is not possible in a closed form and

requires an iterative technique. Available automatic Iterative methods

ware investigated to determine their applicability, and none w as found

to be adaptable to this problem. The size of the pr&4ea demands that

an automated technique be developed . An attempt to develop such a coca-

puter program was undertaken , but its complexity was overwhelming . Be-

cause the development of such a program was outside of the research

plan and would require an extremely long time for development, it was

abandoned . The only option remaining was to revert to the technique

described in the literature.

The first step that is -outlined in the literature ia to determine

if the parameters of interest degraded as a linear function of time.

The in the no-radiation treatment was found to be degraded as a

function of time and temperature. The degradation was modeled using

linear regression techniques (least square curve f it) .20 This satisfied

the first required characteristics and yielded the intercepts, slopes,

and correlation factors for both devices which are shown in Tables 6—4

and 6-5. The linear curve fit was performed on all, the data obtained

at each measure ment , starti ng with the initial and ending with the 20th

day for devices in the pre—aged treatment • The linear curve fit was

performed on the data in post-aged treatment starting with the 5th test

and ending with the final F test . Day-zero data were not taken just

before placing the device into temperature treatment . The slope para—

meter ~(T) for the no—temperature , non—irradiation case is 0.172 for the

j  

2N2222 and 0.08 f or the 2N2907. These slope parameters ~(T) were tested

using a two—tailed “t ” test to determine if they were significantly

different from zero • The calculated test values were significantly 
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Table 6—4 Least Square Curve Fit of Test Data 2N2222

Model : — Q + R(T)S , where S is is days .

Temperature
(°C)

Neutron 25 250 275 300
irradiation
levels (n/cm 2) 

_______________ __________ __________ __________

Calculated R(T) , Q, and 2

.~, Q—78.3 77.5 78.1 76.3
0 R(T)— 0.172 0.04 — 0.196 - 1.07

- 
Z— 0.77 0.61 — 0.63 — 0.98

A,~ 
— 78.5 73.9 70.1

L012 R(T)— — 0.03 — 0.396 — 1.56
—- 0.5 0.55 0.98

~, 
Q— —— 72.9 77.8 76.1

5xl&~
2 R(T) — 0.05 — 0.76 — 2.34

2— —— 0.45 — 0.996 — 0.996

io13 ————— —— — not calculated ——— — ———— ———— —— ———
Corrected R(T)

0 0 — 0.132 — 0.368 — 1.242

1012 0 — 0.142 
- — 0.568 — 1.736

5x1012 0 — 0.122 — 1.03 — 2.51

Z represents correlation .

- —

I,- 

_ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _
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Table 6—5 Least Square Curve Fit of Test Data for 2N2907

Model: R~~ — Q + R(T)S, where S is in days.

~~~~ e~~~rature

Neutron 25 250 275 300
irradiation
levels (n/cm 2) 

_____________ ______ — _________ _________

____________________  

Calculated Q, ~CI ,, and 2 
________

~ Q—191.6 201.5 203.6 194.8
0 R(T) . 0.08 — 0.06 — 0.21 — 0.42- 

z— 0.66 — 0.46 0.4 0.44

~~ —— 177.2 184.7 182.4
iol2 R(T)— —— — 0.08 — 0.41 — 0.78

Z— —— 0.99 — 0.99 — 0.994

—— 139.6 188.2 154.0
5xl012 

~ (T)” —— 011 — 0.45 — 0.26
2— —— 0.99 — 0.62 — 0.999

1013 —— —— ——— — not calculated ——— 
Corrected R(T)

0 0 — 0.14 — 0.28 — 0.5
1012 0 — 0.16 — 0.49 — 0.86

5xl&’2 0 0.03 — 0.53 — 0.34

Z represents correlation.

1
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less than the critical value. A possible explanation of this pheno—

menon is the annealing of manufacturing defects. Because of Its small

value , ~ (T) was accepted , and this value is deducted from all othet.

slopes of the same device. This was done to have the slope of the no—

treatment case equal to zero. Over the short time of this measure-

ment (4 months) this slope should be zero. With this correction made

to the ~(T) parameter, all linear curves are decreasing as a function

of time , and each successive stress level has a higher negative value.

Linear regression was not conducted on the data obtained at iol3

n/ca2 level because of the nonconformance of the 5x1&’2 n/cm2 case to

the first  cha~à~cteristic of the Arrhenius model (i.e. linearly~
decreasing - HFE with elevated temperature) and the similarity of.

form of the 1013 n/cm2 data to the 5x101’2 n/cm2 case.

The corrected slope par ameter R(T ) now satisfies the requirement

of the Arthenius model. The next step is to determine if the linear

characteristic of in R(T) is satisfied .

The second characteristic was checked by plotting the ln R(T )

on graph paper. This was done for both the 2N2222 and 2N2907 RYE ~~~~~

irradiation and iol2 n/cm2 cases and is shown in Figure 6—3 and 6—4

respectively. A least—square—curve fit was conducted on each set of

R(T ) with the results shown in Tables 6—6 and 6—7. The absolute value

of the correlation coefficient approach one , indicating a linear model

produces a good f i t  to the data . This further substantiates the

conclusion that in R(T ) is linear .

I L
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1

0 — O n/cm2

0 x — 1 0’2n/cm2

.00174 .00182 .00191
(1/573°K) (l/548°K) (l/523°K)

Reciprocal of absolute temperature (l/°K)

Figure 6—3 Degradation rate vs inverse of absolute temperature -

for 2N2222

1

0 — 0 n/cm2

a x — l & ’2  n/cm2

-2 I
~~~~~~~~~~~~~~~ O

I I I
I

.00174 .00182 .00191

Reciprocal of absolute temperature (l/°K)

Figure 6-4 Degra4atton rate vs inver se of absolut e temperatu refor 2N2907



_ _ _ _  
-

63

Table 6—6 Least Square Curve Fit of the R(T) , 2142222

‘. ..jrradiatio n
~~ level

0 n/cm2 1012 n/cm2
Parameter

A 22.8 26.7

B —13 0z103 —15.0x103

z — 0.995 — 0.999

Model: LnR(T) A + BY, Y — ~~~‘, A — intercept , B — the slope , and 2

correlation coefficient.

Table 6—7 Least Square Curve Fit of the R(T) , 2N2907

Irradiation

0 n/csa2 io12 ~/~~2
Parameter

A 12.9 16.9

B — 7.82x103 — 9.7~10~

Z — 0.999 — 0.988

Model: LnR(T) — A + BY , Y — ~., A — intercept , B — the slope, and 2 —

correlation coefficient .

