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FOREWORD 
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Contract AF30(602)-3727, project number 5519, task number 551902. 
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19 April 1965 to 19 October I966. RADC project engineer is Regis C. 
Hilow (EMERR). 

This technical report has been reviewed by the Foreign Disclosure 
Policy Office (EMLI). It is not releasable to the Clearinghouse for 
Federal Scientific and Technical Information because it contains infor¬ 
mation embargoed from release to Sino-Soviet Bloc Countries by AFRUOO- 
10, "Strategic Trade Control Program." 

This report has been reviewed and is approved. 

Reliability Engineering Section 
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ABSTRACT 

Work performed under this contract is divided into two main parts: 
(1) a Test and Data Analysis Program designed to produce a method for 
reliability screening; and (2) a Physics of Failure Program on fundamental 
mechanisms causing device degradation. The test program was divided 
into thide parts. Preliminary, Main and Verification Test Programs. 
Results of each test program are discussed. Accelerated test results and 
comparison of fixed stress and step stress results are presented. A non¬ 
destructive screening procedure was developed and is contained in this 
report. Three computer programs; SERF, LINDA 1 and LINDA 2 were 
developed to assist in the development of the nondestructive screening 
procedure. 

The Physics of Failure Program consisted of studies of surfaces 
and oxides, noise, thermal effects and second breakdown. Extensive 
analyses ci failures were also carried out. Surface studies included 
the development and analysis of techniques for tl«e production of metal- 
oxide-silicon (MOS) syetems that are electrically and thermally stable. 
This work is summarised in another volume of the final report (RADC-TR66- 
776). Thermal studies include results of actual temperature measure¬ 
ments of operating transistors using an infrared (IR) microradiometer. 
Results of electrical and thermal techniques are compared as a tool for 
measuring thermal resistance. Models to calculate the current and tem¬ 
perature distributions in operating power transistors give results which 
are in agreement with experimental data. The second breakdown studies 
include a discussion of a model for thermal breakdown. 
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EVALUATION 

The basic objectives of this program were to develop and verify non¬ 

destructive reliability screening and accelerated testing techniques for 
a general class of silicon planar power tamnsistors. 

This was accomplished through a detailed test program and physics of 

failure study of the 2N2880 and 2N3998 Transistors. The following sig¬ 
nificant accomplishments resulted from this effort: 

a. A study of passivating oxides resulted in two orders of magni¬ 
tude improvement in oxide stability as measured by MOS transistors under 
voltage and temperature stress. The results of this work are reported 
in a separate report entitled "Surface Studies," RADC-TR-66-T76. 

b. A nondestructive reliability screening procedure for small stud 
silicon planar epitaxial transistors has been developed. Included in 

this procedure are criteria for accepting and rejecting a part on thermal 

impedance. The cost of each screen is also treated in detail. 

c. Acceleration factors for predicting the reliability of the class 

of devices, mentioned in b. above, are presented for various stresses. 

d. A comprehensive theraal study of the two test vehicles was con¬ 

ducted. Results of this study have extended the knowledge of thermal 

behavior of transistors and are presented in sufficient detail for prac¬ 
tical use by the industry in the reliable design of power devices. 

e. Noise studies indicated that this parameter is not a good pre¬ 
indicator of failure. 

f. A computer program, SERF, was developed to aid in development of 

a screen test. This program can utilised to determine sensitive preindi- 
cations of failure for any component. That is, it is not restricted in 
use to the test vehiele in this effort. 

8* Areas that need further investigation are defined along with 
their potential payoffs. 

In summary, the most important reliability parameter of power devices 
that shoved up in this study is that of theraal Impedance which is called 

foi” is the screening procedure. In order to obtain good screening effec¬ 

tiveness, the test conditions for measurement of this parameter were de¬ 

termined to be higher than normally used collector-to-emitter voltage at 
rated power. Presently, this parameter is costly to measure on a 100$ 

basis except by the method (ZOT) presented for the first time by Texas 
Instruments in this report. 

screening procedure that resulted from vhis study was directly 
incorporated into the TX specification for the 2H3996-3998 series of 

power devices and has aided in the preparation of several other Air Force 
Hl-Rel specifications. 

Reliability Engineering Section 
Reliability Branch 

xvii/xviii 



SECTION I 

INTRODUCTION 

1. SUMMARY OF REPORTS 

ITiíb report Is one of the two volumes of the final report on this United States 

Air Force Contract No. AF30(602)-3727, prepared for Air Force Systems Command, 

Research and Technology Division, Rome Air Development Center, Griffiss Air Force 

Base, Rome, New York. This volume covers the work performed during the calendar 

period 19 April 1965 through 19 October 1936, under the test portion of the oohttact,'! 

as well as three of the four physics of failure activities, namely: second breakdown 

studies, noise studies and thermal physics. Surface studies, the other physics of 

failure activity, are the subject for the other volume of the final report this 

contract. -I* It also covers the calendar period 19 April 1965 through 19 October 1966. 
and was prepared at the same time as this volume. 

There were two interim reports on this contract. The first (interim) Technical ^ ^ 

Documentary Report, RA.DC 111-65-464, was completed in November 1965. It Covered 

the reporting period from 19 April 1965 to 19 October 1965. The second Technical ’ ' - vf 

Documentary Report, RADC-TR-66-346 was completed in »toy 1966. ft covered the -, 

reporting period from 19 October 1965 to April 1966. 

2. PROGRAM RESULTS 

. ' . j i i r : 
Work performed under this contract is divided into two main parts: (1) a test ’ 

and data analysis program designed to produce a method for screening or predietihg ' ',V 

faiiures in sUioon power devices, and (2) a physics of failure program on ftmdaftíen^J 

mechanisms causing device degradation. Section U includes a brief review of thé pro- ' 

S1*01111° dato with appropriate references to prior interim reports for detailed ipfor^ Í ;; • 
mation. £*2/ Also in Section O is a brief description of the general contents in each 
of the other sections. 

• ‘A 

a. Teat and Data Anmlygis Program 
T’’. ’■ tv ■’ 5*i>v 

The test programs conducted during this contract are presented in detall ' * * 
along with the methods used in determining the stresses to be applied. In addition,fo 

* See References. 



the matrix test and step stress tests required, additional presentment and 100 percent 
mechanical screen tests were included. Parallel to this effort evaluation experiments 
or "specials" were conducted using devices which had received special treatment and/or 
special processing. This approach permitted integration of some aspects of the ohysics 
of failure activity with the test program. 

The pretreatment stresses in the Main Test Program were used tc see if 
device behavior during low stress was indicative of future failure under high stress. 
More specifically, did device behavior under one type of pretreatment stress such as 
reverse bias preindicate later device failure under a different kind of high stress such 
as temperature storage? Or was the prediction of failures on a particular high stress 
only possible from behavior during the samo kind of pretreatment stress ? It has been 
found that predicting later failures during temperature storage and power operating 
stress was most successful when the prediction was done on the basis of parameter 
changes during power operating pretreatment. No pretreatment seemed to enhance 
prediction of device failure under reverse bias stress. 

The computer program SERF developed for this test program is of 
value in isolating the preindicators of failure. It is based on the assumption that 
devices which are less reliable have at least one parameter whose value is higher 
or lower than the rest of the devices. The term parameter here may refer to delta (A) 
and percent (%) changes of a parameter. The program examines each parameter of 
each device and selects that parameter and that parameter level which optimizes the 
screening efficiency, e or e*, 

% failures removed e = »■ ■ -- 
% population removed 

or 

e* = 0.5 + 0.5 (F - F ) 
{ g 

where 

F = Fraction of total failures removed 

Fraction of total good devices removed 

Parameter level is that value of a particular parameter which is used for screening, 
i.e., all devices which have that particular parameter value below or above this 
level are eliminated. 



11,6 0081 of 9croenlng may be used as Input for the SERF program In 
the following manner. The number of screening passes or, expressed another wav 
the number of screening parameters will be a function of the cost of measuring those 
parameters. If this is very expensive, for example, the minimum number of screening 
passes would be allowed. Secondly, if it is more expensive to mistakenly allow a bad 
device to remain in the sample than to mistakenly remove a good device, the percentage 
of good devices which are allowed to be removed by the screening procedure can be in-' 
creased. Values actually found for e ranged from 1,07 to 94. In chance screening 
e - 1. Values from 0.48 to 1.09 were found for e*. 

Ihe best preindicator of failure and therefore the screening parameter is 
not simply one parameter. Rather several parameters evolve as preindicators of 
failure depending on the test, number of parameters, order sequence of parameters 

6f£Iclency- However five parameters (also includes delta and percent 
change of these parameters) IEB0 (5 V), IEbo (8 V), hFE (5mA), (l a) md VDr/ „ 
were found to be the parameter most frequently included in the SERF screening pro- 8 
cedures for the Main Test Program. 

H A V r Prll?iary par8met6rs oa teste in the Main Test Program were 
hFE (5 mA), Iceq (30 V) and Icjjq (70 V). Analysis of devices which felled due to 

rev8,iBd ^ p1,8*“08 * induced 
fT" “ <™ >• 8uriaoe coctxmitmt!on and presence of an unknown volatile encapsu- 
feted within the device. 

In addition to the development of the SERF Program, two other computer 
programs UNDA 1 and LINn* 2 based on Unear discriminant, analysis^ were 
adapted for use in this contract. The method results in the constiuction of a linear 
combination of parameter values, a linear discriminant function, which may contain 
as many parameters as desired, and also a critical value for the linear discriminant 
function which allows the devices to be separated into two categories, satisfactoiy or 
unsatisfactory. The parameter values of devices from a population similar to the 
population used to construct the linear discriminant function are measured and the 
parameter values substituted in the linear discriminant fonction. Those devices 
which exceed the critical value are placed in the appropriate class, i. e., satisfactory 
or unsatisfactory. The ratio of the cost of misdassificrUon, i.e., the cost of classi¬ 
fying a satisfactory device as unsatisfectory or vice verar, is actuaUy used as input 
data for LINDA 1, the basic linear discriminant analysis computer program, in 

termining t ie classification criterion. Ihe computer program SERF and the 
technique for screening are presented in sufficient detail for other investigators to 
repeat the work on other device femUi^. The other two computer programs, 

LINDA 1 arid LINDA 2, are described in this report although relatively little use 
was made of them. 



A nondestructive screening procedure for silicon planar epitaxial power 
transistors using the computer program SERF was developed under this contract. It 
consists of two phases. The screen selection phase (phase l)is used to determine the 
parameters and parameter levels to be used in screening. The screen ,.pr,J fon 
phase or phase 2 consists of routinely screening the devices using fie S ■> ,ri 
obtained in phase 1. 

A sample from a lot is sequentially processed through tu<. „„eps outlined 
in the first column of Table 1 (phase 1). 

The 15 electrical parameters of the device (Table F-l) would be measured at 
the times indicated in Tab)o 1. The initial readings would not be used for ^creeninp, 
but if anomalies in the data were later detected, a knowledge of the device behavior ’ 
prior to the constant acceleration screen, the hermetic seal tests and the thermal 
resistance measurements would be important. The electrical parameters are re-read 
prior to and after burn-in. The devices are then subjected to the high stress life tests. 
The devices which fail under the high stress testing are noted and this information 
used as input to the computer along with the electrical measurements before and after 
power burn-in. Ihe computer program SERF will isolate the preindicator of failure 
and the appropriate level of screening. Finally, routine screening of devices may be 
done, following the procetkire in Column 2 of Table 1 (phase 2). Although it appears 
that ihe screening results obtained for one device family cannot yet be generalized 
for all sUicon power devices, the technique used to obtain the results can be applied to 
almost any semioonckictor device. However, success in this type of screening will 
depend on whether or not the early parameter behavior of the good devices differs 
from that of the bad devices, i.e., those which foil early. 

The estimated costs for performing phase i and phase 2 of the proposed 
screens procedure in Table 1 are in the range of $14 to $28.)0 per devloe md $5#40 
to $11.80 per device respectively. 

The Arrhenius eq’iation has been used in interpreting the test data. Actually 
a generalized Arrhenius equation is used, but one in which the function of nonthermal 

“ for «ample, the voltage was in the power operating tests of 
e Main Ttst Pro grain. It was thought that the refinements possible using the Eyrlng 

equation wore not commensurate with the effort in using the more complicated equation. 
At least one investigator- has doubted the value of using the Eyrlng equation in nor¬ 
mal testing situations. 

fa the Main Teat Program an activation energy of 1.0 eV was calculated 
from the temperature storage test results for temperatures in the range 200 - 250°C. 
The failure rate was estimated fo be about 10 “4 ViOOO hours. A tentative activation 
en^gy of 2.2 eV has been found for temperatures in the range 250°C to 300°C. Tem¬ 
perature storage test results of the Verif ication Test Program were comparable with 
those of the Main Test Program. 
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There appears to be a number of failure mechanisms operative on the 
temperature storage tests. There is, for example, a distinct change in the failure 
rate around 250 - 275°C, indicating different mechanisms. 

For the power operating tests of the Main Test Program an activation 
energy of 1.5 eV was found. The failure rate for the 15 W power operating test, 
having a case temperature of 50°C, was about 2 x 10-3 %/lQOO hours. 

Thermal resistance is defined by the following equation: 

(1) 

where 

T = junction temperature 
J 

T = case temperature 

P = power dissipated 

The difficulty in making this measurement has been in determining the 
junction temperature (Tj). Several techniques for obtaining Tj are used in the semi¬ 
conductor industry, but it is not known which gives the best approximation and there¬ 
fore the most meaningful value of thermal resistance. To shed some light on this 
problem, was measured by three different steady state methods, (VBE, VCBF 
and ife)* by a Pul«© technique AVCBF (ZOT) method and by an infrared (IR) micro- 
racLometer method on the same devices. It was found that the values obtained 
by the (ZOT) method at = 20 V more nearly approximated the 0j_p values of 
the device as determined by the IR method. It was further observed tuai the of 
a device could vary widely; i.e., from 20C/W,to 8* C/W, depending on both the method and 
conditions used in making the measurement. 

A study was made in the Verification Test Program to determine how 
effectively 0t ç measurements indicated the effective device temperature. Thermal 
resistance (0j_c) values obtained by the 20 V and 15 V ZOT method were used in 
Equation (1) to compute Tj (20 V) and Tj (15 V) respectively for all devices on the 
power operating tests. The devices were then ordered according to increasing 
Tj (20 V) and classified into two groups, those with high Tj (20 V) and thosr with low 
Tj (20 V) values. The cumulative percent failure curves were then plotted for both 



these groups, using the median Tj (20 V) value of each group as the stress temperature. 
All this was also done for Tj (15 V). The resulting cumulative percent failure curves 
for the four groups correia ► i well with median Tj values and also with the 300 C 
storage life test of the Verificauon Test Program. 

b. Physics of Failure Program 

Work performed in surface studies Oescribes techniques for obtaining clean, 
stable metal-oxide-silicon (MOS) samples. Sufficient description has been made to 
allow other investigators to repeat the work. Also the work provides manufac¬ 
turers of semiconductor devices with some basic analysis of the contamination variables 
attendant on their processing. Hence, some techniques for clean oxide formation have 
been extended to the industry at large. Additionally, the results of surface studies, 
presented elsewhere, suggest significant variables which must be controlled in the 
manufacture of devices to obtain maximum built-in reliability. 

The results of noise studies showed that noise-figure measurements prier 
to stress are not a good predictor of failure. These results together with a preliminary 
study of transistor noise waveform characteristics are presented in the first interim 
report. 

The IR micro radiometer was the primary instrument employed in the ther¬ 
mal studies work. This instrument made it possible to study the operating temperature 
of the silicon power transistors with very little disturbance of iheir performance. A 
result of this work is the determination of the temperature distribution for a transistor 
which shows that the peak operating temperature is much higher than was previously 
thought- The maximum operating temperature for silicon devices was believed to be 
a little above 200°C but it is now known that silicon devicer do operate above 300°C, 
although the maximum operating temperature still has not been established because of 
other limitations of the device construction. Many devices have been operated with 
their surface temperature above 300°C and they have performed very well. With the 
use of the ER mlcroradiometer, some of the limitationo of the various methods for 
measuring Junction temperature (Tj) are now established. Thus much better corre¬ 
lation of thermal impedance (Oj_c) with device failure is possible. A more realistic 
use can now be made of the present methods for measuring thermal impedance, and 
new methods can be sought to improve its usefulness. The values used for the thermal 
resistance of a device are extremely dependent on the method and conditions used in 
making the measurement. Mathematical models were generated to study the internal 
operation of a transistor and are helpful in understanding its thermal behavior. The 
concentration of the current along the edge of the emitter fingers can now be computed 
and is used to calculate the heat dissipated across the emitter. By combining this 
capability with a solution of the heat transfer problem for transistors, a temperature 
profile across the surface of a transistor can be computed. Within the assumptions 
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wed, the present result, spree very well with experimentation and help support the 
interpretation of experimental data. With the aid of these models, the results on the 

!TU“l8î°re'îl0h h“ ^11 ,JIuier 8tudy 0*” tended >o other transistors. 
Results of thermal studies can be summarized as: 

1) Infrared micro radiometer techniques were developed to obtaiu 
quantitative surface temperature profiles. 

2) Temperature profiles were used to obtain isothermal contour 
maps of the power transistor during operation. 

3) Hot-spot formation was demonstrated using isothermal maps. 

4) Areas of self destruction in a transistor were correlated to 
location of hot spot generation. 

5) Current distribution within operating transistors was calcu¬ 
lated. 

6) Heat generation within transistors was determined from its 
current distribution. 

7) A simplified heat transfer model was developed for a tran¬ 
sistor using realistic heat generation. 

8) Good quantitative agreement was obtained between computed 
and observed temperature profiles of a transistor. 

9) Electrical methods for measuring thermal impedance were 
evaluated. 

10) Thermal impedance measurements were interpreted. 

11) Results of then isl studies were used to understand the oper¬ 
ation of transistors and to interpret results from reliability 
test programs. 

IWs fhsrmsl study hss extended the knowledge of the thermal behavior of transistors 
and h„ been presented In sufftelent detail to help nmonfhcturer. design and soreer 
device, for Improved reUabiUly. However, much work »meine to be don. In order 
to completely understand this b^svlor. Once tal. undsrrtandlng 1. complete enough, 
transistors can be designed to minimise tae Influence of temperature or to use tale 
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dependence for a beneficial purpose. More emphasis must be placed on the under¬ 
standing and use of the thermal properties of semiconductor devices in order to 
achieve a maximum utilisation of device capabilities. 

The model developed in the second (thermal) breakdown studies lias led to 
a fuller understanding of the factors influencing hot spot formation in devices. The 
processes limiting hot spot formation are discussed and it is shown that the distributed 
collector resistance is important in controlling the point at which hot spots enter 
breakdown. This information is presented in sufficient detail to allow other investi¬ 
gators to repeat the work. In addition device designers in the semiconductor industry 
are provided with information to improve the resistance of the device to hot spot 
formation and thereby improve reliability. 

3. PAPERS PUBLISHED 

Ten papers have been presented on the work which was primarily funded by 
RADC under Contract AF30(602)-3727. These papers are listed chronologically. 

1. Peterman, IXividA., "Thermophysics of Hi^-Power Silicon Transistors, " 
1965 Physics of Failure in Electronics Symposium (Novemoer, 1965). 
Published in Volume 4 of Physics of Failure in Electronics. Defense 
Documentation Center, Cameron Station, Alexandria, Virginia. 

2. Carlson, H.G., Fuller, C.R., and Meyer, D.E., "Effects of Phosphorus 
on Sodium Distributions in Oxides, " Las Vegas, Nevada (1965). 

3. Carlson, H.G., Fuller, C.R., and Osborne, J.F., "Effects of Phos¬ 
phorus Diffusion on Sodium Concentration Profiles in Thermally Grown 
Silicon-dioxide Films, " Buffalo, New York (October, 1965). 

( 

4. Carlson, H.G., Brown, G.A., Mer, C.R., and Osborne, J.F., "Effects 
of Phosphorus Diffusion in Thermal Oxides on the Elevated Temperature 
Stability of MOS Structures," 1965 Physics of Failure in Electronics Sym¬ 
posium (November, 1965). Published in Volume 4 of Pnysics of Failure in 
Electronics, Defense Documentation Center, Cameron Station, Alexandria, 
Virginia. 

5. Meyer, D. E., " Retention of HF on Surfaces Common to Silicon Devices - II," 
Cleveland, Ohio (May, 1966). 

6. Plumlee, H. R. and Peterman, D. A., "Accuracy of Junction Temperature 
Measurement in Silicon Power Transistor," 1966 International Electron 

, Devices Meeting (October, 1965). 
i 
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7. Carlson, H. G., Fuller, C. R., Osborne, J. F., 
"Stability of Etched Oxides," The Electrochemicd 
delphia, Pa. (October, 1966). 

and Brown, G. A., 
Society Meeting, Phila- 

8. 

9. 

Carlson, H. G., Harrap, V., and Osborne, J. F., 
Electrochemical Society Meeting, Philadelphia, Pa. 

"Sodium Free Oxides 
(October, 1966). 

»? 

J’p A' ' T P1“ralM' H- R- ' "Wrared Miororadiometer Studies 
ot Operating Power Traneletors," 1966 [nternatlonal Electron Devices 
Meeting (October, 1966). devices 

0. Carlson, ¡I. G.. Mayor, D. E,, Fuller, C. H., Harrap, V., Osborne 

paiLrrr.0-1- ™ i i Symp08lum (November, 1966). To be published i„ 

Center6 r ^ ~ Electronli:s' Documentation Center, Cameron Station, Alexandria, Va. 
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PROGRAM REVIEW 

1. INTRODUCTION 

The work performed under this contract is divided into two main parts: (a) a 
test and data analysis program designed to produce a method for reliability screening 
and (b) a physics of failure program to describe the fundamental mechanisms causing 
device degradation. The tost program was divided into three parts: Preliminary, 
Main Test, and Verification Test Programs. Physics of failure activities involved 
surface studies, noise studies, thermal studies and second breakdown studies. The 
results of all the work performed on this contract will be discussed in this report, 
with the exception of surface studies, which will be reported on separately.!/ 

The test vehicle was a double ended stud 30 watt silicon planar epitaxial NPN 
transistor. At the start of the program the electrical parameters to be used throughout 
the duration of the contract were determined. Failure criteria for degradation type 
failures were established on the basis of device physics. Further details pertaining to 
the test vehicle, electrical parameters, and failure criteria are contained in Section ID. 

2. TEST AND DATA'ANALYSIS PROGRAM 

a. Preliminary Test Program 

2 The Preliminary Test Program Is discussed in detail in the first Interim 

report.— The results of the preliminary tests showed that seven of the tests 
suitably stressed the device to produce meaningful failures. These were temperature 
storage step stress, temperature storage life, reverse bias step stress, reverse bias 
life, power operating step stress, power operating life and constant acceleration step 
stress tests. The other two tests, thermal shock and impact shock, did not produce 
any failures. Three parameters IEBO (5 V), IçgQ (70 V) and hFE (5 mA) were found 
to be the prime failure indicators accounting for approximately 90 percent of the de¬ 
gradaron failures. The low current hpF (5 mA) degraded downward on all storage, 
operating and impressed voltage tests. The most sensitive leakage parameter in ! 
indicating device degradation on storage and power operating stress tests was IebO 
(5 V), while on impressed voltage test it was IcE0 (70 V). The high current hFE 
(1 A) parameter did not degrade on any stress. Mechanical tests showed the device 
to be structurally sound. 
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Typical fælures were dissected and analyzed to determine the cause of 
failure. Some of the primary problems identified were: 

® Delamination of the Pb-Ag solder (storage tests) 

• Emitter to base shorts due to diffusion imperfection (impressed 
voltage tests) 

• Collector to emitter shorts in the proximity of the predicted hot 
spot determined from IR thermal contour map (operating 
tests). 

b. Main Test Program 

The Main Test Program is discussea in Section IV. It consisted of numerous 
pretreatment tests, a 100 percent mechanical screen and several step stress and fixed 
stress tests. Data generated from these tests were the primary data used for developing 
acceleration factors and nondestructive screening techniques. 

c. Verification Test Program 

The Verification Test Program is discussed in Section V. It consisted of a 
pretreatment test 100 percent mechanical screen and some life tests. The test vehicle 
used differed sligntly from that of the Main Test Program. Data from these tests were 
used to determine how well the results of the Main Test Program could be generalized. 

d. Accelerated Test Results 

Section VI is devoted exclusively to the discussion of accelerated test re¬ 
sults. Curves for determining acceleration factors based on fixed, high stress testing 
and step stress testing are shown. A discussion of the theory of step and fixed stress 
testing is given in Appendix E. 

e. Nondestructive Screening 

Section VH is devoted entirely to the discussion of nondestructive reliability 
screening techniques. In this section, data and results from all three test programs 
are discussed and compared. A theoretical discussion of the computer programs 
SERF, LINDA 1 and LINDA 2 are given in Appendix G. 

f. Thermal Resistance Studies 

During the contract, a study was made to determine the best method of 
measuring thermal resistance, dj_c- Early in the contract tfj_c measurements were 
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made using steady state measuring techniques. These included nine different condi¬ 
tions using three methods (VgE, Vqbf and hFE). These results were then compared 
with test results and thermal impedance values determined by the IR method. Briefly the 
findings were: 

• Hijgi thermal impedance appeared to be related to early life 
operating failures as anticipated 

3 No correlation was found between high thermal impedance and 
early life failure on storage and reverse bias voltage type 
tests 

* 

• VBE and VCBF methods gave values of 0j_c which were in 
close agreement 

• VBE and VCBF methods gave lower values of 0j_c but had 
the same dependence upon operating conditions as values 
from the IR method 

• hFE method gave much higher values of 0j_c than either VBE 
cr ^CBF* k"* lower values and a different dependence on 
operating conditions from the IR method, 

In an attempt to obtain better correlation between 0j_c obtained by IR 
thermal profiles and those recorded by electrical measurement techniques, the ZOT 
(AVcbf) method was investigated. It was found that values obtained by both methods 
tracked very well, and were related by a constant factor of approximately 2. The 
results of the most recent work are given in Section IV. 

3. PHYSICS OF FAILURE ACTIVITIES 

a. Surface Studies 

Surface studies received the major effort performed under the physics of 
failure portion of the contract. Some of the studies included measurement of contamina¬ 
tion il the thermal oxides (e.g., Na), characterization of MOS capacitors with various 
oxides, postulation of models for the oxide structure and various instability modes, 
and analysis of techniques for production of MOS systems that are electrically and 
thermally stable. The surface study work is covered separately.^' 

b. Noise Studies 

Noise studies conducted under this contract are summarized in the first 
interim report.^/ Some of those highlights are discussed in this section. 

Noise figure measurements were made on fifty of the transistors tested on 
the Preliminary Test Program. These measurements were taken at only one set of 



bias conditions. The noise figure measurements prior to test were found to be a poor 
indicator of the difference between reliable and unreliable devices. However, noise 
measurements under different bias conditions might have shown better correlation 
with test results. Additional studies performed included a preliminary study of 
transistor noise waveform characteristics which considered RMS noise magnitude as 
well as waveform characteristics. In this study the noise peaks above a specified 
threshold were appUed to an integrator for a specified time period. Under the existing 
measurement conditions no significant differences were detected among a sample of 
ten devices. It was concluded from the noise studies that a detailed empirical study of 
the relationship between transistor reliability and noise waveforms would be quite 
involved. However, field plate diodes offer the possibility of separating surface and 
bulk noise, and studies of the differences in waveform between the two types of noise 
might yield useful results with a less extensive program. 

c. Thermal Studies 

} 
f 

Í 
! 
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The thermal studies were conducted early in the contract in order to allow 
the use of the results in the three test programs and the second breakdown studies. 
They were designed to investigate the thermal behavior of a high frequency planar 
expitaxial power transistor, both experimentally and meoretically. An infrared (IR) 
microradiometer was used to measure the local surface temperature of operating 
devices. Variations were obtained for a wide range of steady state operating conditions. 

Various electrical methods of measuring the junction temperature (Tj) of 
a device were evaluated by comparison with microradiometer (IR) measurements. This 
evaluation has resulted in an explanation of the differences in measurements obtained 
from the various methods, and has indicated the relationship of these measurements 
to the actual peak junction temperature. 

The electrical operating conditions, which result in the greater tempera¬ 
ture variation, have been determined. Measurememcs under these electrical conditions 
should result in better predictions of reliability of the transistors. 

The emitter current density, which tends to concentrate along the emitter- 
base edge, was calculated by using a theoretical model. With this result for the current 
distribution and a solution for the heat transfer In a silicon chip, temperature profiles 
were calculated across the surface of the chip. With the ab.lity to make these tempera¬ 
ture calculations, it is now possible to evaluate the thermal characteristics of proposed 
designs. 

Most of th ' thermal study work performed under this contract is discussed 
in the second interim report.-' A summary of this work is contained in Section vm. 
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d. Second Breakdown Studies 

The physics of failure work on second (thermal) breakdown included both 
practical and theoretical studies. The practical work of temperature measurements on 
operating devices by ER scanning methods is covered by previous reports, 3/ and 
shows the importance of voids and design parameters in causing the hot spot formation 
leading to breakdown. Theoretical work on a model of this phase of the breakdown, 
showing the importance of bulk resistance in affecting the conditions for hot spot forma¬ 
tion, is discussed in Section EX. 
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SECTION m 

STUDY VEHICLE AND MEASUREMENTS 

1. STUL * VEHICLE 

The device chosen for study under this contract is a silicon planar NPN epitaxial 
power transistor in a double ended stud package with a rating oí 30 W (Tç = 100°C). 
During the contract an improved version of the study vehicle become available and it 
is also used in the test program. Therefore, to eliminate confusion, the designations 
device A and device B are used throughout. Device A is the 2N2P80 or 2N3998, both 
with a 0.100 inch square die, and device B is the 2N3998 with a 0.110 inch square die. 
The devices used for the various test programs are shown below. 

Preliminary Test Program device A (2N2880) 

Main Test Program device A (2N3998) 

Verification Test Program device B (2N3998) 

Figure 1 shows isometric views of both devices. A brief description of each device 
follows: 

Device A — Thit device is mounted to the gold plated copper stud with lead-silver 
eutectic solder. The emitter consists of ten interdigitated fingers with a peripheral 
length of 0.52 inch. Ten mil diameter aluminum wires are sonobonded to the alumir om 
metallization of the base and emitter. The other ends of the wires are resistance welded 
to ceramic insulated gold plated copper cored nickel posts mounted on the stud. The 
kovar case is resistance welded to the stu«' in a dry nitrogen atmosphere »nH contact 
made to the terminal post by crimping the tubes in the can. A flattening, cross welding 
and piercing operation completes the device. 

Dcvlcs B — This is an improved version of device A. The new geometry con¬ 
sists of a comb type emitter with 0.75 inch of peripheral length. The die is attached 
to a molybdenum capped copper stud with gold-germanium eutectic hard solder. The 
other methods of construction are the same as those of device A. 

iY 



Figure 1. Isometric of Devicas Used in Preliminary, 
Main and Verification Test Programs 
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2. MEASUREMENTS 

a. Parameters 

Ten dc parameters were used throughout the entire program. These con¬ 
sisted of six leakage parameters, two current gain parameters (hrE)» a base to 
emitter voltage (VBE(sat)) and saturation voltage (Vrp^at)). These parameters were 
read initially and at each readout interval on the automatic TACT (Transistor and 
Component Tester) machine. Parameters and conditions for makirgthe measure¬ 
ments are listed in Table 2. In addiU hese ten parameters, five other dc par¬ 
ameters were measured initially ano ■ ; « urviving units of the Main Test Program. 
These parameters, which consisted of U> t ■ ’ 'eakage parameters and two voltage 
breakdown parameters, and conditiona of " "r?nt are contained in Table 3. 

Thermal impedance men. " nient;; wore made on approximately 
30% of the devices stressed on the power . pvr 'ting «t' D stress and fixed matrix tests 
in the Main Test Program, by the stead) - f'• .■»nd by the AVcgp pulse tech¬ 
nique. (Both techniques are described in Apr'endix B )■ 

b. Failure Criteria 

Many of the commonly used techniques for data analysis require that fail¬ 
ure limits be defined for each of the measured parameters. Failures are usually 
classified as either degradation or catastrophic. In either case the specific definition 
of failure is a function of both the componen* part and the intent of the test program. 
The failure criteria used for degradation and catastrophic failures in Table 2 and 
Table 3 are discussed below. 

Degradation 

One way to define these degradation failure limits is in terras of 
system performance, l.e., a device falls when its parameters are such that it could 
no longer perform its assigned function in a typical system. However, in the present 
program failure limits are based on device physics. The procedures used to define 
these limits are: 

a) Wherever possible the physical factors affecting a 
given parameter are identified. 

b) The distribution of initial data was examined to verify 
that the values fall within the expected range. 

c) An estimate was made of the change in the parameter 
value required to indicate when a significant physical 
change had occurred. Failure limits were based on this 
estimate. 
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d) to some cases test equipment resolution would not allow 

easurement of the small parameter changes determined 

theT0COnfderati0n °f deVlCe physics- 111 these cases 
toe lowest measurable change allowed by the test equip¬ 
ment was used as a failure criterion. 

limit, established In this nau«*£“d‘e™^í * ^°6 ",'loh ^ - 

to optimize prediction. criteria are probably necessary 

non allowed in each T°T TT'T ^ 
below. 88 ’ “pe’ VCE’ and VBE’ iS Presented 

a' j^^age Currents, IçgQ, gp, IEBQ — -me leakage 
currents are dépendit on îpTetion' layer carrier 
generation and surface effects. Sur&ce effects are not 
readily calculated, and a somewhat arbitrary failure 

“T“ed' FOr Pr8““‘- 8 «•*« <>» which any leakage current increases by a factor of three will 
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be considered a failure, provided this increase is also 
0.01 MA minimum. Therefore, for very low leakage 
values the delta change is the limiting criterion, and for 
higher values the percent change is the limiting value. 

b) Current Gain, hpE — The low current (5 mA) h^E is 
primarily dependent on recombination at the surface 
emitter-base Junction, whereas the high current (1 A) 
hFE is dependent on high level injection effects such as 
conduc , y modulation in the base. A change of ±30 
percent has baen established as the failure limit. 

c> Base-emitter Voltage, VBF: — The VBE is mainly de¬ 
pendent on the junction voltage and contact resistance. 
In saturation, conductivity modulation reduces the in¬ 
ternal base resistance to a very small value. A device 
having VBE less than 0.6 volt is considered to have a 
defective emitter-base junction, and VBE above 0.95 
volt is indicative of a poor contact. These values have 
been defined as the failure limits. 

d) Collector-emitter Voltage, VCE — The saturated VCe 
depends on bulk resistances and on forward and inverse 

hFE. The initial data indicate that 0.3 volt is a 
reasonable maximum limit. A device which exceed? 
this value during stress testing is considered to be t 
failure. 

Degradation type failures remained on stress until test was complete. 

Catastrophic 

For this program, any device which exhibited an open and/or short 
after completion of a stress interval was defined to be a catastrophic failure, and was 
not subjected to further stressing. 

c. Equipment Correlation 

To minimize errors in measuring the electrical parameters due to station 
setup, equipment malfunction, equipment drift, contact problems, regulation problems, 
etc., a correUtion sample (n « 5) was read prior to and after the regular test samples. 
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'Riese values were compared with previous data history on the same devices for con¬ 
sistency of codings before the regular units were tested. Both the correlation cards 
and the test cuu cards were identified by the same code for later reference in the 
event of anomalies in the data. Prior to conducting the test program several readings 
on the correlation samples were accumulated over a period of several weeks. Standard 
deviations were calculated to give equipment capability by parameter. Degradation 
limits were set outside these natural tolerances for defining a failure in the program. 
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SECTION IV 

/ 
) 

f 
j 

i 

MAIN TEST PROGRAM 

1. DESCRIPTION 

This section contains a discussior. of the Main Test Program which is, as the 
name implies, the nucleus rf the test programs studied under this contract. The ob¬ 
jectives and conclusions are discussed first. These are them followed by a discussion 
of test description, thermal resistance studies, evaluation/experiments, data analysis 
and results, and failure analysis. The analysis of the fixéd and step stress test results 
of the Main Test Program found in this section is somewhat qualitative. The more de¬ 
tailed quantitative analysis is in Section VI. 