~1ow that a true acceleration has been f ound , the accelerated aging

f actor can be determined , but before completing this calculation, the

activation energy to start the process will be examined. The calcu—

lation involves the R(T) factor which has just been determined and

the equations previously presented (Equation 3—13):

II _ _ _
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E — 
(2.3 log ER~T1)J) ( 8.63 x i0~~~ (3—13)

R(T1) and R(T2) can be derived from the equation of least square

curve fit , but for the temperature of 250°C and 300°C , the values

of R(T 1) and R(T 2) can be read directly fr om Tables 6~-4 and 6—5 .

The results of the act ivation energy calculation are shown in

Table 6—8 .

Table 6—8 Calculated Activation Energies

‘ — _
~~~ pevi~~~~~ 2N2 222 2N2907

No IrradIation 1.17 cv 0.65 cv

io12 n/cm2 1.27 ev 0.85 cv

These values for the 2N2222 devices are within the range that was

predicted in the literature for aging effects , but .the 2N2907 is at

the level of radlationless transition . The results are consistent

within device types and indicate that the neutron irradiation has

not invalidated the accelerated aging technique .

The next step is to calculate the acceleration factor (T)

where the acceleration factor is defined by the relation as pre—

sented in Equation 3—8 .

S2 — T S 1 (3—8)
H

where S2 is real time in days , and S1 is time at a stress level

in days
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The calculation of the acceleration factor (T) requires that a normal

stress level be established . Let the stress level of real time be at

two levels. The normal stress levels usually assumed for seinicondüc—

tors are 25° C , which is the normal storage temperature , and 100°C ,

which can be assumed to be normal operating temperature . The accel-

eration factor (T) can now be calculated for devices in storage and

in operation. Using equation 3—10,

P = e
_B

~
]
~’T1 — l/T2) (3—10)

where Tj  is absolute temperature from which one can calculate the

acceleration factor . For example , let the real time S2 be at 25°C ,

the st or age case , and the time S1 be at the stress level temperature

at 250°C. The B term is shown in Tables 6—6 and 6—7 .

Now for a sample calculation , let the device be the 2N2222 and

the parameter 
~
1rE• The value of B is obtained from the table and is

— 13.0x 103 for the no—irradiation case and —l5.0x103 for a flux level
S

of ioi2 n/cm2. Now the acceleration factor can be calculated .

a) no—irradiation case

‘I’ = e —13.0x103 
~~~~~~~~~~~~~~~~~

— e — 13.0x 103 (1.91 — 3.35) x 10

[13) [1.44]
= e

‘~ l34 x 106

b) io12 n/cm2 case

T — e —l5.0x103 —

— e —15 .0x103 [l.44x10 ’3]

— 2403 x io6

—I  • 1
~~~~~~~~ -
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The results of the calculation of the acceleration factor are shown

in Table 6—9 .~

The next step is to calculate the parameter H~~ at an arbitrary 
-

time, based upon the above acceleration factor and the calculated

breakdown voltage .

Table 6—9 Acceleration Factor CT) for Elevated Stres s Temperature as
Related to Storage (25°C) and Operation (100°C) Temperature

t~~~~~ratura Stor.d (25°C) Op.r*tics (100°C)

Irr dtatios 250°C 273°C 300°C 250°C 1 273°C 300°C
lusi (~/~~2) 

_______ _______ ________ I______ __________

2112222 H
~~

110 13.4x10~ 4.34z10~ i.si~io
9 J 2.2z1O~ l.Izl~~J~.OS&lO~

io12 2 .4~10~ 9.26x10~ 4 .82z1Ohi~~
. 3~10~ 4.0x10~ 1.33*106

2112907 5,!

No 7.77*1O~ 1.37x1o~ 3.7i*1o~ ~u e33 1.33*1O~

1012 1.16*106 2.79*106 3.1*106 1.75z10~ 4.2z10~ 9.12z10~

The H
~~ 

par ter of the two devices can be predicted for any

real t ime S. Using the calculated accelerating factor T in Table

6—9 , the number of days of stressing at 2500C can be calculated to

produce the same effect as being stored for a selected number of days

at 25°C. Table 6—10 shows the results for S • 3000 days . The data

in this table indicates that 3000 days at 25°C will not produce any

significant change in the ap~ par ameter.

r14 
_ _ _ _ _ _  

_ _ _  
_ _ _ _
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Table 6—10 Number of Days of Stress at 250~C to Produce Equivalent
of 3000 Days at 25°C

Device
2142222 2142907

Irradiation

No—irradiation ~ 0 ~ 0 Days

i012 n/cm2 “ 0 - 

‘
~~ 0 Days

Repeating the process for the devices that are operated at 100°C,

one can obtain the number of days at 250°C to produce the same effect

as being operat ed for 3000 days . The results of these calculations

are displayed in Table 6—11.

Table 6—11 Number of Days of Stress at 250°C to Produce Equivalent
of 3000 Days at 100°C

Device
2~T2222 2142907

Irradiation

No—irradiation .14 7.2

i~ l2 n/cm2 0 1.7

Employing the degradation curve in Tables 6—2 and 6—3 , the values

of at the end of 3000 days can be calculated and are shown in

Table 6—12.

L — 

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~~~~~~~~~~~~~~~~~~ -
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Table 6-12 Calculated for 3000 Days at 100°C

Device
2142222 2142907

Irradiati~~~~~~~~~ 

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _

No—irradiation 77.5 200,5

in12 n/cm2 78.5 177.0

The relation BVc~~ — 
(H~~~~~ 1/n where N 5, 

~~~~~ 
for 2142907 —

105, and BVc~o for 2 142222 — 95 can be used to calculate the value of

collector to emitter breakdown BVc~~ after aging for 3000 days with

and without being irradiated . Because of the small change in

and the insensitivity of the BV~~~ parameter to change in ~~~~~, no

calculation of the BV~~0 is required . No change in 3000 days of

operation can be predi cted for BV~~~.

If an accelerati on factor could have been found for higher neutron

fluxes , then the significant change in at high—dose rate may

have produced a significant differen ce in breakdown voltage .

S.

- 
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CHAPTER VII

CONCLUSIONS

This investigation does not support the assertion that there will

be a significant change in the breakdown voltage BV~~~ in aged devices

as a function of neutron irradiation at least to io12 n/cm2 level .

This result is derived from the lack of sensitivity of the collector—

to—base breakdown voltage BVc~~ 
to both neutron irradiation and aging

and the small changes in that were predicted over 3000 days of

storage and operational conditions. This investigation yields some

startling results in the area of breakdown voltage testing. Even

though a device is not carried into second breakdown , testing of the

breakdown voltage can produce changes in device parameters . A second

unexpected result was that the ga in 
~
11pE~ 

of aged devices responds

differently to neutron irradiation from that of unaged devices .

The accelerated aging and neutron irradiation failed to produce

significant changes in the collector to base breakdown voltage BVc~~

for either the 2N2222 or the 2N2907 . This result was not totally

unexpected from the theory of accelerated aging and neutron irradi-

ation, but it was an essential element in the determination of the

collector to emitter breakdown voltage BVCEO, and for this reason,

it was included in this investigation.

The irradiation of devices tha t were not stressed with elevated

69

_____________________
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temperature produced changes in that are consistent with the ex-

pected and previously reported results ,21 The of the devices

that were aged after irradiation is consistentl y lower than those

aged before irradiation; and at large flux levels (at and above

3xlO~
2 n/cm2), these differeneces become extremely large . This ob-

servation applies to both the 2142222 and 2142907 transistors and in—

dicates there is a significant difference in the results obtained

when devices are aged before irradiation and when they are aged after

irradiation. An extended experiment should be conducted to determine

if the observed result is a general condition or a condition peculiar

to these two devices • The extended experiments should be conducted

on different device types with similar and different operating char—

acteristics and construction techniques.

The Arrhenius model was developed for both devices at 0 and io12

n/cm2 flux levels and was found to meet the constraint on the use of

the model. A “true” acceleration factor was found, and this factor

was used to predict the 
~~~ 

parame ter at 3000 days. The predicted

was used to determine the collector to emitter breakdown voltage

BVCEO. It was determined that irr adiation at io12 neutrons per square

centimeter does not produce significant changes in this breakdown

voltage within the normal life of the device.

Acceleration at higher levels of irradiation (5zl012 n/cm2 and

io13 n/cm2) was not accepted as true , and an acceleration rate could

not be determined for those cases . At these levels one could expect

to find different breakd own voltage in aged and unaged devices . Wi th—

-~~~~ out an acceleratio n factor to determine relaUve age , no meaningful

comparison could be made. Additional experimentation and probably

_ _ _  ~~_~~~~-~~~~-- -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~---~-~~~~~ ~~~~~~~~~~ -‘~~~~~~~~~~~~~~~~~~~~~~~~~~
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a different model would be required to develop a method of deter mini ng

the aging factor at thes. levels. 
-

The assertion made by Budsnstein that damage does not occur until

second breakdown is reached was not sustained by this investigation.

Th. analysis of the data from the first experiment indicates that

continual testing of BVc~~ within the first breakdown limit produced

changes in the parameter’s means and first moments about the mean. A

detailed investigation of the mechanism that produced this chang. in

the 2N2537 as a function of testing of BVc~~ should be undertaken to

add to the information that has been developed on transistor damage.

A predictive model should be developed that will permit the estimation

of change that will be caused by exceeding the breakdown voltage

(BVc~ ).
The activation energy of the 2N2222 was consistent with the pro-

vious work on aging, but the 2N2907 activation energy was in the same

range as radiationless transition. This latter finding leads one to

the conclusion that the a3ing t~echanism is not the same for both

devices . Ad-iitional study i~ required to determine why these differ-

ences occurred and what physical mechanism of aging is the prime

factor.

In addition, neutron irradiation was found to affect the acceler-

ated aging factor and activation energy. An investigation should be

conducted from both the solid stats theory and physics of failure

viewpoints to determine why th is phenomenon occurs and to model such

occurrences for predicting future response to neutron irradiati on .

Both the 2N2222 and 2142907 devices showed a tendency to recover

gain (Ha) when subjected to elevated temperature after being - 

- 
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irr adiated , This tendency to recove r is conside rably more pronoun ced

in the 2142907 than in the 2142222 tran sistor . The difference in

recovery could be due to difference in construction, geometry , doping ,

or material . An experiment should be conducted varying parameters

until an understanding of this mechanism is obtain ed . -:

The Arrheniue model that was used in this research is a two—step

model that does not allow error estimation or confidence level to be

established on the activation energies and acceleration factors . It

would be extremely valuable in future accelerated aging studies to

have a model that would use the experimental dat a in such a manner

to permit these confidence intervals to be established . I -

F --~~~~~~ 
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B. PHYSICS OP AGING AND PULSED—POWER DAMCE

Listed below are a number of references found applicable to the

area broadly defined by physics of aging and pulsed—power damage.

These materials contributed directly to the selection of device para-

meters proposed for measurement .
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g Effects on Electrical and Radi-
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Browse, V. A.;  Lewis , D. C . ;  and Mars , P. “Measurement of P—N Junction N
Second Breakdown Characteristics.” International Journal of Electron—
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ics , Vol . 31, No. 2 , 1971, pp. 127—131. -
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Hakim, E. B.; and Reich, B. “The Effects of Neutron Radiation on
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Silicon Semiconductors. Report No. RADC—TDR—64—6 , Rome Air Development

Center , Griffiss Air Force Base , N.Y . ,  March 1964 .
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Mazzilli , F.; Mathis , J.; Schwartz, R.; and Shapiro, S. RADC Reli-
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1968 , pp. 108—113.
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C. NEUTRON DAMAGE IN SEMICONDUCTOR JUNCTION DEVICES

The references given below are representative of the significant

publications in the area of neutron damage in semiconductor Junction

devices. This bibliography is by no means comprehensive but provides

a combination of pioneering works and su~~arJes of results represent-

ing most of the reported research in the area.
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D. ACCELERATED TESTING , ACCELERATION FACTORS AND
RELATED AREAS

The following references deal with accelerated testing, acceler—
atlon factors, and related areas. These references have been selected

by title and source only.
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7~~~
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APPEND IX A

DEVICE CHARACTERISTICS

A. 1N4148 switching diode: 
V

(1) VR — 75 V

(2) t~~~— 4 n s e c

(3) IF~~~
lO mA at l V

~~~~ — 25 mA at 20 V and 25°C

(5) C — 4  pF at 0 V

B. 2N2222:

(1) P~~ — 500 mW at 25°C

(2) fT~~~
3OO MHZ

(3) BV~~~ = ~~~ V

(4) BVCEO = 40 V
V 

(S) BVEBO = 6 V

(6) ‘cEo (max) = 800 mA

(7) 10 mA at 60 V and 25°C

(8) C0~~= lO pF

C. 2N2537 medium—power NPN transistor:

(1) “max — 800 m W at 25°C

(2) 
~T 

— 250 MHz

(3) BVcgo = 6O V

(4) BVCEO — 30 V

(S) BVEBO = S V

(6) IC (max) 800 mA

_________________________________________________________________ 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~
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(7) 1CBO = 0.25 ~A at 10 and 25°C

(8) CoB 8 pF.