2. OBJECTIVES / 

I /’ 
The objectives of the main test plan are: / 

I 
• Determine screening effectiveness of each pretreatment stress 

* Examine relationship of fixed and step stress 
/ 
/ 

* Establish acceleration curyes 

• Determine screening effectiveness of 100 percent 10,000 G 
constant acceleration pretreatment test 

• Establish parameter response for the pretreatment groups and 
compare with each other and with the control 

* Evaluate thermal impedance measurement techniques. 

3. CONCLUSIONS 

It was found that the device response to power pretreatment could be used' 
to predict future failures on both storage and power operating tests but was not so ef¬ 
fective in predicting failures t t reverse bias voltage tests. The data show that no 
pretreatment appears to enhance the prediction of failures on the reverse bias voltage 
tests. These results were /wtalned from the SERF program and are discussed in more 
detail in Section VII. / 
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The relationship of fixed stress to step stress has been studied, but different 
results were obtained by fixed stress testing and step stress testing. This difference 
has not been satisfactorily explained. It appears that a number of mechanisms are 
operative and that it would be necessary to study individual parameter behavior in 
much greater detail in order to isolate the different mechanisms. Possibly then the 
fixed stress and step stress results can be reconciled. Details are discussed in 

Section VI. 

The activation energies and failure rates for some of the fixed and step stress 
tests have been calculated. An activation energy of 1.0 eV, for example, has been 
calculated from the storage step stress results up to 250°C. In each of these tests 
t^ere appears to be a number of mechanisms operative which have not been fully 
t Liracterized yet. This is discussed in Section VI. 

As anticipated, the 10,000 G constant acceleration test was effective in remov¬ 
ing most of the mechanical "rogues" or "sports." 

A Kolmogorov-Smirnov two-sample test was run on all parameter measurements 
at all readout steps on all tests in the Main Test Program, in order to determine if 
pretreatment modified device response to high stress testing. Some significant dif¬ 
ferences were noted, particularly on hpg (5 mA) and ICEq (70 V). This analysis is 
discussed in Section VU. 

The thermal resistance studies indicated that ôj^ measured by ihe ZOT (Appen¬ 
dix B) method at Vce 3 20 V more nearly approximated the temperature of the 
device as indicated by IR measurements than did measurements by steady state 
techniques or the ZOT method at lower VCE* However, high 0j_c values measured 
by this technique did not preclud survival under high stress testing, but most devices 
with high öj_c values did fail under high stress testing. Yet, most devices with low 

values did not fall under high stress testing. 

The primary failing parameters were hFE (5 mA), ICE0 (30 V) ^CEO (70 v)* 
Most degradation failures were due to temperature voltage induced inversion (TVI), 
surface contamination and presence of an unknown volatile encapsulated within the de¬ 
vice. There were relatively few catastrophic failures and most of them occurred at 
the higher stress level. Analysis of failures is discussed in Section IV-8. 

26 



4. TEST DESCRIPTION 

The Mf In Test Program consisted of four separate tests: (a) pretreatment tests, 
(b) 100 percent mechanical screen tests, (c) step stress tests, and (d) fixed matrix 
life terts. This test plan is shown in Figure 2. A discussion of each of these tests is 
presented by tests. 

The silicon planar power transistor used in the Main Test Program along with 
related parameters and failure criteria are discussed in Section III. The device is 
depicted in Figure 1. 

a. Pretreatment Tests 

The original lot of 1140 devices was divided randomly (using random 
numbers table) into four equa1 groups of 285 each, three of which received one of the 
pretreatments listed in Table 4 and the other was the control. 

The purposes of the pretreatments were: 

1) To determine if the device response to a particular pretreat¬ 
ment could be used to predict future failures on other types of 
tests, as well as on the same type test. To illustrate refer 
to Figure 3. Could the response of units subjected to pre¬ 
treatment (a) be used to predict early failures when those 
units are subjected to the same type of tests such as A or 
to different types of tests such as B or C. 

2) To determine if different types of pretreatments such as (a) 
or (b), etc., depicted in Figure 3 would cause the devices to 
behave differently under test conditions such as A or B, etc. 
This might be done by comparing the parameter distributions 
for (a) and (b), etc., at each readout interval of test A or B, 
etc. 

The pretreatments used for (a), (b) and (c) (groups 1, 2 and 3) were rel¬ 
atively minor btresses being at maximum rated conditions for groups 1 and 3 and 
slightly above maximum rating on reverse bias i.e., TA = 125°C, rather than 
T¿ = 25*C. The higher ambient was selected because many customer specifications 
call out T^ = 125°C for bugn-ln. The 96-hour pretreatment interval was based on 
preliminary tests results.—/ The 12 V, Vq£, conditions for the 30 W power operating 
pretreatment were selected to be 80 percent of the voltage used in the power operating 
matrix test. 
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Table 4. Pretreatment Testa 
(Main Test Program) 

Group Stress 

Temperature 
Storage 

Reverse Bias 

Ptíwer 
Operating 

Control 

Conditions Hours 

T =200*C+^ 
A -5°C 

T A = 125 ±5°C 
A 

VCB = 100 V 

veb = 7V 
Tc = 100°C 

vce = 12v 
P = 30 W 

96 

96 

96 

LEGEND • GROUP 1 - TEMPERATURE 

b GROUP a - REVERSE BIAS 

c GROUP S - POWER OPERATING 

d GROUP 4 - CONTROL 

A TEMPERATURE STORAGE 

B REVERSE BIAS 

C POWER OPERATING 

* 

SC0S43S 

Figure 3. Pretreatment-Matrix Test Relationships 
(Main Test Program) 
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b. 100 percent Mechanical Screec Test 

To r.dc more validity to the step stress and matrix tests it was deemed 
advisable to ensure that mechanically weak units were removed from the population 
by employing some mechanical screen on 100 percent of the devices. Constant ac¬ 
celeration was chosen as the method for mechanical screen because it was the only 
one of three mechanical type tests used in the Preliminary Test Program that pro¬ 
duced failures (Figure 4). 

In Figure 4 it is seen that all the failures in the constant acceleration step 
stress test occurred at 20,000 G with no additional failures at the next higher step, 
which indicates that the devices that failed appeared to be weaker units which were not 
typical of the remaining sample. This suggested that a lower level constant accelera¬ 
tion stress could be used to remove abnormal units from the population. Therefore, 
the lower level of 10,000 G was selected for the constant acceleration stress condi¬ 
tion. All units were subjected sequentially to this stress in both Xj and Yj planes 
(Table 5) after the pretreatment test and post test parameter measurements. 

The lot was then divided into different size samples, containing equal 
quartities of devices from each of the pretreatment groups, for the step stress tests 
and for the fixed matrix test. 

Table 5. Constant Acceleration Stress (Main Test Program) 

PLANE STRESS 

Xt 

Y1 

10,000 O 

10,000 O 

SC0S4S6 

HOOK X, PLANE 
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O LEVEL (XtOOO) 

< 
h. 
Il 
O 

S 
! 
i 

1 o 
9 

a 
7 

6 

S 

4 

3 
2 

1 
O 

IMPACT SHOCK STEP STRESS 

(n= 20) 

5 BLOWS/X, .X^Y, ,Y2,Z, ,Z2 

PLANES 

NO FAILURES 

3 4 5 6 

O LEVEL (M 000) 

§ 
mm 

< 
IL 

IL 
C 

2 

Î 
2 

10 
9 
8 

7 

6 
5 

4 

3 

2 

THERMAL SHOCK STEP STRESS 

(»= 20) 

LIQU'D TO LIQUID -68 °C .-O 

200°C, 2 MIN. @EXTREMES 

•±4 TRANSFER TIME 

J_-L 

.«O FAILURES 

J_L 
10 28 78 100 

TEST CYCLES 

SC08434 

Figure 4. Mechanical Tjroe Step Stress Results (Preliminary Test Program) 



c. Stop Stress Tests 

The step stress tests included power operating, reverse bias and tem¬ 
perature tests, each with four different step intervals of 2, 8, 24 and 96 hours. The 
conditions for each test are in Table 6. 

Table 6. Step Stress Test Conditions (Main Test Program) 

Temperature 

The conditions chosen for the temperature step st ress test were the same 
as those previously used in the preliminary storage step stress tests, the results of 
which are depicted in Figure 5. Even though no failures occurred in the Preliminary 
Test Program the lower three steps, 150'C, 175’C, and 200°C, were retained for all 
four tread lengths. This was done to determine if the new lot from which the devices 
were selected differed significantly in -esponse to stress from the lot used in the 
Preliminary Test Program. 

Reverse Bias 

The reverse bias step stress test conditions differed slightly from those 
of the preliminary tests whose results are depicted in Figure 6. It was anticipated 
that the increased stress would be a more sensitive test of inversion type failures. 
The specific differences were: (a) the temperature of the firat step was increased 
from Tc - 100°C to Tc = 150°C, (b) the temperature of új last step was increased 
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Figure 5. Temperature Step Stress Results (Preliminary Test Program) 

Figure 6. Reverse Bias Step Stress Results (Preliminary Test Program) 

from Tq = 225®C to r:^ = 250®C, (c) the stress circuit was changed from that in 
Figure 7 to that of Figure 8 so that both junctions were reverse biased, and (d) the 
reverse bias was retained on the units until they cooled to room temperature. 

Power Operating 

The conditions chosen for the power operating step stltess tests were 
based on the 30 W rating of the device and results of the preliminary operating step 
stress test. The preliminary test data are summarized in Figure 9. Of the eleven 
failures noted, ten were catastrophic failures. The fact that all failures in the test 
occurred at the 30 W step, and no additional failures were noted at 40 W, 50 W and 
60 W, indicates that 30 W at VCE = 20 V is above the capability of device A. The 
collect»r-emitier voltage was 15 V at 40 W and 50 W, and 12 V at SO W. The fact 
that most of the failures were due to shorted collector to emitter junctions is also 
indicative of an overstress condition. Additional dat% analysis details are included 
in the First Interim Report.-/ 



SC0S43t 

Figure 7. Reverse Bias Test Circuit (Preliminary Test Program) 

Figure 8. Reverse Bias Test Circuit (Main Test Program) 

IS 
I 
< 
Ik 

t o 
s 
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i 

SC05427 

Figure 9. Power Operating Step Stress Results (Preliminary Test Program) 



In addition to the data of Figure 9 the IR profiles discussed in Section VIII 
entitled Thermal studies showed that the junction temperature (Tj) increased for a 
given power as collector-emitter voltage was increased. Figure 27 shows that for 
VCE 2 20 V the operating temperature (TJmax) increases very rapidly with small 
increases in collector current (Ic) and may result in thermal failures for Ic > 1.5 A 
at lower VCE. The device can be operated at much higher Ic before comparable 
thermal failure results; this is illustrated by extrapolating the constant Vçjr £ 15 y 
curves in Figure 27 linearly to Iç; = 5 A. Therefore a collector-emitter voltage (Vcjt) 
of 15 V was chosen which represented the highest voltage that could be used for device 
A when operated at Tç = 50°C without causing a large percentage of early failures. As 
m the Preliminary Test Program the device was mounted to a water-cooled heat sink 
and the temperature of the case (Tç) was maintained at 50oC during the test. 

d. Fixed Matrix Tests 

The fixed matrix (life) tests (Table 7) were similar to those used in the 
step stress series, namely power operating, reverse bias and temperature storage. 
Readout intervals of 2, 8, 24 and 98 hours were specified for each of the life tests 
for direct comparison of step stress and fixed matrix test results (Section VI). 

Table 7. Fixed Stress Matrix Test Conditions (Main Test Program) 

Life Tests Description 
(Cell 1) 

Description 
(Cell 2) 

Description 
(Cell 3) 

Temperature 
Storage 

Power . 
Operating 
Tc = 50°C 

Reverse Bias 

TA = 200°C 
1000 hrs 
(n = 100) 

P = 15 W 
VCE = 15 V 
1000 hrs 
(n = 100) 

Tc - 125°C 
VrR = 100 V 
Ve =7.0V 
1000 hrs 
(n = 100) 

Ta = 250°C 
1000 hrs 
(n = 100) 

P = 37.5 W 
Vce ^ 15 V 
1000 hrs 
(n = 100) 

Tc = 175"C 
VCB = 100 V 
VEB 7-0 V 
1000 hrs 
(n = 100) 

Ta = 300°C 
1000 hrs 
(» - 100) 

P = 60 W 

VCE = I5 V 
1000 hrs 
(n - 100) 

Tc = 225°C 

VCB = 100 v 
VEB " 7-° v 
1000 hrs 
(n = 100) 

Readout 
I Intervals ° 2 8 24 96 264 432 600 768 1000 



Due to the high incidence of failures obtained in the first step on the 
storage life test in the Preliminary Test Program, the results of which are depicted in 
Figure 10, a lower storage temperature of 250°C was selected as the condition for one 
level of fixed stress. The 200°C temperature storage condition was chosen aô. another 
level of fixed stress as it represented the maximum rating of the device. The 300°C 
temperature storage condition was chosen for the upper level of fixed stress as it was 
the highest thermal stress that could be imposed on the device without obtaining threshold 
failures, i.e., exceed the melting point of the die to header mounting solder-(3C9°C), 
and still provide meaningful data for acceleration factors. 

Reverse Bias 

The test circuit used for this fixed stress test was the same as for the step 
stress test depicted in Figure 8. The test consisted of three levels of fixed stress at 
temperatures of Tç. = 125^, Tc = 175°C, and Tç = 225°C. The Preliminary Test 
Program reverse bias life test results shown in Figure 11, together with other burn-in 
data, were used in determining these temperatures. Although the test sockets have a 
maximum temperature rating of 250°C they start deteriorating at this temperature 

Figure 10. Temperature Storage Life Results(Pieliminary Test Program) 

Figure 11. Reverse Bias Life Results (Preliminary Test Program) 



Figure 12. Power Operating Life Results (Preliminary Test Program) 

under prolonged exposure but they can operate for a long time at Tq = 225°C. This 
fact dictated the maximum temperature that could be used on this test. 

Power Operating 

These fixed stress tests consisted of three at different power levels, 15 W, 
37.5 W and 60 W at Tç = 50°C and Vç£ = 15 V. The 15 V, V^£, was chosen because 
the Preliminary Test Program results for the power operating life test depicted in 
Figure 12 were similar to those obtained on the Preliminary Test Program operating 
step stress test (Figure 9) in that they indicated that Vçg = 20 V (30 W) was too high a 
VrE to use for any extended type tests. 

The three power levels were chosen in such a way as to have one rower 
level (15 W) below the maximum rating of 30 W, one slightly above (37.5 W) and one 
twice rated power (60 W). Using the maximum rated value of thermal resistance 
(0j_c) of 3°C/W, the junction temperature (Tj) to be expected was 95°C, 140°C and 
230oC respectively for the three power levels. 

5. THERMAL RESISTANCE STUDIES 

A discussion of the various methods used for measuring thermal resistance 
(0j_c) in this program is contained in Appendix B. As a result of the work performed 
under the contract in thermal studies and the result of the Preliminary Test Program, 
the ZOT (AVcbf) method was selected as the primary method to be used in making 
0J-C measurements. This method, therefore, was primauly used in both the Main 
Test Program (Section IV) and the Verification Test Program (Section V). 



a. Correlation of 8j-ç Values with Test Results 

The Wald-Wolfowitz— runs test was used a number of times in correlating 

8j_c values with test results. This test is applicable whenever it is desired to test 
the hypothesis that two independent samples have been drawn from the same population. 
If a sufficiently large sample is used, any type of difference may be detected. This 
difference, for example, may be a difference of medians, of skewness, or of standard 
deviations. The test consists basically of ordering all of the values of the variable of 
interest, in this case 0j_c, from low to high or high to low without considering from 
which population the value came. Then a count is made of the number of runs, i.e., 
of the number of times values of each variable occur in sequence before a value from 
the other population is noted. Thus, for example, suppose that the ordering of 0j_c 
values from low to high is 2.6, 2.7, 2.8, 2.9, 3.2, 3.3, 3.5, 3.6, 3. 8°C/W, where 
the bar denotes a value from the population, F, of devices which later failed and the 
other values are from the population, G, of devices which did not fail. Then the 
ordering would be FGGFFGGGG. There would be one run of one value from F, one 
run of two values from G, one run of two values from F, and one run of four values from 
G. Clearly if the two distributions are the same, then the values will be well mixed 
and there will be many runs. Statistical criteria have been derived which specify how 
many runs would be expected in a particular situation. 

Histograms representing the distribution of $j_c values for a sample of 
the units which survived the power operating tests of the Main Test Program, as well 
as those which failed, are given in Figures 13 through 15. These 0j_c measurements 
were made prior to placing the units on life test. Measurements were made by the 
10 V, 15 V, 20 V and 25 V ZOT methods as well as by the hFE and Vçgp methods. 
The 0j_c values for the four step-stress power operating tests are summarized in one 
histogram; those of the three fixed stress power operating tests in another. Using the 
Wald-Wolfowitz runs test for a significance level o = 0.05, it is found that no difference 
could be detected in the distributions of the 0j_c values of the units which later failed 
and those which survived the operating tests. 

b. Junction Temperature (Tj) 

The 9j_c values of all of the units surviving the power operating life tests 
were measured in order to determine the effective (junction) temperature to which each 
device was exposed. The 15 V and 20 V ZOT methods were used for (hese measure¬ 
ments. Junction temperatures were calculated using these 0j_c values and Tc = 50°C. 
The junction temperatures (Tj) for the units on the Main Test Program which had 
8j-C measured by the 15 V ZOT method are given in one histogram; those which had 
®J-C me&sured by (he 20 V ZOT in another (Figure 16). Three observations are 
immediately apparent. First, the 20 V ZOT method "spreads" the Tj values over a 
wider range than the 15 V ZOT method. Second, the devices with highest Tj values 
did not necessarily fail. Third, as expected, almost all devices with low Tj values 

38 

i 



lap I p« 

39 

F
ig

ur
e 

13
. 

H
is

to
gr

am
s 

Sh
ow

in
g 

6 
j_

c
 Z

O
T
 M

et
ho

d 
P

ow
er

 O
pe

ra
ti

ng
 L

if
e 

(M
ai

n 
T

es
t 

P
ro

gr
am

) 



6’ fi 

fi'fi 

_ .O'fi 

■B*r 

saoiAaa jo *on 



í 

30 

20 

10 

MAIN TEST PROGRAM 

20 V 

IhfIi|mqnn,lnflJ}Hn yO-O^a. 

10 

VERIFICATION TEST PROGRAM 

13 V 

^ '  -1-r— i ,-1-r—-. 

30 

20 

10 - 

VERIFICATION TEST PROGRAM 

20 V 

A ■ 
o v> 

?«S“8S2SSS2 
.-885515558 

Tj (1 5 V) AND Tj (20 V) BY ZOT METHOD (°C) 

SC06039 

Q OOOD DEVICE 

I FAILED DEVICE 

FlKUre ‘ Min £J '.‘p11 and Tj (2° ^ ,or p°w” Operaang Life Testa of' 
Main Test Program and Verification Test Program 

42 

“ 



ono 

saoiAaajo *on 

■9‘y 

■ B ’ ► 
. t • » 

■0'9 

• B “ C 

•fi ‘C 

® -E ’E 

— I I • 0 
ono 

S33!A3a jJO * ON 

O 
0 

tf) 
üJ 
ü 

□ ■ 

Oí 
69 
IA r» 
o 

F
ig

u
re
 1

5.
 

H
is

to
g

ra
m

s 
S

h
o

w
ir

g
 8
 

V
al

u
es

 f
o
r 

hF
E
 a

nd
 V

çB
F
 

M
et

ho
d 

(O
p
er

at
in

g
 S

te
p
 S

tr
es

s)
 

an
d 

hF
E
 a

nd
 V
 

M
et

ho
d 

(O
p
er

at
in

g
 L

if
e)

,M
ai

n
 T

es
t 

P
ro

g
ra

m
 



survived the test. A Wald-Wolfowitz runs test reveals that the distribution of Tj 
values of the bad devices on the Main Test Program is significantly different even at 
the a = 0.01 level from the Tj values of the good devices. Practically none of the 
devices with low Tj values failed. This was not true, however, for the power operating 
tests in the Verification Test Program; Figure 16 (the Verification Test Program is 
discussed in Section V). Here the Wald-Wolfowitz test revealed no difference tor 
a - 0.05 in Hie distributions of the T. values of good and bad devices. Some devices 
failed even for very low values of Tj. Failures from both the Main Test Program and 
Verification Test Program were analyzed. It was not determined if devices with low 
values of Tj, which failed, have failure modes different from the rest of the failures. 

6. EVALUATION EXPERIMENTS 

In addition to the tests described for the Main Teat Program in Figure 2, 
several evu nation experiments were conducted using devices which had received 
special treat nent and/or special processing. All such evaluation experiments are 
called "specials." Five "specials" evaluated during the contract were: 

• Second breakdown pretreatment 

• Paint on the surface 

• Isolated collector 

• Second breakdown characterization 

• Second breakdown screen 

Highlights of each follow in the text. Additional details for the first three 
"specials, " listed above, may be found in Appendices VI, VH, and VIII, respectively, 
of the Second Interim Report- . Details for the other two "specials, " listed above, 
are contained in Appendix C of this report. 

a. Second Breakdown Pretreatment 

The objective was to determine the effects on reliability and device param¬ 
eters of units repeatedly operated in second breakdown prior to s' mss. Several 
2N3998 devices (device A, Figure 1) were given a specified seconu breakdown stress. 
Two levels of stress were used (hereafter called "light" and "heavy"). The stresses 
were applied to the groups 10 or 100 times. The stress pulses were 1.8 A for approxi¬ 
mately 0.5 ms and 3.5 ms respectively for the light and heavy stress. After this 
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second breakdown pretreatment devices were stressed for 120 hours on the following 

power operating test: 

T = 100°C 

VCE = 40 V 

= 0.375 A 
C 

3/ Results- from this experiment ind'cate that units oan be operated several 

times for short periods in second breakdown and the survivors do not appear to suffer 

any harmful effects on parameters or reliability. The 100-cycle stress produced a 

higher percentage of failures than the 10-cycle stress but survivors of the 100-cycle 

stress were more resistant to failure on power operating than survivors of the 10- 

cycle stress. There were no obvious differences in results between devices tnat had 

received "light" or "heavy ' cycles of second breakdown stress. 

b. Paint on the Surface 

This experiment evaluated the effects on device behavior of black paint 
after it was sprayed on the surface. A group of 2N2880 devices (device A, Figure 1) was 
removed from the dry box prior to canning and spiay coated with the black paint used 
for emissivity control^ when making IR profiles. Units were then air baked for two 
hours at 200°C, placed in the dry box, canned and sent to final test for electrical measure¬ 
ment. These were then stressed for 72 hours on the following power operating test: 

T = i00°C 
G 

V 

I = 0.375 A 

These test condiLons approximated those used initially by the thermal physics group 
in their thermal (IR) studies under this contract. The results—^ indicate that the two 
paints evaluated (Krylon flat black spray enamel No. 1602 and 3M velvet coating 101- 
C10 black) were not detrimental to IR profiling of the device at high VCE (40 V) and 
15 W (l/2 rated power). The paints increased leakage initially but the leakage did not 
degrade further as a result of stress. 
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C. Isolated Collector 

The objective of this experiment was to examine the behavior of the isola¬ 
ted collector vision of device A (2N3996) on power operating and environmental type 
step stress tests. The test plan consisted of two power operating step st -ess tests at 

C - 100 C, VCE - 20 V and VCE = 40 V and two environmental step stress tests, 
thermal shock (liquid to liquid) and constant acceleration (6 planes), in addition to the 
1 c parameters, thermal resistance was measured on those devices stressed on 
the operating tests. 

The test results - indicate that the isolated collector version (2N3996) of 
the 2N3999 appears to be more sensitive to VCE on power operating type tests. Also 
the tnermal resistance values for the 2N3996 were approximately 1» C/W higher than 
t e control (2N3998). On the environment tests the 2N3996 experienced less parameter 
shifts after thermal shock than the control with no failures experienced by either group 
after 30, 000 G constant acceleration test. g Up 

d. Second Breakdown Characterization Experiment 

The objective of this experiment was to study the influence of repeated 
breakdowns of various durations on device degradation and to establish conditions for 
a second breakdown stress for the next experiment. 

Results of this experiment showed that device degradation resulüng from 
being driven repeatedly into second breakdown is not a simple function either of total 
time in second breakdown or of total number of second breakdown stresses. These 
results are compatible with the model proposed in Section IX. The conditions recom¬ 
mended for the second breakdown screen experiment (below) were to induce break¬ 
down with 60 V at 1.5 A and maintain the stress in breakdown at 1.8 A for 3 ms 
Details of the experiment are found in Appendix C. 

e* second Breakdown Screen Experiment 

This experiment was designed to evaluate the use of second breakdown pre¬ 
conditioning as a possible screen.. The units were divided into five groups. Four groups 
were driven into second breakdov/n for 10, 25, 60 am’. 100 times respectively under the 
oomJtions established by the above characterization experiment. The other group was 
the control. After the second breakdown preconditioning, all five groups were stressed 
ior 12U hours on the following power operating test: 

Tc = 100°C 

VCE = 40 V 

Ic = 0.35 A 
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Thermal resistance values and delay time (time it takes unit to go into second break¬ 
down after application of second breakdown stre.-s) were measured on each device. 

The results show (a) some correlation between failures after breakdown, 
di) some correlation between 0j_c and failures and (c) poor correlation between 8j_c 
and delay time. The data indicate that additional work would be necessary tc determine 
ii this technique would be? suitable for use as a screening procedure. i>etails of thi- 
experiment are found also in Appendix C. 

7. DATA ANALYSIS AND TES T RESULTS 

A brief discussion of failure bar graphs and of failing parameters is presented 
for each of (he tests in the Main Test Program. Where appUcabie the results of the 
Preliminary Test Program are included for reference. As mentioned previously the 
quantitative anelyr is of the data using the Computer Program SERF is presented in 
Section VT and VIL 

a• Pretreatment Tests 

A summary of the results of the pretreatment stresses is given in Table 8. 
Al! failing parameters are listed for each group. The largest number of failures 
occurred in the power operating test; the smallest number occurred in the 200"C 
temperature storage test. The E-B junction leakage parameters, IFpn (5 V) and 
ÎEBO (8 V) are 'ha major failing parameters in all groups. The next most frequently 
occurring failure parameter is ICEO (30 V). Defining a catastrophic failure as either 
a celui change of 100 pA on at least one leakage parameter or else an open or short it 
is noted that the power opérât) -g ¡est also caused the greatest number of catastrophic 
failures. The number of failures which were catastrophic is indicated in parentheses 
in the "Total Failures" column of Table 8. It was found that the power operating pre¬ 
treatment was the only pretreatment which could be used to predict future failures on 
other types of tests The other test for which the prediction holds Is temperature 
storage. It is also shown in Section VH that devices with different pretreatments behave 
differently under the same test conditions. 

b* 100 percent Mechanical Screen Test 

p-sii'ts of the coneta i ecceleratlon test for all four pretreatment groups 
are shown In Table 9. The greatest number of failures on this test were from group 1 

the one whtch had temperatur, storage pretreatment prior to conatant acceleration, 
mese four units were etther VBE or VCE degradation failures. In the case of group 3. 
Ate power operating pretreatment teat, no failures occurred on the constant accelera¬ 
tion tes.. Since power operating test was the more severe pretreatment stress it may 
have removed the units which would have failed on the constant acceleration test. The 
number of failures on the constant acceleration test is too small to confir Jiis 
statistically but the results suggest such a conclusion. 
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c. Temperature Storage ^ixed Stress and Temperature Step Stress Tests 

In the 200°C life test (Figure 17) there is a constant, small number of fail¬ 

ures occurring at each readout step from 96 to 768 hours with no failures at the last 

readout step. Here only a few of the weaker devices are being eliminated. In (he 

250°C life test one notes a gradual decrease in the number of failures with a maximum 

occurring at an intermediate step, between 24 to 96 hours. The primary failure 

parameter on all of these tests is hFE (5 mA). The second most important failure 

parameter is iç£Q (70 V). 

When the summary of failing parameters by test step in Table D-2 on the 

250°C and 300°C tests is examined, there is nothing interesting about the 250 C test 

except that in the final steps (readout intervals) there is an increase in the number of 

low current hEE failures. However, there is a definite pattern on the 300°C test. On 
the first four steps of this test the primary failure parameter (indicator) is hFE (5 mA), 

and there is a considerable number of leakage parameter failures. On the last four 

steps of the test there is only one hFE (5 mA) failure, the leakage parameters are the 

primary failure indicators on the remainder of the test. 

Examining the median values of the primary failure indicators on the 300 L 

test it is noted that hFE (5 mA) initially decreases slightly, strongly increases, then dips 

and finally increases again. This is illustrated in Figure 18, the variation of median 

hpE (5 mA) values with time for the 300°C test. Here the dip occurs at about 264 hours. 

Examination of the median values of the other parameters on the 300°C test reveals 

that at 264 hours there is a sharp jump in the leakage parameter values. For example, 

Iceo i**® V) increases from 0.0043 pA to 0.0150 pA, IcEO ("0 from 0.0159 pA to 

0.0674 pA, and l£BO (5 v) from °-0364 ^A to 0.0539 pA. Variation of the median 
va'ue of ICE0 (30 V) with time is plotted in Figure 19. Degradation of leakage param¬ 

eters and low level hFE are indicative of surface problems. Samples of these failures 

were analyzed after completion of tests. Failure analysis results are in Section IV-8a. 

As pointed out in the first interim report,results of the 275°C temperature 

storage test of the Preliminary Test Program showed a gradual decrease in the number 

of failures per step fro n the initial high to 48 hours (Figure 10), after which there is 

a constant number of failures for the remainder of the test. Again the primary failure 

indicators are hFE (5 mA) and IcEO’ 

In the Main Test Program there is nothing vwrthy of note in the temperature 

step stress bar graphs (Figure 20). The primary failure indicator on these tests is 

the 70 V Iceo reading as indicated in Table D-l. 

To review the temperature step stress results on the Preliminary Test 

Program (Figure 5) show approximately a normal distribution of failures from the 

225°C step to the 300°C step. The median occurs about 250°C. The primary failure 

indicator is low current hEE. 
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SC05209 

rígure 17 Temperature Storage Life Reoults 
(Fixed Matrix Test - Main Test Program) 
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d. Reverse Bias Fixed Stress and Reverse Bias Step Stress Tpat« 

Aring one of the ni^ 

om„ur;?“.c :2?rand ------= 
°n the three steps between 96 and 600 hours on Ù Ls-C test "the “T 2M h°UrS' 

of failures occurring during each step. Contplicat^ an undersrdlnV„fm:rUm,rUn:ber 

away (see Secüon IV-8b for more detail). ^ °CCUrred due to dermal run- 

leakage par^e7r?arh1Ure^A?r8JTable °n ^ 125°C te8te are «f the 
175"C test are the 30 V and^O y I ’ 6 failUre indicetors °n the 

important as faiiure indicators ^th^^excepüTof ^re^Te 

the Main Test Program andTe P^Z^^stT™ ^ ZT 
both 30 V and 70 V. Almost of equal importance are the twn r FE CE0, 
and 70 V) as failure indicators. On the T 8 Zd Z hi CB0 Parameteia ^30 V 
of the Main Test Program (Figure 221 the erre l reverse bias steP stress tents 

last test step. However, on the 96 hour step stress te^t the gXate T" ^ 
occurred during the second step as seen in Table D-3 The l number of failures 
indicators on these stress tests -• h /sai * more lriPortant failure 
ntarily ICE0 hott 30 V 2 “ V. FE ' mA,■ ^ P—ters, prt- 

Tahie 10. Summary of Failures for Reverse Bias Fixed Streee Teete 
(Main Test Program) 

Tests Total 

Failures 
Failures Due 

to Shorts 
Time jf Appearance 

of First Shorts 

Reverse Bias 125*C 

Reverse Bias 175* C 

Reverse Bias 225* C 

52 

53 

89 

23 

36 

41 

600 hours 

432 hours 

264 hours 
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20 

•C0BI9S 

TEST HOURS 

TEST HOURS 

Vcb * 1 00 V , 

V— = 7 V 

Figuire 21. Remse Biss Fixed Stress Results (Mtln Test Program) 
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On the reverse bias step stress test of the Preliminaiy Test Program, there 
was an isolated failure on the first step (Figure 6). The only other failures occur red at 
the fifth step. 

The predominant failure mechanism of the degradation failures appears to be 
different from tha* of the devices which shorted as evidenced by the failure analysis results 
in Section IV-8b. 

e. Power Operating Fixed Stress and Power Operating Step Stress Tests 

In the power operating fixed stress tests few failures on the 15 W test 
(Figure 23) are noted. On the 37.5 W test the greatest number of failures for any 
readout step occurs prior to 2 hours and then there is a decrease in the number of 
failures for the remainder of the test except for 768 to 1000 hours, when a second 
maximum occurs. This pattern of the greatest number of failures occurring at the 
first readout step is quite apparent in the 60 W test. Here 43 percent of the units 
failed prior to 2 hours. 

Results of the power operating test in the Preliminary Test Program are 
shown in Figure 12. It is seen that most of the failures on this 30 W power operating 
test occurred during the first 9 hours. There were some failures on the next two 
steps but after 24 hours there was only one failure on tne remainder of the test. 

Primary failure indicators (Table D-6) on the 37.5 W test of the Main Test 
Program are I^go V), I^BO 'O ^FL (5 mA). All of the leakage parameters 
as well as low current hFE are important failure indicators on the 60 W test but the 
most important failure indicators are ICEO (70 V) and lego (70 V). In comparison, 
the importent failure indicators on the 30 W test in the Preliminary Test Program are 
low current hFE and all of the leakage parameters. Worthy of note is that on all of 
the power operating life tests in both the Main Test Program and the Preliminary Test 
Program there are practically no failures on high-current hFE, VBE, or VCE. 

In the power operating step stress tests of he Main Test Program 
(Figure 23) practically no failures occurred prior to the fifth readout step. The maxi¬ 
mum number of failures occurred at the sixth or seventh step and there were relatively 
few failures after that. Primary failure indicators (Table D-5) on this series were 
IebO and low-current hFE. There were practically no failures on high-current hFE, 

VBEorVCE- 

In the power operating step stress test of the Preliminary Test Program 
practically all of the failures occurred in the third step, the 30 W step (Figure 9). 
There were no failures at the 40 W, 50 W, or 60 W steps. Primary failing parameters 
were all of the leakage parameters and low-current hFE. 
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The difference in behavior of the devices on these power operating tests in 
both the Main Test Program and Preliminary Test Program is believed to be pr'marily 
di e to the fact that different values of VCE were used on each test. To recap, VEE = 15 V 
was used in the Main Test Program and VCE = 20 V was used in the Preliminary Test 
Program. 

f. Summary 

Primary failure indicators on all tests in ie Main Test Program were hEE 
(5 mA), IEEq (30 V) and IEEq (70 V). Analysis of deg adation failures revealed the 
presence of temperature voltage induced inversion (TVI), surface contamination and 
presence of an unknown volatile eneapsi .ated within the device. 