D. 2N2907:

(1) P = 400 mW at 25°Cmax
(2) 

~T 200 MHz

(3) BV CBO = —60 V

(4 ) BVCEO = —40 V

_ _ _ _ _ _ _ _ _ _  

-
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_ _ _ _ _ _ _ _ _
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APPENDIX B

SAMPLE DATA SHEETS

Presented in this appendix are the final measurements made on

the 2N2907. Each sheet lists the group and the data on which the

measurements were taken. The mean and standard deviation of the

measurements are calculated and printed automatically. 0

1 

0

V — 0V~~~~~~ — -~~-—___________ -- --
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3UØGROUP .2A TEST ?O DAT E OC T1 0 1977 A1150214

2N29$7 SPECIAL TEST 
- 

V

BVC 8O lIFE
~IJA • 10øU~0 0

~~
$•• . •

~

13 
-

-

13 83.6 294.1
14 112.6 192,3
15 112.1 188.5
16 111.5 108.6
17 109 .0 161.2
18 90 .6 192,3 V

0 19 1~ b.1 153.8
20 101.5 151.5
21 106,5 172.4
22 108.5 196.0
23 109.0 161.l
24 1*3.9 212.7

PARAM~ NO , I
CELL W IDTH I
~~O F U NITS 12

10.0% PT. 85.2 -

15.92 PT, 9&$,0
MEDIAN 108 . 

V 
-

84 ,1% PT. 112.
90.0% P T . 113.

MEAN 10o ,
SI GMA 9,30

PARA M . NC ..
CELL. WIOTP$ I
* O~ UNITS 12

10.0% PT. 118. 0

15.9% PT. 148.
MEDIAN 182.

14,1% PT. 198.
90.0 2 PT. 210, V

MEAN 164 .
0 

SIGMA 44,0 0

A 
_______________ 

- ___________________________

_ _ _ _  0 
_ _ _ _ _ _

~ 

0~ - V
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V 

A ~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :
SU8GROUP TEST FpIAm. ~‘D~~ E’ O 13 i~71 A1150240

V 

2N2907 SPECIAL TEST 
. 

V

SVCBO lIFE
lilA IOOUA

10 V 
~~~

1 ‘ 
- 

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ —-

1 109,9 163.9
2 105.6 232.5
3 113.0 188.6
4 113.6 192.3
5 114.4 204,0
6 103.7 204,0
7 105.9 222,2
8 114.4 147 ,0
9 115.1 208.3
10 98.6 277.7
11 109.5 181,8
12 111,5 131.5

PAHAM . NO . I
CELL. WIDT H V 0

\

• OF UNITS 12

10.0% PT. 099,
15.92 PT. 103,

MEDIAN 110.
84,1% PT. 114.
90,0% PT. 114.

MEAN 110,
SIGMA 5.00

PARAM . NO . .2
CELL WIDTH I
* OF UNITS 12

10.0% PT, 135.
15.9% PT. 146,

MEDIAN 192,
64.1% PT. 223.
90.0% PT. 231.

MEAN 196.
SIGMA 39,0 0

.- .— .

_ _ _ _ _ _ _ _ _ _ _- -
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SUSGNOUP ~~~ TEST F,.,,.~ DAT E CCI I i  ~~ A 1150262

2N2907 SP ECIAL TEST 
,

8VC80 lIFE 
- 

0

V ,~~~~~‘ V , l ISA . 100UA - -

- 
V . b y

25
25 113 .5 181.8
26 108 .1 156,2
27 98.9 263.1
28 103.5 243.9
29 102,7 98,03
30 110.1 181.8 

V 

-

31 109.6 204.0
3~ 102.2 243.9
33 113.7 204,0 V

34 108.1 188.6
35 101,8 243.9
36 80.2 303.0

PARAM . NO. 1
CELL WIDT H 1
sOF UNITS 12

10.0% PT. 84.~
1b.fr~ PT, 97 .3

MEDIAN 184 .
84.11 PT. 110.
90.82 pr. 112.

i IE AN 10~~,SIGMA 9,10

PA W AM . NO. 2
CELL p~I0TH V t

* D F UNITS 12 0

10.81 PT , 110,
15.9% PT. 151.

MEUZAN 197,
64 .1% PT. 246 ,
90.~ % PT, 2S9 .

MEAN 209 .
SIGMA 54.3 0

,V ;_V.0• . . . — -V -

______ - V ~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ V V ~~~~~~‘ - - -~~~ ~ 0~ 0 V 0 0  V~~ -
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O ~~~~~~~~~ 
V : V : .

0 
SUB GROUP 34 TEST F DAT E OCT 101977 A1150246 

V

2N2907 SPECIAL TEST -

-
‘ 

5 C80 
IØ&~UAV s ,v ThoN Ow~ 1~~ IS~~ 70 D1~Q ~~~~~~~~~~~~

-

37 .
37 98.9 181.8
38 102.3 156.2

— V 39 112.4 161,2
- 
40 100,6 263 .1
41 91.9 217,3

V 42 113,7 212,7
• 43 113.4 212.7

O 
44 107.7 217.3
45 104,2 238.0

-. 46 113.8 232,5
47 JDS.~ 7 ’ 5  ~~~~48 106.6 222.2

PARAM . NO, I
CELL W IDT H I
* OF UNITS 12

I 10.82 PT, 24.8
15.92 PT. 84,8

MEDIAN 104.
84.12 PT, 113.

- 90.0 % PT . 113 .
MEAN 9~-,8 I0 ..~~~~

V SIGMA 29.2

P A R AM , NO. V 2
CELL WIDTH I
* OF UNITS 11

10.0* PT. *57.
15.92 PT. 160.

M EDIAN 214,
t 84.1% P~. 234,

90.0% PT, 238,& ME AN 210 w

I 
_ _ _

~~~~~~~

II 2

0

V .
•

V V .V~~ O -~ ~~~V . V OV VV OVV ~~~~~, 
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SUBGROUP 3S TEST F DATE OCT 131~17 A1150250

2N2907 SPECIAL TEST

V - 
~~. ~,

IUA IOOUA
b y

4 
V

49 107,9 227.2
50 108,7 232.5
51 101.1 149.2
52 111,4 200,0
53 88.5 285.7
54 88,4 278,2
55 105.2 140.8
56 114,2 217,3
57 105.3 243.9

V 58 106.0 204,0
59 113.7 192.3
60 109,8 163.9

PARAM. NO. I
CELL WIDTH I
* OF UNITS 12 V

10.0% PT. 88,4
15.92 PT , 88.5

MEDIAN 106,
84.1% PT, 111.
90,0* PT. 112.