On the power operating life tests there were practically no failures on hEE 
(1 A), VBE, or VCE. This fact supports the conditions selected for the high stress 
tests. 

On the reverse bias tests there are many catastrophic failures (shorts), 
the iniüalones occurring from 264 hours (225°C test) to 600 hours (125°C test). It is 
believed that shorting occurred due to thermal runaway. Further discussion of this 
failure mode is in Section IV-8b. 

All hEE (5 mA) failures in the Preliminary Test Program exceeded the 
-30 percent change criteria. This was not true on subsequent tests in the Main Test 
Program, Table 11. Although most of the hpE (5 mA) failures on the power operating 
and reverse bias tests were -30 percent change failures there were a few which 
were +30 percent change failures. On the temperature storage tests, however, the 
mechanism causing increase in hEE (5 mA) values is predominant. 

Cause of the -30 percent hpE (5 mA) failures was attributed to entrapment 
of an extraneous unknown contaminant within the package. For the +30 percent hpE (5 mA) 
failures, cause is believed t<. be attributed to a slight channeling present on the 
emitter-base diode prior to stress which was later removed during stress. 

8. FAILURE ANALYSIS RESULTS 

Catastrophic failures were removed from stress as they occurred and were candi¬ 
dates for failure analysis. Degradation failures remained on stress until the test was 
complete. Then certain types of degradation failures became candidates for failure 
analysis. Both catastrophic and degradation failu .'es were analyzed. These findings 
are reported by test type. Failure criteria are contained in Table 2. 
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Table 11. Summary of hpg (5 mA) Failures Which Exceeded ±30 Percent Change 
(Main Test Program) 

Fixed Stress Test 

Temperature Storage 
200° C 
250° C 
300° C 

Power Operating 
15 W 
37.5 W 
30 W 

Reverse Bia^ 
125'C 
175° C 
225’C 

hFE (5 mA) Failures That 
Fxceeded -30% Change 

Criteria 

5 
3 

15 

1 
4 

18 

8 

5 
10 

hpp (5 mA) Failures 
That Exceeded + 30% 
Change Criteria 

0 

17 
25 

0 

3 
1 

2 

1 
6 

a. Temperature Storage Tests 

The primary failure modes for catastrophic failures were: 

• Délamination of the die 

• Weld flange separation 

• Post-to-wire weld separation 

• Cracked dies 

The preponderance of failures occurred on the 300°C temperature storage 
fixed stress test. All four failure modes listed above occurred in samples that had 
been stressed at 250'C or above. However, only the latter failure mode was observed 
on the 200*C temperature storage fixed stress test. 

Examination of units that failed due to de lamination of the die revealed 
separation at the interface of the collector nickel plate and the solder. Visual exami¬ 
nations were made to determine whether or not the separation occurred within the nickel 
plate or at the nickel-solder interface. However, these were unsuccessful. 
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Analysis of weld flange failures indicated that the modes were primarily 
due to formation of gold“lead eutectic beneath the die. Subsequently the gold on top of 
the header was absorbed by the eutectic to the extent that this compound migrated over 
the header primarily in those devices which were stored on their side. In many cases 
the gold at the can flange-weld interface was absorbed by the migrating eutectic causing 
the units to be gross hermetic seal leakers. In some cases the cans came off the headers. 
For this failure mode to occur, at least three conditions must be met: can attachment 
must be by fusion to the gold plate rather than welding to the weld ring (both types are 
good hermetic seals); the gold plate on top of the header must be thicker than the maxi¬ 
mum indicated in the header plating specification; and the temperature must exceed the 
215°C gold-lead eutectic for an extended period of time. 

In the case of failures due to a cracked die, two obseivations were made: 
(a) All units were from group 3 power operating pretreatment, and (b) th\eads were 
either damaged or the top surface of the hex shoulder was deformed. It Is suspected 
that the treatment which causes such damage to the stud imparted a permanent me¬ 
chanical stress on the die, and subsequently the die cracked during thermal stress. 

Several failures analyzed were found to have open emitter wires at the post. 
In all cr.ses the wire had been poorly welded to the post as evidenced by the small weld 
nugget remaining after the emitter wire had separated from the post. 

Representative samples of failures as indicated by degn.dation parameters 
such as ICEO, Icno, IEBO, hp£ (5 mA), VBE(3at)l v'. were analyzed. The 
failure modes for some of these could not be determined. The failure m des of the 
others were: 

• Contamination on die or in oxide 

• Etefective hermetic soal 

• Unknown volatile encapsulated within device 

• Slight channeling of the diodes prior to stresfi 

Some of the devices from the fixed stress tests which exceeded the current 
leakage failure criteria were brought back into specification after decanning and cleaning 
of the dies. This indicated that the cause of failure was due to contamination on the die, 
in the oxide or both. Several of these failures were found to be hermetic saal failures 
(radiflo analysis). However, it was not possible to ascertain the degree of influence 
the poor hermeticity had on degrading the electrical parameters. 
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""he failures due to hFE (5 mA) exceeding the +30 percent criteria v/ere 
found to be due to two different mechanisms. In the caee where low level hFE exceeded 
the +30 pe mt criteria the parameter continued to be out of specification even after 
de canning .n. .urface cleaning of the dies. This type of failure is believed to be 
attributed to 1'ght ch nneling present on the emitter-base diode prior to stress. 
During *he tei ^rature orage test, hFE (5 mA) increased due to dissipation of these 
channe In oi ,tum the +30 percent failures to'’in-specification" ’-alues, the 
com litio.is causing channels would have to be re-established. However, in the case 
where low level ii E exceeded the -30 percent criteria, it was found that nFE (5 mA) was 
within specification after 12 hour exposure of the decanned devices to -oom ambient. 
This type of failure is attributed to entrapment of an extraneous unknown cc. ^minant. 
This was apparently a volatile contaminant as hFE degraded negatively during stoirge 
life. This contaminant quickly dissipated during the 12 hours after decanning of the 
devices, 

b. Reverse Bias lests 

Catastroplric failures were analysed and confirmed to have all junctions 
shorted. Many of the devices exhibited excessive voiding beneath the dies. This fail¬ 
ure mode is called eutectic shorting. As pointed out in the previous section, failure 
times of the devices were different. This is due to: inherent differences of reverse 
breakdown voltage and leakage, voiding, both in number and size, and also due to dif¬ 
ferences in thermal resistance (0j_c) of the devices. 

It is believed that shorting occurred due to carriers thermally generated 
within the silicon die. The explanation follows: increasing numbers of carrier elec¬ 
trons are freed when the temperature of a silicon die is raised. With devices sub¬ 
jected to high reverse bias conditions at elevated temperatures, a significant portion 
of the total leakage current is due to these thermally generated carriers. This cur¬ 
rent leakage in turn generates additional carriers due to the increased dissipation of 
the device. The effect is cumulative, and when the critical temperature of the silicon 
die is reached the current concentrates. The temperature in that area quickly in¬ 
creases to the point when the lowest eutectic is reached, flow-through occurs. 

The effect of temperature on carrier generation is illustrated in Figure 25. 
These data were obtained from three devices. Each device was stabilized at several 
temperatures The dacreasing BVCBO and BVEBO values at a constant 100 pA were 
obtained by pulse reading on a curve tracer. It can be seen that breakdown voltages 
rapidly approach zero at temperatures of 225#C or above. 

Some of the devices which had exceeded the degradation leakage parameter 
limits were analyzed. As anticipated, a number of these failures were determined to 
be temperature voltage induced inversions (TVI) of the base regions. Analysis con¬ 
sisted of measuring the forward E-B and C-B bias currents at low voltages (20 mV, 
50 mV, 100 mV, 150 mV, etc. to 450 mV) which was followed by plotting these data 
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Figure 25. Change of Breakdown Voltage at Constant Current 

versus Case Temperature (T„) 



on semi-log paper. Curvatures of the initial E-B and C-3 plots are indicative of 

channeling, characteristic of TVI. The post bake forward bias curves were much more 
linear, which indicted some dissipation of the inversions. In addition, low and high 
level hFE readings were made before and after bake. Low level hFE increased after 
bake. This further substantiated that channeling was being dissipated. 

The ren. ning degradation failures were believed to have been due to sur- 

bUl" defeCtó’ 88 they dld «'s above procedure 

Power Operating Tests 

There were only three catastrophic failures on the power operating tests 
se were primarily caused by voids which increased the temperature in a localized 

Z. Je? ,in8 m bUrn-°Ut- ThiS '» therm», runaway More „{ these 

coZTt Tr* may have OCCUrred had U n0t been for the individual electronic 
control for each device (Appendix A). Analysis of the data indicated that the degrada¬ 
tion failures were of the general type discussed under the other tests. 

d. Summary 

(1) - Temperature Storage Tests 

Most catastlopWc failures occurred on the 300° C stress These 
failures were: delamination of the solder, weld flange separation, posi-to-wire weld 
separation, and cracked dies raiiures that were due to degradation of parameters 
were: contamination on die or in oxide, defective hermetic seal, unknown volatile 
encapsulated within device, and slight channeling of the diodes prior to stress. 

(2) . Reverse Bias Tests 

! u _at .Many cata8tr°Phlc failures were due to voiding beneath wafers caus¬ 
ing shorting. Other catastrophic failures were found to be due to thermally generated 
carriers within the dies causing shorting. Failures that were due to degradation of 
parameters were temperature voltage induced inversions (TVI) and surface contami¬ 
nation and/or bulk defects. 

(3). Power Operating Tests 

The few catastrophic failures that occurred were due to thermal 
runaway caused by vc' Ing beneath dies. Degradation failures were of the same 
general types already discussed. 
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SECTION V 

VERIFICATION TEST PROGRAM 

1. DESCRIPTION 

The Verification Test Program (VTP) which is discussed in this section was 
conducted after completion of the Main Test Program (MTP) (discussed in Section IV). 
The objectives and conclusions are discussed first. These are then followed by a 
discussion of test description, data analysis and results, and failure analysis. 

2. OBJECTIVES 

The objectives of the VTP were to determine if the results obtained in the MTP 
using device A (Figure 1) could be generalized and applied to related types of silicon 
planar power transistors. Specifically the approach was aimed at the following: 

• Verify the best nondestructive screening procedures derived from 
all previous tests. 

• Determine acceleration factors and compare them with results 
obtained in the MTP. 

• Determine activation energy (EA) and compare the results with 
those obtained in the MTP. 

3. CONCLUSIONS 

The computer program SERF was used successfully to isolate the preindicators 
of failure. However, the preindicators of failure found in the VTP are not the same 
as those found in the MTP (discussed in Section VH.) In some cases different param¬ 
eters are isolated as preindicators of failure, and even for those parameters which 
are the same there is a different level of screening. This suggests that the knowledge 
of the preindicators of failure of one device is not necessarily the same for another 
device with the same generic number if both devices are fabricated by different processes 
Predicted failures are compared against a pre-established failure criterin usin¿ SERF 
and these failure criteria may not ihe same for devices with the same generic number 
when made by different processes. However, if the failure mechanisms are understood 
and the stresses for accelerating them are determined, then the knowledge of the pre¬ 
indicator of failure can be applied to all devices with the same geieric number. 

i 
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The 10, 000 G constant acceleration screening test was effective in removing 
mechanically weak units. Failure analysis found that the failures (opens) were iue to 
weak post-to-wire welds. Prior to failure, on this mechanical test there was no 
indication of any anomalies in the electrical parameters measured. 

Power operating pretreatment apper.rs to stabilize the device. This was also 
observed in the MTP. The same percentage of devices exceeded the degradation limit 
for IjTQQ (5 V) and IjrjjQ (8 V) on both the MTP ant1. VTP. 

Acceleration factors and activation energy are discussed !n Section VI. In most 
cases the results are comparable with those obtained on the MTP. 

The primary failure parameters on the temperature storage life test were hFE 
(5 mA) and Iceq* ^ P°wer operating life tests they were I^BO V)* ^EBO 
(8 V) and hpg (5 mA). In both the VTP and MTP all low current gain failures exceeded 
the -30% change criteria except on the temperature storage life tests of the VTP which 
was just the opposite. Section V-6 gives an explanation for the change in low current 
gain but does not explain the opposite effects obtained in the two test programs. 

Most of the failure modes in the VTP and MTP are the same. Some different 
failure modes observed on the VTP are faulty collector nickel plate and delamination 
of gold plate from molybdenum substrate. 

Attempts to relate power operating life test results to temperature storage life 
test results were reasonably successful. This was accomplished by determining the 
individual Junction temperature of the devices on the power operating life tests and 
grouping according to junction temperature. From this data cumulative percent 
failure curves are obtained similar to those of the storage tests. 

4. TEST DESCRIPTION 

The VTP was similar to the MTP (discussed in Section IV) but of lesser scope. 
It consisted of three separate tests: 

a) Pretreatment 

b) 100 percent Mechanical Screen 

c) Life Matrix. 

A block diagram of the VTP is shown in Figure 26. A disc' 3Sion of each test is 
presented below. 
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Figure 26. Block Diagram of the Verification Test Program 
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The silicon planar power transistor used in the VTP was device B which is 
depicted in Figure 1. It differed slightly from device A used in the Main Test Program 
A description of device B, along with a discussion of related parameters and failure 
criteria are contained in Section m. 

a. Pretreatment Test 

The pretreatment test used was a 96 hour power operating type test. It 
was phosen because the MTP data, which is summarized in Table 8 indicated that 
the power operating pretreatment teat was more effective in screening out the weaker 
units than either of the other two pretreatment tests. As will be pointed out in Section 

~ * CE f°,r thc power operatin8 !ife test was increased from IS V (used in the 
MTp) to 20 V. The co!lector-to-emltter voltage of the pretreatment test was 15 V 

.hfn'ref“,!2 V, h ^ ^ ^ ^ MTP- ^ VCE ^nged in order to maintain 
the pretreatment voltage stress approximately 80% of that used in the life tests. The 
test conditions for the pretreatment test are in Table 12. 

Table 12. Pretreatment Test Conditions (Power Operating - Group 5) 
(Verification Test Program) 

As in the MTP, 10,000 G constant acceleration was used to remove 
mechanical "rogue" failures thus assuring the mechanical integrity of the lot All 
units (Groups 5 and 6) were subjected sequentially to this stress in both the Xt and 
Yx planes (Table 5) after the pretreatment test and post test parameter measurements 

o. Life Matrix Test 

After the 100 percent mechanical screen test the 300 units were divided 
into 6 sampler of 50 units each containing equal quantities of high hFE (2N3999) and 
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low hpE (2N3998) devices from the 2N3998 series (device B, Figure 1). These were 
then placed on life test as described in Table 13. At least one cell in each of the life 
tests had the same test conditions as a cell in a similar test in the MTP. These were 
cell No. 2 of the temperature storage life test and cells No. 2 and 3 of the power 
operating life test (Same Tj‘s as the 37.5 W and 60 W test of the MTP respectively). 

Table 13. Life Matrix Test Conditions 
(Verification Test Program) 

Readout Intervals 0 2 8 24 96 432 1000 hrs 

(Cumulative Time on Stress) 

Temperature Storage 

The upper storage temperature of 350*C (Table 13) was chosen as it was 
the maximum temperature that could be imparted on the device without creating threshold 
failures. A higher temperature was not possible because the melting point of the 
Au-O solder used to mount the chip to the header is 356* C. Th« 300* C temperature 
storage condition was selected, as mentioned previously, to permit direct comparison 
of the performance of device B and device A under conditions of similar stress. The 
275® C temperature storage condition was selected to be midway between two levels 
(250® C and 300® C) of the temperature storage stress employed in the MTP. It was 
also the same temperature used in the temperature storage life test used in the Pre¬ 
liminary Test Program (PTP) (Section II) for stressing device A. 
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Power Operating 

th*™ i ♦ AS indlcated 10 the 8tudie8 which are discussed In Section VIE 
the maximum temperature of the junction is very dependent on VCE as depicted by 
isothermal maps of Figure 65 and Figure 66. From similar type La at different 
values of VCE the characteristic curve of Tt versus lo in Fitnire 97 

for device A used in the Mnin Test Program. Asimilar characteristic cum (Figure^' 
28) was generated for device B used in the VTP. In an attempt to stress device B at 
an equivalent stress as device A so that the results could be readily compared it was 

necessary to have a common parameter. The parameter selected was ' l„ 

the OTP 7v CO"dmons tor the 15 w P»»” operatSgitést in 
OTP (VcE - 15 V and Ic - 1. 0 A) were used in conjunction with Figure 27 thus 

the indicated Tj_max was about 146° C at Tc = 100° C. 

., R , ■ - K14 ÍS Seen fr0m FigUre 28 that the aPProximate conditions under which 
device B should be stressed for equivalent thermal stress ar device A are Vrir = 21 V 
and Ic = 1. o A. However, as a good approximation VCe of 20 V was used for a^l the 
power operating ife tests in the ’/TP. These test conditions are listed in Table 13 The 

test was selected so that one of the power operating life tests was within the 
maximum rating of the device. In this case devi :e B, when operating at 30 W (VCE = 

MTD n8 l °ueT Tj"max than devJce A wh61 »t operated at 37.5 W (VCE = 15 V) in the 

mLc wf^ 60u “A“0 * te8t8 Were 80 th“ combine clid be 
made with the resulte of the 37. 5 W mid 60 W test respectively of the MTP. 

5. DATA ANALYSIS AND TEST RESULTS 

The techniques developed, using the Computer Program SERF, to analyze the 
data generated In the MTP were applied to the dab, resulting from this p^T 

These results are discussed together with those of the MTP in Section VI (Accelerated 

- ^ A brief discussion oHiar 
graphs and falling parameters is presented here by test. 

Pretreatment 

# * -a S1X o{ 016 devlce8 exposed to the power operating pretreatment 

of devi^rtag Pretir.eatment* 11118 18 summarized in Table 14. The same percentage 
evices were eliminated during power operating pretreatment in the MTP fo 

both cases the primary failing parameters were IEBo (5 V) and IEBO (8 V) 

b- 1.00 percent Mechanical Screen f Constant Acceleration) 

n«r™nf f J116 C?nSîant acceleratIon Btrea|s prior to the life matrix test caused 3 2 
percent of the control sample and 3.5 percent of the pretreatment sample to exceed 
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TEST CONDITIONS POWER OPERATING MATRIX TEST 

MAIN TEST PROGRAM 

SC05701 

Figure 27. Maximum Temperature of Device A (Using an IR Radiometer) aa a Function of CoUeotor 
Current (Ic) for Several Constant Values of Collector-to-Emltter Voltages (Vce) 
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.. íf0?mTCte.r^egradatlon limlt8* íFor Purposes of comparison it is noted that in 
the Main Test Program the same stress caused only 1. 5 percent of the control sample 
end none of the power operating pretreatment sample to exceed the parameter degrada¬ 
tion limits. ) Primary failure indicators for the devices which failed the control ac- 

tÏZÏITZ Were hFE (5 mA)’ hFE (1 A)’ VBE'8at>’ and VCE(sat) in all cases, 
tte drices t°r th.e.8® Parameterp were exceedingly high and subsequent stress caused 
üie dt, to exhibit an open in all cases. (On any other test program the units would 
have been removed prior to the next stress. ) As shown in SecUon V-6 these failures 
were due to weak post-wire welds; thus this test accomplishes its objective 

c. Temperature Storage Life 

« ~ ?ar.griP^ failures at each readout step for the temperature 
storuge Ufe test are contataed In Figure 29. Note that the maximum number of Mures 
on the 275 C test occurs between 8 and 24 hours. In the 300- C test there is a decrease 

sütónZbT/ f f n “ ^°111 SteP fr0In “ lni“a' ^ 10 ‘PP«>dniately a con- 
numLr f^.n° “reS f* f°r ^ remai"der of the test. By far the largest 
number of failures occur on the initial step of the 350-C test, then there Is a sharp 

h "“tr 0f ,aihlre8 W“h an0ther ““‘P’""'. however, occurring between 
to fa.iltv „T- 1? faUSe f°r 11118 sharp tocreaBe ta failures was found to be due to faulty collector nickel plate (Section V-6). 

In the 275° C test an interesting fact is that the number of h,— (5 mA) 
failures (Appendix D, Table D-7) increases to a maximum at the third step and then 
decreases afterwards. There is roughly a const«! number of he, ,5 mA) fallu™ 
on the 300- C tests after « Initial high number of hFE ,5 mA, fatores. A^s of 

blta.tor 0f e ‘k“ hl8t017 °f eaCh fcllert devlce d;d "»i reveal the cause of such 

The primary failure Indicators (Table D-12) are h,E (5 mA) and lorn. 
However, in the ease of the 350-C test, we note also that the £1, pammete™ a™ 

(5 £aw 3M T lndl0‘l0”' ThaPP *ere "lore devices which exceeded the hPE 
(5 mA) e 30% change criteria. These are summarlaed in Table 15. The opposite wÏÏ 

tee h (5^M P “i^ OU‘oPmlOMl3' ta ^ n'-7- mechTsm caTteg tnc hpç (5 mA)failures is discussed in Section V-6. 

d- Power Operating Life 

test 18 ‘51^1 toCreÂ8e ^ the nWriber of fallures P*r 8teP on the 30 W 
test (Figure 30 a maximum occurring between 9», and 432 hours. There is rourMv 
a constant number of failures occurring during the fret 432 hours of the 50 W tLt 

at thefl^T* n,f,ber,0f fellurea occur8 ^6611 432 ««d 1000 hours; it does not occur 
the fi. at readout step as it does on the 15 W and 37. 5 W power operating test in the 
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Figure 29. Temperature Storage Life Results (Verification Test Program) 
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Table 15. Summary cî h FE (5 mA) Failures Which 
Exceeded the ±30% Failure Criteria 

(Verification Test Program) 

life Test 
hFE (5 mA) Failures 

That Exceeaed 
-30% Criteria 

hFE (5 mA) Failures 
That Exceeded 

+30% Criteria 

Temperature Storage 

275°C 

300°C 

350°C 

21 

19 

24 

4 

7 

7 

Power Operating 

30 W 

50 W 

80 W 

2 

7 

8 

3 

1 

1 

MTP (Figure 8). The greatest number of failures occur prior to 2 hours, but there 
is not such a sharp decrease afterwards. Furthennore, there is a secondary maximum 
almost as large as the initial maximum. 

It is very interesting that by far the primary failing parameters (Table D-12) 
on the three operating tests are IEBC (5 V), IEB0 (8 V) and hFE (5 mA). A total of 
91 devices on all three tests failed by exceeding at least one of these three parameter 
limits; only 9 devices exceeded ail the other parameter limits. As in the temperature 
storage life test, there were more -30% hFE (5 mA) failures than +30% h*- (5 mA) 
failures, see Table 15. This was also noted in the MTP as pointed out in Section IV-7. 
The mechanism causing degradation failures is discussed in Section V-6. 

e. ijpnmary 

There were the same timber of failures in this pretreatment as were ob- 
served in the MTP pretreatment. About the same percentage of pretreated devices 
fciled the 100 percent mechanical screening. These failures were found to be weak 
post-wire welds which opened during constant acceleration. 

Equal populations of high and low beta units (Figure 26) were used on each 
test in the VTP. It was observed that high beta units tended to dominate the failures on 
most tests falling on the -80% hFE (5 mA) change criterion. 
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The primary failure indicators on the temperature storage life test were 
hpE (5 mA) and IcEO» There wore many more devices which failed the hFE (5 mA) 
-30% change criteria than failed the +30% change criteria. This is opposite to the sit¬ 
uation in the MTP. Failure analysis (Section V-6) provides an explanation for the 
change in low level hFE but not for the opposite effects obtained in the two test pro¬ 
grams. The fact that device A was used in the MTP and device B was used in the 
VTP could account for the difference in this behavior but the reason is not apparent. 

Most of the failures observed on the power operating life test were due 
to lEBO (5 V), Iebo (8 V)* or hFE (5 ^)- °nly 1° percent of the total failures did 
not exceed the failure limits on one of these parameters. There were more failures 
due to -30% change in hFE than to +30% change in hFE. This sane hFE failure 
pattern was noted in the MTP. 

6. FAILURE ANALYSIS RESULTS 

Catast -ophic failures were removed from stress as they occurred and were 
candidates for failure analysis. Degradation failures remained on stress until the 
test was complete. Representative samples were selected and analyzed by the 
Failure Analysis Laboratory. These findings are reported by test type. Failure 
criteria are contained in Table 2. 

a. 100 percent Mechanical Screen (Constant Acceleration) 

Analysis of constant acceleration test failures showed them to have either 
open emitter or open base wires at the post weld. Prior to failure, the electrical 
parameters measured did not indicate any anomalies. This would suggest that initially 
the wire-to-post, weld was electrically good but mechanically weak. Additional support 
to this argument was the fact that the wire was properly formed which Indicated that 
the welding pressure was applied, although very little evidence of voiding was apparent 
on the post. Also, analysis of failures on the other verification tests allows the postu¬ 
late: the tube shearing force mechanism (described in Sectior V-7b) responsible for 
post-to-wire weld opens on life tests also contributed to the opening of welds which 
were screened out by this test. 

b. Temperature Storage Tests 

The primary failure modes for catastrophic failures were: 

• Faulty collector nickel plate. 

• Delamination of gold plate from molybdenum substrate. 
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au f ^,8t Cataitrophlc faliure8 were to faulty collector nickel plate. 
11 of these failures occurred between 96 and 432 houru stora?« at 350* C 

of gold through the silicon die was believed to be the mechanism of failure. Ap^reTtlv 
e goid found entry to the silicon surface via small defects (pinholes, blisters etc ) Y 

e collector nick, 1 plating and subsequently migrated through the silicon to the 
emitter-base region where the junctions were shorted. Results of this migration are 
shown in the photograph of a microseotion through the shorted area (Figure 31B). 

top view of the bilure le ehown in Figure 31 A. The build-up of metallization (cold 

ta“iu0°bota pX^pC gold m,rtlon ^the d‘; 
alloying aa formatlou of goid-aiUoou euteotie ocoursTt WC Vèüton't*1' rrrre showed ^ «■« 
™ ",eoh“l8m w“ nM h> molten gold-germanium (euteotie la 356” C) 
This would have caused failures to occur in a much shorter n, Hod 0f time. 

from the m Ca^trophlc feilures were àae to delamination of the gold plate 
from the molybdenum substrate. These failures occurred between 96 and 432 hours 

aTZse Lufir','; r K“ degradation on toe devices 
hour readout interval but they were shorted at the 432 hour readout interval 

After decanning, the die and posts (Figure 1) were loose from the headers. The gold 

tt is^s^Ited ríybdenUIn 8Ub8trate Where Wafer and P084 8eParations occurred it is postulated that the high temperature stress caused separation of the gold plate-to 
molybdenum substrate interface. This may have been due to unclean plat^ su^es 
Subsequently, during the parameter measurements, particularly h™ n A) the die 
was shorted due to excessive temperature. FE ( )’ 

devrads«™ ^re8entatÍVe BB*»leB of 'CEO, ICBO. IeBO. ^FE (5 mA) and VBE 
degradation feilures were analyzed. The feilure modes determined were: 

• Contamination on die or in oxide. 

• Defective hermetic seal. 

• Slight channeling of the E-B diodes prior to stress which then 
dissipated under stress. 

• Unknown extraneous contaminant encapsulated within device. 

• Post-to-wire weld degradation. 

Some of the devices which exceeded the current leakage bllure criteria 
were brought back Into spécification by decannlng and »leaningTtae dies Thta 
tadtoatod that the cause of bilur. wa. due to contamination ™ toe dl. tatooÜe, 
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Figiur* 31B. Micro«ection of 3S0*C Storafe Failure thrm^ Seetloa B-B 
Showing Migration of Gold throu^ Die

i
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One degradation failure was found to be a gross leak hermetic seal failure. 
Microscopic analysis revealed that the glass used to seal the tubes into the can had 
cracked through to the device interior. Cracking of the glass probably occurred during 
the 350° C temperature storage tests. 

The failures on the three storage tests (275* C, 300#C and 350° C) which 
were due to hFE (5 mA) exceeding the ±30 percent criteria were found to be due to 
two different mechanisms: 1) In the case where low-level hFE exceeded the +30 
percent criteria, the parameter continued to be out of specification even after de¬ 
canning and vacuum baking, This type of failure is believed to be attributed to the 
presence of slight channeling of the emitter-base diode prior to stress. During 
these temperature storage tests, hFE (5 mA) increased due to dissipation of these 
channels. In order to return the +30 percent failures to "in-specification" values, 
the conditions causing the channels would have to be re-established. 2) In the case 
where low level hFE exceeded the -30 percent criteria, it was found that hFE (5 mA) 
in some devices was within specification after decarning and exposure to room ambient 
for tvei /e hours. Other devices did not respond to the twelve-hour ambient exposure 
but required a vacuum bake for twenty-four hours before hFE (5 mA) returned to 
"in-specification" values. Such failures are attributed to entrapment of extraneous 
unknown contaminants. These unknown contaminants were characterized as volatile 
(dissipation occurred at room temperature and pressure) and volatilizable (dissipation 
occurred as a result of vacuum bake) contaminants. 

Several VBE and VCE failures were found to have degraded post-to-wire 
welds. Initially these welds were good, but subsequently they deteriorated due to the 
presence of an abnormal vertical shear force on the post-to-wire weld while the 
devices were subjected to the temperature storage tests. The abnormal shear 
stress resulted from the aluminum lead wire being welded too high on the terminal 
posts which allowed the bottom of the can tube (Section HI) to exert the downward 
shearing force on the aluminum wire at the weld. The weld became more resistive 
(degraded) and ultimately the lead wire separated at the post weld due to cold flow of 
the aluminum at the weld nugget as a result of the shear force at the elevated tem¬ 
perature. 

c. Power Operating Tests 

The single catastrophic fàilure of the 150 units stressed was due to an 
emitter wire opea at the post weld. This failure occurred after 96 hours on the 30 W 
test. The weld was resistive initially as evidenced by a high VCE(sat) reading The 
4 A of emitter current during the 80 W test probably continued the degradation of the 
weld until it opened. 



Representative samples of ICEO, ICBO, IEB0, hFE (5 mA), VCE(sat) 
and VBE(sat) degradation failures were analyzed. Failuremodes determined were: 

• Post-to-wiro weld separation. 

• Temperature-voltage induced inversion of the base region. 

• Slight channeling of E-B diodes prior to stress. 

• Surface effects 

Degradation failures attributed to the post-to-wire weld separation were of the same 
general .ype as previously discussed in the other life tests. 

The failure mode of some of the devices which exceeded degradation 
current leakage parameter limits was believed to be temperature-voltage induced 
inversions of the base region (TVT). Substantiation of the suspected TVI failure 
mode was achieved by baking the devices at 200° C fov 24 hours which accelerated 
the decrease in current leakage to "in-specification" values. 

Failures due to hEE (5 mA) exceeding the ±30 percent low level hEE 
degradation parameter limit, were due to two different mechanisms. The failure 
mode believed to be responsible for the +30 percent degradation failures is slight 
channeling of the E-B diodes prior to stress and is discussed in Section V-6b. The 
failure mode believed to be responsible ior the -30 percent degradation failures is due 
to surface effects which is also discussed in Section V-6b. 

Evaluations of the slopes of the junction V-I characteristics showed the 
presence of Sah, Noyce, Shockley current.5/ The specific cause of these surface 
effects was not determined but was removed under stress, thereby resulting in an 
increase in hEE. 

d. Summary 

100 percent Mechanical Screen (Constant Acceleration) 

The 10,000 G constant acceleration mechanical screening test was 
effective in removing mechanically weak units. Failure analysis confirmed that the 
failures of post-to-wire separation were due to weak post-to-wire welds. 

Temperature Storage Tests 

Most catastrophic failures were due to pinholes and blisters in the 
collector nickel plate (occurring between 96 and 432 hours at 350° C) which allowed 
the gold from the die mounting preform to penetrate through the die, shorting all 
junctions. The other catastrophic failures were due to delamination of gold plate 
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from the molybdenum substrate beneath the die (at 96 to 432 hours, at 300*0 and at 
350* C temperatures) which caused the die to separate from the header, thus opening 
the collector circuit. 

The degradation failure modes were: 1) contamination on die or in 
oxide, 2) defective hermetic seal which proved to be a cracked glass, 3) slight 
channeling of the E-B diodee prior to stress, low-level hFE (5 ir.A) increased during 
stress and remained stable, 4) unknown extraneous contaminant encapsulated within 
device, low-level hFE (5 mA) decreased during stress and returned to normal after 
decanning, and 5) post-to-wire weld degradation, prolonged exertion of shear force 
from tubes on wires initially welded too high on posts. 

Power Operating Tests 

The only catastrophic failure was due to an open emitter wire at the 
post-to-wire weld. This failure mode is due to the same mechanism that caused the 
post-to-wira weld degradation failure discussed previously. The degradation failure 
modes were temperature voltage induced inversions (TVI) of the base region and 
other surface effects. Other degradation failures were of the same general types 
already discussed, post-to-wire weld separation and slight cnanneling of the E-B 
diodes prior to stress. 
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SECTION VI 

ACCELERATED TEST RESULTS 

1. INTRODUCTION 

A brief review of the theory relating fixed and step stress testing is given in 
Appendix E. Also included is a review of the use of the Arrhenius equation in the 
interpretation of life test data. This is followed by a discussion of the method used 
in trying to relate fixed and step stress. Appendix E should be read prior to 
reading this section for definition of terms and analysis technique. In this section the 
discussion evolves around results of the Main Test Program (MTP) where most of 
the testing was done. (MTP previously discussed in Section IV. ) A discussion of the 
results of the Verification Test Program (VTP) is also presented (VTP previously 
discussed in Section V). Data from the Preliminary Test Program (PTP) have been 
included in the discussion of results of those tests from MTP where comparable 
stress conditions were used (PTP is summarized in Section II). The test results 
of ihe temperature storage tests, the power operating tests and the reverse bias tests 
are discussed in that -»rder. Preceding each discussion is a listing of the tests for 
reference purposes. 

2. TEMPERATURE STORAGE TEST RESULTS 

a. Temperature Storage Tests 

A listing of the temperature storage tents follows: 

Temperature Storage 
Step Stress Tests 

Temperature Storage 
Life Tests 

48 hours/step 
2 hours/step 
8 hours/step 

24 hours/step 
96 hours/step 

Preliminary Test Program (PTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 

275* C 500 hours 
200* C 1000 hours 
250* C 1000 hours 
300* C 1000 hours 

Preliminary Test Program (PTP) 
Main Test Program (MTP) 
Main Test Progran. (MTP) 
Main Test Program (MTP) 

275* C 1000 hours Verification Test Program (VTP) 
300* C 1000 hours Verification Test Program (VTP) 
350* C 1000 hours Verification Test Program (VTP) 
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b. Main and Preliminary Test Programs 

The cumulative percent failure curves for the temperature storage step 
stress tests are given in Figures 32 and 33. The actual points and least squares fit 
curves will be found in Figure E-5 of Appendix E. The following regression equations 
are obtained for the least squares fit of the data. ' 

A = 9.92 - 3.13-^ 
P T 

A = 11.0 - 3. 55^52 
P T 

A =10.4- 3.14 — 
P T 

A = 13.9 - 5. 00^52 
P T 

(2 hours/step) 

(24 hours/step) 

(96 hours/stoip) 

(48 hours/step) 

Values of the standard deviations of the distribution of the failures with 
respect to stress are: 

2 hours/step a = 0.32 x 10~3 
s 

24 hours/step a = 0. 28 x 10~3 
s 

96 hours/step a = 0.32 x 10~3 
s 

Average a = 0.31 x 10~3 
8 

It is noted that the 2, 24, and 96 hours/step data have approximately the 
same standard deviation, satisfying one of the necessary conditions for being able to 
relate fixed and step stress results. The standard deviation, og, for the FTP tem¬ 
perature storage step stress test (48 hours/step) was 0.20 x 10“3. 