MEAN 105 .
SIGMA 8.00

• PARAM . NO, V 2
CELL wIDTH 1
* OF UNITS 12

10.0% PT, 143.
15.9* PT, 148.

MEDIAN 204 ,
64 ,12 PT. 247 , V

90,02 PT. 265.
V MEAN 211.

• ~~~~~ O • SIGM A 45.0 0

V 
_ V_  ~~

___________ ____
..—

A 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V SUBGROUP ~#A TEST F DATE ~ T 12 1977 A115o343

2N2907 SPECIAL TEST V 

V 
V

8VCBO lIFE
lilA IOOIJ A

61
61 109.0 169.4
62 100.4 243,9
63 93,7 222.2
64 104,2 243.9
65 96,8 192.3
66 108,4 158 ,7
67 111,5 178.5
68 85,2 285.7
69 95,2 185,1
70 109.9 149.2

• 71 113.5 192.3
• 72 1o3,7 188.6

V 

PARAM , NO . I
CELL. WIDTH I
N O F UNITS 12 

V

10.0% PT, 86,9 V

15.9% PT. 93.0
MEDIAN 102 ,

84 ,12 PT, 110.
90.0% PT, 112.

MEAN 1~e3 .
SIGMA 6,70

PARAM , NO, 2
CELL WIU T r4 I
N OF UNITS 12

10.02 PT, 151,
15.9% PT. 158,

MEDIAN 189,
84.12 PT, 234 ,
90,0% PT. 242 .

MEAN 201,
SIGMA 40~ 0

$ 0
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SUBGNOup “.8 TEST F DATE OCT 1 2 ,gn A1150345
2N2907 SPECIAL TEST

BVCbO lIFE
WA 100UA

V 10V

73
73 109.7 206,3
74 99.4 256.4
75 113.5 227,2

V 76 109.7 196,0
77 107.2 263,1
78 98.7 263,1
79 106.3 222.2
80 99.2 129.8
81 87.0 285.7 V

82 105.6 161.2
83 113.3 172.4
84 108,5 192.3

PARAM , NO . I
CELL WIDTH 1
* OF UNITS 12 

V

10.0% PT. 89.4 V

15.92 PT, 97.7 
V

MEDIAN 106.
84,1% PT. 11 0,
90,0% PT. 112.

MEAN 18~ .
SIGMA 7.70

PARAM . NO. 2
V CELL .~IOTH 1

* Q F LINITS 12

10,0% PT, 136.
15,9* PT, 158,

MEDIAN 208,
84 ,12 PT. 260,
90,0% PT, 2b2.

MEAN 215.
SIGMA 47,0 V

-_ ~~~~~~~~~ r V-

~~~~~~~~~~~~~~~~~~~~~~  

0 _ _  ____________________________

k _ L VV V V V_ L _ _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V VVV ~~ ~~~~~~~~~~~~~~~~~~~
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SUBGROUP .c~ TEST F DATE 0C1101977 A1150254

V 2N2907 SPECIAL TEST 
V

BVCBO lIFE
IUA IOOUA

tOy

85
V 65 113,2 149.2

66 105.2 185.1
V 87 105.4 238,0

68 113,4 196,0
89 109.8 192.3 

-

•

90 104 ,3 188.6
91 100.7 131.5
92 110,5 188,6
93 109,2 144,9 V

94 109.2 232.5
95 98.7 192.3

V 96 106.0 175.4

PARAM, NO. 1
CELL WIDTH I• N O F UNITS 12

10,0% PT, 099,
15,92 PT. 101.

MEDIAN 106.
84.1% PT. 111.
90,0% P T ,  112,

• MEAN 107.
$IGMA 4,60

PARAM, NO , 2
CELL WIOTIs I
* OF UNITS 12

10.8* PT, 135.
• 15,9% PT, 144,

MEDIAN 187.
84.1% PT. 200. V

90.02 PT. 226,
• MEAN 165.• SIGMA 32.0 V

- 

~~~~~~

-- - V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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SUBGROUP S~~ TEST F DATE OCT 1 0 1977 A 1150258

2N2907 SPECIAL TEST •

6VCBO lIFE
IUA IO0UA

97 101,7 149.2
98 11 4.2 175.4
99 110,8 208,3
100 110,8 388,6
101 104.6 192.3
102 108.7 158,7 V

103 11~3.0 153,8
104 106.3 192.3
105 110.6 121.9
106 113.8 175.4
107 112,3 212,7
108 106.1 126,5

PARAM , NO. I
CELL. WIDTH 1
* OF UNITS 12

10.0% PT. 103.
15.92 PT, loS,

MEDIAN 11 0.
84,12 PT. 113.
90.0% PT. 113.

ME AN 110.
SIGMA 4,00

PARAM . NO, V 2
CELL wIDTH 1
*DF UNITS 12 V

10.0* PT, 123, V

15.92 
V
PT 127.

MED IAN 167,
84 .1% P7, 194 .
90,0% PT, 205,

MEAN 171.
SIGMA 30,0

_ V__ •_____ ~~•V~ V_V~__V_V__ V_~• I -

V V __~~~~~~~~~~~ • - - V
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SUBGROUP 6s~ TEST F DATE OC T I I1 9 7 7 A1150304

• 2N2907 SPECIAL TEST V 

V V

BVCBO lIFE 
F

IUA IOOUA
• ISV

V 

is i~~i 
quAI~tr! ?$1CT~~~~~

217 105.5 158.7 ~~~~~~~~~~~~~218 112,0 114,9
219 86.1 175.4
220 107.5 114,9
221 96.5 161.2

V 222 90,4 161,2
223 lIo.8 112.3 -

224 111,8 101.0
225 113.8 1t~8.6
226 96,3 138,8
227 87.2 181.8
228 95.6 120.4

PARAM , NO, I
CELL WIDTH 1
N O F UNITS 12

10.0* PT. 86,3 
V 0

j 15.9% PT. 67 .1
MEDIAN 96,5

84,1* PT. 112.
90,0% PT, 112.

V MEAN 101,
SIGMA 10,4

PARAM, NO. V 2
CELL W IDTH 1
I OP UNITS 12 V

10,0% VPT~ 103.
• 15,9* PT. 108,

MEDIAN 12$,
• 84.1* PT, 162.