Acceleration curves for the step stress data for the 2, 24, and 96 hours/step 
are shown in Figure 84. The regression equations for these curves are shown below. 
The 8 hour/step data as previously discussed in Section IV depart from the failure 
pattern and are not used. 

1000 
T 

1000 
T 

1000 
T 

1000 

T 

1.96 + 0. 088 log t 
10 

1.82 + 0. 086 log , t 
10 

1.72+ 9. 080 log. t 
10 

1. 66 + 0. 087 log . t 
10 

(10% failure) 

(20% failure) 

(30% failure) 

(50% failure) 
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Figure 32 Summary Graph of Cumulative Percent Failure Curves for Temperature 
Step Stress Test (Main Test Program) 
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The fact that these curves are parallel indicates that a true acceleration is being con¬ 
sidered. These curves are written as a function of 1000/T for convenience; the actual 
acceleration curve, for 10% failure, for example, is 1/T = 1.96 x 10-3 + q. Qgg x 10-3 
log 10t. The average slope for these curves is 8. 5 x 10*5 giving an activation energy, 
E^, of 2. 4 eV. 

The data generated bv Lne temperature storage life tssts present a some¬ 
what more complicated picture than that oí the step stress tests. In the MTP results 
shown in Figure 35, the 200* C line in uncomplicated, but there are definitely two oeg- 
ments of the curve for the 250° C test. A break is also shown in the 300*0 curve, 
although a reasonably straight line could be drawn through all of the points. The 
presence of this break is also noted in the results of the 275* C life test of the PTP 
shown in Figure 36. 

The equations for these curves are: 

X - 0.79 + 1.02 ’og t 
p 6 10 

X ^ 3.34+ 0.382 log t 
p * 10 

X - 0.80+ 1.37 log t 
p 6 10 

X = 3.79+ 0.825 log t 
P 6 10 

X = 4.17+ 0.630 log ,t 
P 6 10 

X =4.19+0.831 log „t 
p 6 10 

X = 4.99 + 0.337 log t 
p 6 10 

(200°C) 

(250#C, Segment 1) 

(250°C, Segment 2) 

(300°C, Segment 1) 

(300°C, Segment 2) 

(27 5°C, Segment 1) 

(275°C, Segment 2) 

Analysis of the pretreatment data given in Section IV showed that groups 1, 
2, and 3 as well as the control group had essentially the same cumulative percent 
failure plots. For each group the cumulative percent failure plots showed breaks in the 
250* C and 3C0*C curves. These plot*, of pretreatment data are not included in this 
report. 

A comparison of these life test results to the step stress results was made. 
First the 200° C curve, segment 2 of the. 250* C curve, segment 1 of the 300*C cun e, 
and segment 1 of the PTP were checked to see if they were parallel; if there ’van a 
constant standard deviation from stress level to stress level. The following values of 
(¾ are obtained for: 

200*C at3 0.98 
250* C,Segment 2 = 0- 73 
27 5* C, Segment 1 = 1. 21 
300* C,Segment 1 at = 1.22 

Average ot»1.04 

The activation energy obtained from the relation Avg <7B/Avg at » m (slope of accelera¬ 
tion curve) is 0.67 eV. 

92 



T
IM

E
 
(H

R
S

) 

r 

93 



CUMULATIVE PERCENT FAILURE 

Figure 39. Cumulative Percent Failure Curve for Temperature Storage Life 

Teats (Preliminary Teat Program) 

94 



The regression equations for the storage life 

1000/T = 1. 83 + 0. 093 log 10t 

1000/T = 1. 67 + 0.122 log 10t 

1000/T = 1.35 + 0. 210 log j 0i 

1000/T = 1.52 + 0.136 log10t 

test on the MTP are: 

(10% failure) 
(20% failure) 
(30% failure) 
(50% failure) 

These acceleration curves are given in Fieures 37 3« ™ 0 ^ , 
previously determined step stress curves mu,,™ i/ ' f ' 4 “ wlth ,he 
for compar.son. ^ ^ 34) and po,nls obtained 'rom the FTP 

95 



1.40 

1.50 

1.60 

i . 70 

1.80 

-1.90 _ 
* 

*■ 2.00 U 

2.10 L 

2.20 

2.30 

2.40 

2.50 

LEGEND; 

0 temperature storage fixed 
STRESS (MAIN TEST PROGRAM) 

A TEMPERATURE STORAGE STEP 
STRESS (MAIN TEST PROGRAM) 

O TEMPERATURE STORAGE LIFE 
(PRELIMINARY TEST PROGRAM) 

□ TEMPERATURE STORAGE STEP 
STRESS (PRELIMINARY TEST 
PROGRAM) 

10 10u 10' 10* 10J 10* 

TIME (HRS) 

SC05964 

Figure 38. Acceleration Curves (20% Failure) 
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Figure 39. Acceleration Curves (30% Failure) 

are given in Table 16. There will be one line for the 300°C to 250°C data and one 
line for the 250*0 to 200®C data. 

Re-examining the step stress curves in Figure E-5 reveals that these pos¬ 
sibly should not be straight lines. The 24 hours/step step stress curve, for example, 
may be redrawn as in Figure 42. All of these breaks in the step stress curves appear 
to be at about 1.9 x 10”3 'K-1 to 2.0 x 10-½-1 or 250*C to 275°C. Since the fixed 
stress results are quite anomalous at 250°C it would be expected that the step stress 
results would also exhibit some anomaly at about the same temperature. The (7a values 
for the new step stress cumulative percent failure curves have been calculated and are 
given in Table 17. There will be one line and one aB value for the data below 25t*C and 
one for the datf. above 250*C. The 8-hour data have not been included since, as men¬ 
tioned before, they are quite different from other test data. 



Figure 40. Acceleration Curves (50% Failure) 

Table 16. Slopes of Acceleration Curves for Temperature Storage Life 
Tests (Main Test Program) 

Acceleration Curve 
Slope of Acce leration Curve 

300*C *T< 250°C 250* C > T 2 200° C 

10% Cumulative Failure 
20% Cumulative Failure 
30% Cumulative Failure 
50% Cumulative Failure 

Average 

0. 8 X 10*4 
0.9 X IO"4 
1.4 X10-4 
1.2 X 10“4 
1.1 X 10"4 

1.1 X IO"4 
2.4 X 10'4 
2. 2 X lO"4 
1.8x 10'4 
1.9 X 10‘4 
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Figure 41. Acceleration Curve (20% Failure) Temperature Storage Life Test 
(Main Test Program) 

Table 17. og Values for Temperature Storage Step Stress Results 
(Main Test Program 

Step Stress Test <% for T * 250* C Os for T s 250* C 

2 hours/step 
24 hours/step 
48 hours/step 
96 hours/step 

Average 

2.1 X IO"4 
2, 0 X 10"4 
1.1 X 10-4 
2. 8 X 10"4 
2.0 X 10"4 

3. 0 X 10-4 
4.2 X 10-4 
2.9 X 10-4 
4.7 X 10-4 
3.7 X 10"4 
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CUMULATIVE PERCENT FAILURE 

•C07829 

Figure 42. Cumulative Percent Failure Curve for 24 Hours/Step Temperature 
Storage Step Stress Test (Main Test Program) 

Using the value of 2.0 x 10-4 for the Og associated with the step stress 
curve below 250* C-27 5* C and the value of 1.04 calculated for at previously would 
yield a slope of 1.9 x 10~4 and an activation energy of 1.1 eV. This slope is the same 
as the average slope of the acceleration curve for the fixed stress results between 
200* C and 250* C (Table 16). 

In an attempt to determine the failure mechanisms operative, it was de¬ 
cided to study individual parameter behavior. IqEq (70 V) was studied for the 250* C and 
300* C life test of the MTP. Only devices exceeding the failure limits (Section HI) on 
this parameter were considered failures. These plots are given in Figure 43. The 
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Figure 43. Cumulative Percent Failure IcEO (70 v) Temperature 
Storage Life Test (Main Test Program) 
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equations for these curves are: 

2. 00 + 0. 747 log 10t (250° C) 

3.32 + 0.749 log 10t (300*C) 

The at calculated for these curves is 1.3,comparable to the values calcu¬ 
lated from the storage life results of the MTP using the usual failure criteria. The 
slope of the acceleration curve obtained from the IcEO (70 V) data for 250° and 300° C 
is 0. 9 X 10-4, yielding an activation energy of 2. 2 eV. This may be compared with 
the slope of 1.1 x 10-4 and activation energy of 1. 8 eV found for the activation energy 
of the MTP results for data between 250° C and 300° C, using the usual failure criteria. 
Using the value of aa calculated from the MTP step stress data above 250° C, Table 17, 
and the value of 1. 04 for rrt gives a slope, m, of 3.7 x 10_4/1. 04 = 3. 7 x 10-4, 
and an activation energy of 0. 54 eV. This value is completely different from the 
activation energies of 2. 2 eV and 1.8 eV calculated above. 

c. Verification Test Program 

Interpretation of the cumulative percent failure curves for the temperature 
storage tests of the VTP (Figure 44) is even more challenging. The equations for the 
temperature storage life tests of the VTP are: 

X 
P 

X 

P 

= 3. 55 + 1. 08 log 10t 

= 4.63 + 0. 322 log lQt 

= 4. 20 + 0.447 log 1Qt 

= 4. 61 + 0. 387 log 10t 

= 3.48 + 0. 976 log 1Qt 

(275* C, Segment 1) 

(275° C, Segment 2) 

(300« C) 

(350° C, Segment 1) 

(350° C, Segment 2) 

The 300* C and 350° C (Segment 1) values are compared with the MTP 
acceleration curves in Figures 45, 46, 47, and 48. It is seen that the results of the 
300° C and 350° C storage temperature tests of the VTP agree well with the MTP results. 

3. POWER OPERATING TEST RESULTS 

a. Power Operating Tests 

A listing of the power operating tests follows. 

Power Operating 
Step Stre9s 

2 hours/'step 
8 hours/step 

24 hours/step 
96 hours/step 

Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
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Figure 44. Cumulative Percent Failure Curve for Tèmperature 
Storage Life Teet (Verification Teat Program) 
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Power Operating 30 W, VCE = 20 V, 500 hours 
Life Tests 15 W, VCE = 15 V, 1000 hours 

37. 5 W, Vç£ = 15 V, 1000 hours 
60 W, Vçe = 15 V, 1000 hours 

30 W, Vqe = 20 V, 1000 hours 
50 W, Vce = 20 V, 1000 hours 
80 W, Vce = 20 V, 1000 hours 

b. Main Test Program 

Preliminary Test Program (PTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 

Verification Test Program (VTP) 
Verification Test Program (VTP) 
Verification Test Program (VTP) 

Cumu1 ative percent failure curves for power operating tests of the MTP 
are given in Figure 49. A similar curve for the 30 W power operating life tests of the 
PTP is given in Figure 50. The following regression equations are obtained for the 
least squares fit of the data. 

Xp = 2.71 + 0.205 log 10t (15 W) 

Ap = 3.22 + 0.248 log 10t (37. 5 W) 

Ap - 4. 77 + 0.169 log if)t (60 W) 

Xp = 4. 74 + 0.165 log iQt (30 V/) 

107 



T
IM

E
 
(H

R
S

) 

CUMULATIVE PERCENT FAILURE 

SC05709 

Figure 49. Cumulative Percent Failure Curves for Power 
Operating Life Test (Main Teat Program) 
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Figure 50. Cumulative Percent Failures for Power Operating^t-iîe 
Teat (Preliminary Teat Program) 
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The acceleration curve for 20 percent failures is plotted for the 15 W and 
37. 5 W tests in Figure 51. Included for comparison is the acceleration curve from 
Figure 45 for 20 percent failures on the temperature storage fixed stress tests of the 
MTP. 

The slope oí the power operating test acceleration curve is 1.3 x 10' 4 
and the activation energy is 1. 5 eV. The junction temperatures used in plotting the 
power operating acceleration curve were calculated using an average 0j_c value. 
This 6j_c value of 3. 2#C/W was an average of over 200 measurements using the 20 V 
ZOT method. Since the ambient temperature was 50° C, the junction temperature of 
the 15 W test was 98°C and of the 37. 5 W test was 170° C. 

The 60 W test was not used in calculating the acceleration curve because 
it was a much more severe overstress than the two lower stresses. For example, the 
estimated time to produce 10 percent failures would be about 10"6 hours, 102 hours, 
and 105 hours for the 60 W, 37. 5 W, and 15 W tests, respectively. An interesting 
fact is that the cumulative percent failure curve for the 30 W test of the PTP is almost 
identical to the 60 W test of the MTP. 

This similarity can be explained by referring to Figure 52 and Section V. 
The 30 W test was a 1. 5 A, 20 V stress, giving a TMAX-TCASE value of 150°C. The 

60 W test was a 4.0 A, 15 V stress, giving a tmaX_TCASE value of 160°c • Thus the 
devices on the two tests were exposed to comparable temperatures. 

c. Verification Test Program 

The cumulative percent failure curves for power operating life test for 
the VTP are given in Figure 53. Like the power operating tests of the MTP, they 
appear to be fairly linear. The regression equations are: 

Ap = 3. 38 + 0. 468 log ^t (30 W) 

\p = 3.41 -f 0.417 log iot (50 W) 

Ap = 3. 96 + 0. 453 log 1Qt (80 W) 

The acceleration curves for 20 percent and 50 percent failures are plotted 
in Figure 54. 

The 0j_c vâlues for all of the units on the VTP power operating tests were 
measured by the 15 V and 20 V ZOT method. The actual values of thermal resistance 
were used to compute the junction temperatures rather than an average value as was 
done in the MTP. 
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Figure 53. Cumulative Percent Failures for Power Operating Teat 
(Verification Teat Program) 
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The units with 0j_c measured by the 15 V ZOT method were divided into 
o groups, those with junction temperatures less than 150'C (Group 1) and those with 

junction temperatures above 150» C (Group 2). The median temperaLL for these 
groups were 127*C and 193»C, respectively. The units with 0j .. measured by the 20 V 

than rrr '"T f'rOUP'1 ““0' Wlth leas . 
ttan 150 c‘Group 3) Md these wttnjnnotlontemperatureaahove lso-c (Group 4) The 
median temperatures of these groups were 108* C and 181*0 resoertivelv rs« o,, 

rr0““ fe“r ^ 8“h o7r 
■ on; 7en p,<>“8d Pigures 55 “d 56- »18 «»«medZt aã »TZ 

“ oi “ch ‘"e stress Aparatare of oMh d^io. hT^ 

! 
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Figure 55. Cumulative Percent Failure Curves for Devices Rearranged According to Tj (15 V) 
(Verification Test Program) 
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Figure 56. Cumulative Percent Failure Curvee for Device« Rearranged According to T, (20 V) 
(Verification Teet Program) J 
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The equations for these curves are given below. 

Ap = 3,30 + 0,479 log 1Qt 

= 3. 91 + 0.419 log ^pt 

Ap = 3. 27 + 0.462 log 1Qt 

Xp = 3. 53 + 0. 495 log ^Qt 

Tjasyi^iso^c Group l 

Tj (15 V) >150’C Group 2 

Tj (20 V) £ 150® C Group 3 

150° C< T (20 V) 
J 

¿ 225# C Group 4 

All four cumulative percent failure curves are plotted in Figure 57. In¬ 
cluded for comparison is the 300‘C VTP temperature storage curve. 

The acceleration curves for these four groups are given in Figure 58 
These curves are quite similar to those of Figure 54. A direct comparison is made 
in Figure 59. 

The following approximate values were obtained for the activation energies 

20 percent Failure, 20 V Groups . . . . EA = 0.29 eV 
20 percent Failure, 15 V Groups . . . . EA = 0.69 eV 
50 percent Failure, 20 V Groups . . . . EA - 0.22 eV 
50 percent Failure, 15 V Groups . . . . EA ~ 0. 51 eV 
20 percent Failure, Lower Curve, 

Fi^re 54. EA = 0. 24 eV 
20 percent Failure, -Upper Curve, 

54. EA = 0. 85 eV 
50 percent Failure, Lower Curve, 

54. EA = 0.19 eV 
50 percent Failure, Upper Curve, 

Figure 54. EA = 0. 72 eV 

4. REVERSE BIAS TEST RESULTS 

a. Reverse Bins Tests 

The reverse bias tests conducted 

Reverse Bias 2 hours/step 
Step Strets 8 hours/step 

24 hours/sUp 
96 hours/step 

during this contract are below: 

Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 
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Reverse Bias 
Life Tests 

125° C 1000 hours 
175° C 1000 hours 
225° C 1000 hours 

b. Main Test Program 

Main Test Program (MTP) 
Main Test Program (MTP) 
Main Test Program (MTP) 

Data Analyser on these tests are discussed in Section IV-6. There was no 
Cxear pattem in the life test results and the step stress data were of little help in in¬ 
terpreting the life test data. In an attempt to interpret the life test results, the in¬ 
dividual pretreatment group (Section IV) data were examined. It was found that the 
group which had reverse bias pretreatment and the group which had no pretreatment 

O 30¾ FAILURE, tSV GROUPS 

□ 30¾ FAILURE, 20V GROUPS 

¿X 20^ FAILURE, 20 V GROUPS 

O 20¾ FAILURE, IS V GROUPS 

SC06224 

Figure 58. Acceleration Curve for Power Operating Ufe Tests, Devices Regrouped 
According to Tj (Verification Test Program) 
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SC06225 

Figure 59. Comparison of the Acceleration Curves 
(Verification Test Program) 

responded m the same way to the reverse bias stress on the life tests. Completely 
different cumulative percent failure curves were obtained for the groups which were 
pretreated by power operating or temperature stress. Interpretation of the results of 
the data regrouped into two groups according to pretreatment is further complicated 
by the appearance of a large number of catastrophic failures (shorts) as discussed 
in Section TV The failures were of three types. First, there were a large number of 
degradation failures. Second, a number of shorts eventually appeared which had pre¬ 
viously been degradation failures. Third; some of these shorts were not previously 
egradation failures. Cumulative percent failure curves have been plotted for many of 

for r^T“ed ab0Ve- F0r example- PIots of cumulative percent failure 
for shorts which had not previously been degradation failures were constructed, for 
shorts which had previously been degradation failures for shorts of any kind, for 
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degradation failures ignoring shorts, for total failures, and all of these were considered 
separately for the two different pretreatment groups. These plots gave little insight on 
how to interpret the data. 6 

To illustrate, some of these plots are included herein. The cumulative per¬ 
cent failure curves for the reverse bias tests in the MTP are given in Figure 60 Cumu¬ 
lative percent failure curves for the reverse bias tests with pretreatment groups 1 and 
3, and 2 and 4 combined are given in Figures 61, 62, and 63. Total failures, both de¬ 
gradation and catastrophic, are plotted in these figures. 