90,0% PT, 172,
MEAN 137.

• ~~~~~~~~~~ $IGNA 29,8 V

F
• •V_ ~~V V - V_-V V -- V_VV__V • ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V • V
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SUBGROUP ~~8 TEST F DA TE 0C111197 7 A 11503o6

2N2907 SPECIAL TEST • 
V

BVCBO lIFE
IUA I0OUA

toy

229
229 115.8 119,0
230 102.1 114.9
231 112,9 121.9
232 112.b 119.0
233 100.b 158.7
234 104,3 91.74
235 113,2 88,49
236 111.7 11 6,2
237 105.8 129,8
238 109,4 74,07
239 118.6 120,4
240 1o5,4 98,03

PARAM . NO . I
CELL WIDTH 1
I OF UNITS 12

10.02 PT. 101.
I5,~X PT, 182,

MEDIAN 109,
84.1% P1. 11 3 .
90,0% PT. 113,

MEAN 109.
SIGMA 5,00

PA R A M ,  NO, 2
CELL WIDTH
N O F UP4ITS 12

10,0% PT, 77,0
15.9% PT. 87,5

MEDIAN 116,
$4.11 PT. 123.
90,0% PT, 128.

MEAN 113.
SIGMA 22.2

V 0~~~_ _ _

- 

_ _ _ _ _ _ _ _ _
)
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SUBGROUP 7~~ TEST F DA TE OCT 111977 A1150312

V 2N2907 SPECIAL TEST V 
V

BVCBO PIPE
WA Ie0UA

liv
241

241 107.8 39.52
V 242 107.8 53,47

243 106,3 41.84
244 113.8 53.47
245 111,3 45,24
246 111.8 49,75
247 106.9 57,14
248 110.2 51.54
249 102.6 57,47
250 114.2 45,45
251 114,0 45.4S
252 113.5 53.76

PARA M. NO, I
CELL WIDTH I
I OF UNITS 12

10,0% PT. 104.
15,9: PT, 106.

MED IAN 110.
84.1* PT. 113,
90.01 PT, 113.

MEAN 110.
SIGMA 4,00

PARAM . NO. 2
CELL W IDTH I
$ OF UNITS 12

10,0* PT, 40.0
15.9% PT, 41.6

MED IAN 49,8
84,1% PT. 54,1
9S.0% PT, 58.5 

V

V V MEAN 49,5
SIGM A 5,98 

V

—

~~t _ _  _ _ _ _
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SUBGROUP ?B TEST F DATE CCT1 I19fl A1150314
2N2907 SPECIAL TEST 

V V

BVC8O lIFE
IUA IOOUA

I•V

253
253 108.0 40,65
254 78,5 67 .11
255 111.6 46,78 V

256 101.6 49.01
257 88,8 66,22
258 112.2 46.29
259 113.4 45.04
260 82,3 65,78
261 108,7 39,84
262 99.7 45,45
263 104.6 44.84
264 103.1 48,07 

V

PARAM . NO, I
CELL W IDTH I V

N O F UNITS 12 -

10.0* PT. 79.3 V

15,9* PT. 82,0
MEDIAN 103,

84 ,I* V PT. 111.
90,0% PT, 112,

MEAN 101,
SIGMA 11,8

PA RA M , NO, 2
CELL WIDTH V

N OF UNITS 12

10.0% PT, 40,0
15.9% PT, 40,6

p MEDIAN 46,3
V 

84,1* PT, ób,8
90,0* PT, 66,1 V 

V

MEAN 50,6
SIGMA 9,90

— ~~~~~~~~~~

V_ _V - V~ V~V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 

V

- V • •~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V - 

SUBGROUP ~~~~ TEST F DATE OCT II1977 A1150316
V 

2142907 SPECIAL TEST V 
V

BVCBO lIFE
IUA IBOUA

ISV

265
265 112.7 23.80
266 87,2 42,91
267 110,2 22,57
268 105,3 20.83
269 107,7 33,44
270 101,4 33,11
271 103.4 34,84V 

272 111.4 25,18
273 109,2 29,23
274 113.2 24,39
275 103,4 31,34

V 276 111 ,6 30,12

PARA M, NO, I
CELL WIDTH I
N OF UNITS 12 V

10,0* PT, 090, 
V

15.9* PT, 180,
MEDIAN 1J8.

84 ,1% PT. 112,
90,0% PT, 112,

MEAN 106,
SIGMA 7.38

PARA M , NO, -2
CELL WIDTH I
N OF UNITS 12

10,0* PT, 21.2
15,9% PT. 22.4

MEDIAN 29,2
84,1* PT, 33,5
90,0% PT, 54,5

MEAN 29,3
SIGMA 6.30

H~~~~~~~~~~~~~
VVV

~~~~
V V V

~

_VV • V V

~

-VV VVV_ _~~~~~~~V V V ~~~~~~ _V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V _ ~~V V V - V - VVV V~~~~~ V - V • V  V
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V 

SUBGROUP 8.3 TEST F DATE 
- OCT 1. 11977 A 1150318

2142907 SPECIAL TEST V V~ 

V

- 8VCBO lIFE
IUA 10004

b y  V -

277
277 110.9 24,21 V

276 105.2 30,58
279 108.8 35,58
280 106.5 34,84
281 112.2 27.54
282 100,7 21.78
283 106.8 26,17
284 109.1 25.44
285 112,7 30,58
286 110,3 33,00
287 114.3 28,98
288 109,1 26,24

PARAM. NO, 1
V CELL WIDTH 1

N O F UNITS 12 
-

10,0% PT, 061, 
V

15.~ Z PT. 097.
MEDIAN 108,

84,1% PT, 112.
90.0* PT , 113,

MEAN tjb ,
SIGMA 4.00

P A R A M ,  NO,  2
CELL. W IDTH V I
N OP UNITS 12

V 10,0% PT. 22,3
• 15.9% P1, 24,0

MEDIAN 27,5
• V 84.1% PT, 33,2

90.0* PT. 34,5
MEAN 28,7

V SIGMA 4.30

-V ~~~~~~~~~~~~~~~~~~~~ 
V VVV V V~~ - - ________________________________________________________________________ 

V

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~V V_~~~~~ V V -VV V V -V V V VV V V VV_

V&• VVV -V~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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SUBGROUP 9 TEST F DATE OCT 1i~~77 A1150282

2N2907 SPECIAL TEST 
V

V BVCBO lIFE : V

IUA 100UA
ISV

V 109 
V

109 98,8 147,0
110 94.7 101.0
111 109 .3 108.6V 

112 94,3 161,2
113 95.9 90,90• 114 111, 4 133.3
115 61,3 136,9
116 106,0 114.9
117 97 ,2- 117 .6
118 103 ,8 96 ,15
11 9 87,8 175,4
120 112,0 75,75

PARAM , 140, 1
CELL WIDTH I
N O FU NITS 12 V

10.0% PT, 66.7 V

15.9% PT, 85,6
MEDIAN 97 .2

84,12 PT, 109.
90,~ % PT, 111,

ME AN 97.7
SIGMA 13,7

PARAM , NO , 2
CELL WIDTH
I OF UNITS 12

10.0% PT. 78 ,9
15,9% PT, 89,6

MEDI AN 115,
84.1% PT, 14e, 

V

90,0% PT, 1S8.
MEAN 122,

SIGMA 29,8

H
• V V 

—-V

~~~~~~~ — _~~~~~~~~~~~~~_ V~~~~~~~~~ 
-— — —- —

~~~— — —



_ V~~VV V-V -V V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —_V V_~~V~~~~~~~~~~~ V~~V~_V ~~~V V ~~ • •• VV

* I THIS? ZIS B~ST~ UALIT! C1~~1
-ThOM 00?! 7I~~IISHW TO DDC V_~~~~~ _

SUBGROUP / 0  TEST F DATE 
~~~ ~~~~~~ ~~ 

A 1150288 V

2N2907 SPECIAL TEST

BVC BO lIFE
10* IOOUA

ISV

121-
121 109,4 56,49
122 104.4 39.68 V

123 98,1 50,25
124 89.8 72 ,99
125 ,~~~~

•
.7 7_jV5V 5~ .5~’I

126 103.3 42.73
127 112.3 55,55
128 108,6 54.94
129 114,3 52,91
130 102,1 40,81
131 108.3 40.16 V

132 100.7 63,69

PARAM. NO , 1
CELL WIDTH I
N OF UNITS 12

10,0% PT, 24 ,4 V

15.9% PT. 82 ,9
MEDIAN 103.

84 ,12 PT , 109 ,
V 90 .0% P1, 111.

MEAN 9~6-i5 ~~3
V~V , 7

S IGMA 28.8

PARA M . 1.0 . 2
CELL v~IDTH 

V
I

I OP UNITS It

10,0% PT , 39,8
15,9% PT. 40,1

MEDIAN 51.6
84 , 1% P 7 ,  58 ,3
90,0% PT, 63,0

MEAN 51,8

V 

SIGMA 10,6

__VV VVVV_ ~
VVIVV___VV___ V ~~~~~~~~ ~~

___ -~~~ _~_V VV V VVV _ ~~V V  _VVV V

V VVV ~~~~~~ VVV -V 
_ _ VV•VVV_V~ V •VV~~~~~VV _•

_ V V ~_ -V 
________________ V~ VV V V V  S V V V V V V V VVV V~~VV VVVV ~ VVV •_V~VV_V_V_V_V VVVV •V V V~~~V V V V ~
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SUBGROUP i i TEST F DATE OCT 111977 A 1150294

2N2907 SPECIAL TEST

BVCBO PI PE
IUA ISOUA

liv

133 
-

133 109,8 23,20
134 108,7 23.31
135 112,2 23,69
136 103,5 23 ,92
137 101, 4 25,25
138 113,3 31,44
139 94.3 24.50
140 11 3.4 30.12
141 108,2 32,25
142 108,3 32,78
143 109,8 32.46
144 100,9 27,85

PARAM . NO. I
CELL. W IDTH 1
$ OF UNITS 12

10.0% PT. 095, 
V

15.gh PT, 097.
MEDIAN 188,

84.1% PT, 112.
90,0% PT, 112.

MEAN 107 ,
SIGi4A ~~~~

PARAM . NO , 2
CELL WIDTH - 1
N OF UNI TS 12

10,0% PT. 23,2
15,9% PT. 23,3

MEDIAN 25,3
84,1% PT. 32.3
90.0% PT, 32,5 V

MEAN 27,6
SIGMA 4,00 

V 

V

r

V V V V V

~

V •~~~~_ _ _ _
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SUBGROUP ‘-Z TEST F DATE OCi~~~ 1977 A1150284

2N2997 SPECIAL TEST - 

V V

OVCBO lIFE
IUA ISSUA

ISV

145
145 104.0 109,8
146 9Z,3 104,1
147 109.4 131.5
148 103.2 144.9
149 109,6 121,9
150 110,4 119,0
151 106,7 71, 94 V

152 112 ,8 108.6
353 111.3 11 4.9
154 112.2 98.03
155 110.8 88,49
156 106,5 147,0

PARAM . NO,
CELL W X O1’ PI I V

N OF UNITS 12

10,0% PT, 094. V V

15,9% PT, 102.
MEDIAN 109 ,

84,1* P1, 111,
90,01 PT , II?.

MEAN fli7,
SIGMA 5,70

PARA M , MO, 2
CELL WIDTH V j
N OF UNITS 12

10,0% PT, 75.3
15.9% PT, 87.1

MEDIAN 110,
84,1* PT, 133,
90.0% PT , 142, V

MEAN 114.
SIGMA 21,9

I

LV ~~~~
• V VV

V 1~ , 

V - VVVVVV _ _ _
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SUBGR OUP /3 TEST F DATE OCT 111977 A 1150290

2N2907 SPECIAL TEST 
• V

BVCBO PIPE
1UA ISBUA V

tOY 
V

157
V 157 96,0 35.97

158 109 ,3 51,28
V 

V 159 106 ,2 60,60
V 160 1~J4,5 62.11

V 

- 161 102,8 59,52
162 110,4 46,08

V 

163 1L5,B 38,61
164 112,7. 40,98
165 104,1 50,50
166 87,4 68,49

V 167 108,2 45,87
168 105.3 38,61

PARAM , NO, I
CELL WIDT H I
N OF UNITS 12

10,0* PT. 69.2
15.9% PT. 95,3

MED IAN 105.
84,1% PT , 1~ 9,90,0% ~T. 110.

MEAN 104.
Si GMA 6,80

PAN AM, NO, . 2
CELL. W IDTH I
N OP UNITS 12

10,0% PT, 36,3
15,9* PT, 37.2

MEDIAN 46,1
84,1% PT, 60,7
98,0% PT, 61,8 

V V

MEAN 49,9
SIGMA 10,7



-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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* THIS ?AG~ IS B~~T QUALITY P ACXZI~&P~I&00?! 1U 1S1~~ TO ~ Q ~~~~~
V i14

V 

SUBGROUP 1+’ TEST F DATE OCT 111977 A1150296

2N2907 SPECI-AL TEST

BVC8O PIPE
10* IOOUA

ISV

169
169 112,4 27 ,70
170 113,5 31,74
171 112.5 28,81
172 111,6 25,90
173 109.2 31,64
174 11-3 .1 28,73
175 108.1 28,81
176 107, 4 34,96 H
177 jØ 5~9 28,65
178 113.8 28,49
179 106,5 28,90 V

180 112.0 28,98

PARAM . NO, I
CELL WIDT H I
N O F UNITS 12

V 

10,0% PT, 106 .
15,9% PT. b0~ ,MEDI AN 110,
84,1% PT, 113.
90,01 P1, 113.

MEAN 111.
SIGMA 3,00 .

PA RAM , NO, - 2
- CELL WIDTH I

N OF UNITS 12

10.8* P1. 26,3
15.9* PT, 27,5

MEDIA N 28.8
84,1% PT, 31,6 V

L -

- 90,0* PT, 31.7
MEAN 29,4

SIGMA 2,38

_~
__•~ 

V
S
_V_

~~~~~~~~~VV*__ VVV ~V~ V VV~V V~~ VVVV -

—j- ~VVVVV -
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SUBGROUP /S
_ 

F DATE ~Ci 1 1 1~1V1 A 1150286

2N2907 SPECIAL TEST V 

V

BVCBO PIPE
10* 1iSUA

ISV

181 mIs p.*~~ IS B~~T QuAlitY! P LCr1~A~I.*161 113 ,1 120,4 7aOMOOPY7 LLSH~~ TODDC —

182 112.9 188,6
183 96,6 75,16
184 109.5 96,03
185 109,5 79,36
186 103.3 136,9
187 9-5.3 92,59 V

108 112,6 135,1
189 91.5 81.35
190 103 ,1 140.8
191 109.8 75,75
192 113,2 120,4 V

PARAM, NO , I
CELL WIDTH I
N OF UNITS 12 

- 

V

10,0% PT. 92,3
15.9% PT, 95.fl 

V

MED IAN 105.
64.1% PT , 112.
90,0% PT. 112,

MEAN 106.
SIGMA 7,80

PARAM , NO, 2
CELL PsIL)TH 1
N O F UNITS 12 V

18,02 PT, 75,3
15.9% PT. 75,7

84,1* PT, 135,
V 90,0% PT. 137. V

MEAN 115,

~~~~ MEDIAN 98,0

SIGMA 24.9 

V 

V I

_  

V
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SUBGROUP /‘~ TEST F DATE OCT 111971 A1150292

2N2907 SPECIAL TEST - 

V V

BVC8O PIPE
10* IOSUA

ISV

193 V

193 113.9 49.50
194 93,3 63,29
195 105.3 59,88
196 107,6 43,10
197 110.1 58,76
198 109.5 42,55
199 113,6 46,08
200 110 ,2 49,01
201 111, 4 39 ,37
202 97,9 58,13
203 109,6 43,29
204 111.1 50,50

PARAM . NO, I
CELL WIDTH I
N OF UNITS 12 

V

10.0* PT, - 94,2
15, 9% PT. 97,5

MEDIAN 109.
84,1* PT. 111.
90.0% PT, 112,

MEAN 158,
SIGMA 6,30

PAR AM , NO , 2 V

CELL WIDTH 
V

i

I OF UNITS 12

10.0% PT, 40,1
15.9% PT. 42.3

MEDIAN 49,5
84.1% PT, 58,3
90,0% PT , 59,6

MEAN 49,6
SIGMA 7,58

1 % .

- ~~~~~~~~~~~~ — 

V 
—-  VV •~~~V~~~~~~V ~~~ VV ~~~~_ _ _ _ _

pr ---
~~
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SUBGROUP I ?  TEST F DATE CCT I fl971 A1150298

2N2907 SPECIAL TEST

•VCBO PIPE
10* 100UA

ISV

205
205 109,4 22,98
206 105,2 30.12
207 113,6 26,45
208 113 ,2 26,32

V 

209 111.8 31.44
V 210 110.4 24.03

211 79,1 23,86
212 112,6 28,01
213 111,2 30,95
214 107,8 23,96
215 99 ,2 36,23
216 112,5 26,04

PARAM, NO, I
CELL WIDTH 1
N OP UNITS 12 V

10.0* PT, 83,2 
V

15.92 PT, 97,5
MEDIAN III,

84.1* PT, 113, V

90,02 PT , 113,
MEAN 107,

SIGMA 9,60

P ANA M , NO , 2
CELL W IDTH I
I OP UNITS 12

V 

18,0% PT, 23,2
15,9* PT, 23,6

V 

MEDIAN 26,5
84.1* PT, 31,8
90,0% PT, 31,3

MEAN 27,7
SIGMA 3,08 V

_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V
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SUB GROUP / 2  TEST ~~O DATE OCT 10 1977 A1150222 
—

2N2907 SPECIAL TEST

BVCBO PIPE V

IUA ISSUA
ISV

289
V 

289 96,9 V 156 ,2
290 110,9 204,0 V

291 105,9 222,2
292 88,9 270,2
293 113,3 192,3
294 93,3 133,3
295 113.2 120,4
296 113.3 178,5
297 110,7 138.8
298 114,2 120.4
299 186,7 217.3 V

300 107,5 185.1

PARAM, NO . I
CELL WIDTH 1V 

N OP UNITS - 12

10.0* PT, 89, 8
15,92 PT , ~2,9

MEDIAN 108 .
84 , 1% P1, 112.
90.0% PT, 113 ,

MEAN 106,
SIGMA 8,50

P*RAM , 140, .2
CELL P.10TH 1
I OF UNITS 12

18,0% PT , 072.
15,9% PT, 115.

MED IAN 179,V 

64.1* PT, 217, V

90,0* PT, 221,
MEAN 178,

SIGMA 46,8

-
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APPENDIX C V - 
-

COMPUTER PROGRAM LISTINGS

(a) Computer test of normality of the 2N2907 using the

Lilllefors ’ analog to Kolmogorov—Smirnov.

(b) Computer automated ANOVA and subroutines.

V f V V

-~~~~~~~ ~~~~~~~~~~~~~ V V V V V V - V V  ~~~~~~~~~~~~~~~~~~~~~ - V - V

- ~~~~~~~~~~~~~~~~~ - -  --V
~~~

-V V V - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ -~~~~~~~~ V V _~~~~~ V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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