Considerably more work is needed to interpret the test results . Tables 18 
19, and 20 summarize the number of failures for the three levels of the reverse bias 
fixed stress tests of the MTP. 

5. DISCUSSION OF RESULTS 

a• Temperature Storage Results 

The lack of agreement between the results of the fixed and step stress tem¬ 
perature storage tests of the MTP led to additional analysis of the data. The possibility 
of a discontinuity in the cumulative percent failure curves of the step stress results and 
in the acceleration curves of the fixed stress tests was considered. This led to good 
agreement of the aclivation energies calculated from the fixed stress and step stress 
results for temperatures below 250°C. In the case of the fixed stress tests, the acti¬ 
vation energy was calculated from the slope of the acceleration curve. The other cal¬ 
culation of the activation energy was based on the relation a./ ot = slope acceleration 
curve. In both cases an activation energy of 1.0 eV was found. The failure rate at 
80°C was estimated to be about 10 -4%/l000 hours. 

The activation energy calculated from the 250°C to 300°C position of the 
fixed stress acceleration curve was 1.8 eV. One of the primary failing parameters for 
the temperature atorare fixed stress tests of the MTP was ICE0 (70 V). Considering 
a device as a failure only on the basis of exceeding the ICEO (70 V) failure Umits led’ 
to the calculation of an activation energy of 2.2 eV for the 1CE0 (70 V) failure mechanism. 
This calculation was based on data valid from 250JC to 300°C. 

The data pointe calculated from the 300°C and 350°C temperature storage 
tests of VTP on a device of the same family as the device used in the MTP were com¬ 
patible with the acceleration curve of the fixed stress MTP. 

The temperature storage test results cannot be considered definitive, since 
a value of as = 3.7 X 10 " was calculated for step stress data above 250°C and using 
the relation ffg/ ot = slope of acceleration curve would lead to an activation energy of 
0.67 eV, entirely different from the 1.8 eV calculated for the MTP fixed stress results. 
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F igure 60. Cumulative Percent Failure versus Log Time 
for Reverse Bias Life Test (Main Test Program) 
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Figure 61. Cumulative Percent Failure versus Log Time 
For Reverse Blas Ufe Test (Main Test Program) 
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Figure 63. Cumnlttlre Percent Failure vertue Log Time For 225*C Revene 
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Table 18. UUn Tee, !>»„„, Fellere Bl„ Life ,25.c 
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Table 19. Main Test Program Failure Summary Reverse Bias Life 175*C 

Pretreatment 
Group* 

Step 

à 
Step 

Ò 
Step 

Ò 
Step 

0 
Step 

(i) 
Step 

Ò 
Step 

6 
Step 

a 
Step 

Ò 
' Total 
Failure 

1 0 3 0 0 1 6 5 2 0 17 
2 1 0 0 0 1 1 1 3 4 11 
3 4 0 1 i 0 1 6 1 0 14 
4 1 0 1 i 0 2 2 2 2 

F ailure Definition: ^«-n and catuatrophic failures as per criteria given in 

Pretreatment 
Group* 

Step 
1 

Step 
2 

Step 
3 

Step 
4 

Step 
5 

Step 
6 

Step 
7 

Step 
8 

S¿ep 
9 

Total 
Failures 

1 0 0 0 0 0 2 5 2 0 9 
2 0 0 0 0 0 0 1 1 4 6 
3 0 0 0 0 0 0 6 1 0 7 
4 0 0 0 0 0 0 •0 2 2 4 

Failure DefiniUon: Shorts not previously degradation failures 

Pretreatment 
Group* 

Step 
1 

Step 
2 

Step 
3 

Step 
4 

Step 
5 

Step 
6 

Step 
7 

Step 
8 

Step 
9 

Total 
Failures 

1 0 0 0 0 0 0 4 1 0 5 
2 0 0 0 0 0 0 0 0 2 2 
3 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 1 0 1 

*F11UTe^!rer. « 0rt* "‘î' pnavlousiy degradsUon failure. 
1 Temperature Storage; 2 - Revene Bias; 3 - Power Opentlng; 4 - Control 
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T^ble 20 Main Ttst Program Falliré Summary Reverse Bias Life 225-C 

Pretreatment 
Group* 

Step 

¿) 

Step 

¿) 

Step 

d) 

Step 

à 
Step 

5 
p64\ 

Ur / 

iiiiai y 

Step 
6 

f432\ 
Ur j 

never 

Step 

Q 

se bía¡ 

Step 
8 

^768\ 

Ur/ 

3 Life S 

Step 
9 

fl000\ 

< hr ) 

!25°C 

Total 
Failure 

1 0 1 0 0 6 3 3 8 2 23 
2 4) Q 0 0 7, 4 7 0 3 22 3 0 0 0 0 1 4 7 3 6 23 
4 0 0 3 1 4 7 1 2 1 21 

-— J 

Failure Definition: 
Both degradation and catastrophic failures 
Section III as per criteria given in 

Pretreatment 
Group* 

Step 
1 

Step 
2 

Step 
3 

Step 
4 

Step 
5 

Step 
6 

Step 
7 

Step 
8 

Step 
9 

Total 
Failures 

1 0 0 0 0 1 2 3 6 2 14 
2 0 0 0 0 1 1 5 0 2 9 
3 0 0 0 0 0 1 5 2 4 12 
4 0 0 0 0 0 3 0 2 1 6 

Failure Definition: Shorts not previously degradation failures 
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he step stress data would have been adequate for determining acceleration factors if 
ere had only bren one failure mechanism operative over the temperature range con- 

s ered. As it was, the two (or more) acceleration curves were poorly defined. The 
ixed stress temperature storage data, for the PTP, the MTP and for the VTP indicated 
hat a „umber of mechanisms were operative. Pronounced discontinuities in the cumu¬ 

lative percent failure curves around 250°C to 275°C were evident. These mechanisms 
are associated with degradation failures and are more difficult to characterize than 
catastrophic failures where failure analysis on the failed device often clearly indicates 
the failure mechanism. 

ti, ,.„The? Were °ther attemPts t0 clarify the temperature storage test results. 
The possibility that the appropriate failure distribution was Welbull rather than log¬ 
normal was considered but this did not assist in thf interpretation of the data A cor- 

'“f rJ°r oumulaM',e afrcss damage on the step stress tests was also considered, 
but this did not appreciably increase the agreement of the fixed and step stress data. 

b- Power Operating Results 

An activation energy of 1.5 eV was calculated from the acceleration curve 
of the 15 W and 37.5 W power operating tests of the MTP. The junction temperatures 
were calculated using an average 0 value. The device operating at 15 W with an 
ambient temperature of 50°C had a failure rate of 2 x 10"3%/1000 hours; at 37.5 W and 
same ambient temperature the failure rate was about 3%/l000 hours. 

The J-C value for each device on the power operating test of the VTP was 
measured ustag both the 15 V and 20 V ZOT methods. Calculating the junction tempera- 
ture of each device and grouping the devices for purposes of analysis according to cal- 
cuiated junction temperature, independent of which of the three power operating tests 
the device was actually on, gave the same acceleration curves as using an average 0 T ^ 
V ue for all devices on the tests. There appear to be two reaction mechanisms opera-0 
tive, one below 140«C and one about 140»C. Activation energies for these mechanisms 
are about 0.20 eV and 0.70 eV, respectively. 

c. Reverse Dias Results 

X,™ „ Líttle information of value extracted from the reverse bias tests of the 
MTP Consideration of the cumulative percent failure curves of each pretreated group 
for the temperature storage test revealed little difference. However, there was con¬ 
siderable difference in the response of the pretreated groups to reverse bias stress. 
The groups given temperature storage and power pretreatment responded similarly to 



the reverse bias stress. Devices pretreated using reverse bias pretreatrnent or else 
no pretreatment responded in the same way. This latter similarity would be expected 
since the reverse bias pretreatment can be considered as an early application of the 
reverse bias stress to a group with no pretreatment. 

However, even considering the test results of the devices given temperature 
storage or power pretreatment separately from the test results of the de-ices given 
reverse bias pretrsatment or no pretreatment did not provide enough information to 
aUow an estimate of ar activation energy. The fact that there was more than one kind 
of failure complicated the analysis. 

„ The early faUures were «^gradation failures but the later failures were 
shorts Some of the devices which were degradation failures remained so throughout 
the test; some later became shorts. Some devices became snorts without having pre- 
V ously been degradation failures. There appears to be more than one mechanism 
operative. 



SECTION VII 

i. INTRODUCTION 

SCREENING RESULTS 

*3 ^crr^“rimt“ni *“iy8,u resuitfl “d a d“" « 

2. INTRODUCTION TO SERF RESULTS 

Appen^xV68™«41011 md fl0W .Chart °f the comPuter program SERF will be found in 
Appendix G This program is designed to isolate preindicators of failure i e to 

will fm¡ne ^ Ta\ 8UÍtable parameter £or Predicting which device in the ’population will fail prematurely under streu« <.nH , 7 , uie population 
Before the re.iüte of üêlno ^ “Stat 1,1 develoP‘"8 aoreeoing procedures. 

soTCat u0oe Ï, drrm‘”ed- ««»Pie. 5 devtoea reived by 
above this level ^ eve * l-»-. discarding all devices with parameter readings 

lise 1 Md H Í T "* ‘ lmle l0Wer> 6 bld leeleea may be removed buf 
I , “O',ed,1S0- 1» aPPeening even lower, more bad devioes 

acreliZp tl ^ qUeS,IOn ‘S then' at wh»* ^1 ahould ««mng stop, i.e. what should be the screening criterion? 

During initial studies, the screening criterion, e, used was 

e _ (% Failures Removed) 
(% Population Removed) 

This criterion, however, easily leads to trivial result« rnnai,a 
collection of 100 device., 15 of which failed düril l hi aT^tes,“ ZT !“ 
on parameter 1 removed one device which waa a failure, the e value would be 

e 
1 6.67 (ei refers to parameter l, etc.) 
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If screening on parameter 2 would have removed 12 devices, 11 of which were failures 
the e value would have been 

and parameter 1 would have been selected as the screening parameter although param¬ 
eter 2 is much more interesting as a preindicator of failure. To circumvent this difficulty 
modified screening criterion was used. A definition of e* was made. The modified 
screening criterion, e* is defined as 

e * = 0.5 + 0.5 (F F ) 
ß 

where Ff = Fraction of total failures removed 

This e* value can vary from 0 to 1, the first case occurring when all of the good and 
none of the bad in the population are removed; the second, when all of the bad and none 
of the good in the population are removed. Returning to the example mentioned above, 
screening on parameter 1 would give 

refers to parameter 1, etc.) 

and parameter 2 would give 

Clearly parameter 2 would have been selected as the screening parameter. However, 
there are limitations in the use of e * as a definition of screening efficiency. Con¬ 
sider, for example, 100 devices, 15 of which are failures and suppose that screen¬ 
ing on parameter 1 removes 15 devices, 9 of which are failures, and screening on 
parameter 2 removes 7 devices, all of which are failures. Then 



í 
I 
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Clearly parameter 2 is the more valid preindicator of failure, but parameter 1 would 
have been selected for screening. Thus we can see that e is too restrictive to use as 
our definition of screeni’ig efficiency, since using it favors the removal of practically 
none of the good devices and, on the other hand, e* is too weak a definition for us to use 
since using it favors the removal of many bad devices with too little weight being given 
the good devices removed. It was finally decided to use e* as our definition of screen¬ 
ing efficiency but to impose the additional constraints that if n devices were removed 
by screening, no more than m of these could be good units; these values are given 
below: ' 

Number of 
Devices Removed 

by Screening 

Number of 
Good Units 

Allowed in n 

_Í2]_ _(m| 

1 to 3 o 
4 to 6 i 

7 to 15 2 
16 to 20 3 

over 20 a 

3. PRETREATMENT SCREENING 

The pretreatment stresses in the, Main Test Program were used to see if 
device behavior during low stress was indicative of future failure under high stress. 
More specifically, did device behavior under one type of pretreatment stress such as 
reverse bias preindicate later device failure under a different kind of high stress such 
as temperature storage or was the prediction of failures on a particular high stress 
only possible from behavior during the same kind of pretreatment stress ? The 
successful prediction of failures from low stress pretreatment data would enable a 
screening procedure to be developed to eliminate failures from a particular kind of 
high stress. Further, if device behavior during a particular pretreatment was 
indicative of future failure under a different kind of stress, this information could be 
of assistance in understanding the high-stress failure mechanism. 

The pretreatments are described in detail in Section IV-4a. To review briefly, 
there were four pretreatment groups; group 1 was temperature storage, group 2 was 
reverse bias, group 3 was power operating, and group 4 was the control. 

Some results of this pretreatment screening using the computer program SERF 
are summarized in Table 21. There were two screening passes for devices from each 
group which were used for the data obtained at the readout step before (Initial data) and 
after pretreatment (poet pretreatment test data). There are only initial data for the con¬ 
trol since no pretreatment was received. The percentage of later failures which could have 
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been removed by screening on initial or post readings are given in the table. In this 
case the rule used was that no good devices could be removed in this screening. 
Many other schemes could have been used, such as the e and e* values mentioned in 
subsection 2 of this chapter, but it was thought appropriate to use this criterion in 
comparing the merits of the different pretreatments. 

To assist in understanding Table 21 consider, for example, the 200#C 
storage Ufe information. Fifty percent of the devices which were given storage pre- 
treatment (group 1) and which later failed during the 200°C storage life test could 
have been removed by screening on the data available before pretreatment. Similarly, 
20¾ of the devices which were given power operating pretreatment (group 3) and later 
failed on Lhe 200°C storage life test and 25% of f,ie control sample (group 4) which was 
not given any pretreatment and which later failed on the 200°C storage life test could 
have been removed by screening on the initial data. 

Screening can be done also on the parameter values read after pretreatment and 
also on the delta and percent changes of these parameters which occurred as a result 
of the pretreatment. It w *uld be suspected that screening on parameter changes due 
to stress would give better results than only screening on the initial values. The 
values in the last three columns of the 200“C storage life test illustrate this increase 
in predictability. Using initial data only 20% of the devices which were given power 
operating pretreatment (group 3) and which later failed on the 200°C storage Ufe test 
could have been screened out, but 80% of the later failures could have been removed 
by using the post pretreatment test data. 

Considering all of the results in Table 21, it can be seen that screening 
after reverse bias pretreatment (group 2) does not give much improvement over 
screening on initial data. There is some improvement in screening after storage 
pretreatment (group 1) and after power operating pretreatment (group 3). The 
greatest improvemeU in screening was after power operating pretreatment (group 3) 
on the 200° C storage life test. 

Referring again to Table 21, it can be seen that using initial data to screen 
devices which were subjected to storage pretreatment (group 1) and then placed on 
200°C storage life test was more effective in eliminating high stress failures than 
in using initial data of devices which were given no pretreatment (group 4). The 
screening on initial data of devices which were first given power operating pretreat¬ 
ment (group 3) was less effective than using no pretreatment (group 4) and more 
effective than using reverse bias pretreatment (group 2). This information is sum¬ 
marized in Table 22, and is based on the percentages given in Table 21. 
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Table 22. Order of Prediction of Failures on Life Test 
(Main Test Program) 

Life Tests 
Ord 
Init 

er oí Prodlctif 
al 

>n on Pretr çatmont Data 

Post- Pretreatimnt 

200*C 

2r,o*c 

:too*c 

Best 
Group ] 

(Tomp. Stg.) 

1.3 

:i 

2nd Dost 
Group 4 

(Control) 
Group 2 

(Rev. Bias) 
2 

3rd Bost 
Group 3 

(Pwr. Opr.) 
4 

i 

4th Best 

4 

Best 
Group 3 

1 

3 

2nd Best 
Group 1, 2 

3 

2 

3rd Best 

2 

1 
Reverse Bias 

125*C 
m*c 
225*C 

3 
l 
1 

1 
2.4 
2 

4 

3 
3 

2 

4 

1 

1 

3 

3 

2 

2 
Power Operating 

15 W 
37.5 W 

60 W 

Temp. Stg. (Avg.) 

Reverse Bias (Avf.) 
Pwr. Operating (Avg.) 

3.4 
3 
1 

3 

1 
1 

1 
4 
4 

1 
2 
4 

1 
2 

2 
3 
2 

2 
3 

4 
4 
3 

--1 

3 
3 
3 

3 
1 
3 

1 

1.2 
1 

1 
3 
1 

2 

2 
2 
2 

»«JT C0Ur<’e' OTer-8lmP“fy the comparison. Data obtained durlna 
L: tbat some of •‘‘f pretreatmenu, storage or power prior to the reverse 

as test, for example, appear to be detrimental to the device used, since they 

o^ung"^ While 0P'ra“'’* pretre,tment etabiiises be device or power 

11,6 'our Pretreatment groups were studied to see if they would respond stmilarlv 
to die accelerated testing condi.ions.2/ Each pretreated greup of 25 imo^ the " 
uni, sample subjected te a particular tes, condition was studied separateTy. xL plote 
of cumulative percent faiiure versus log „me appeared te be ..imitator tee four 
groups except on reverse bias tests. They were not exactly the same since there can 
be tome variation from sample to sample. 



It was then decided to use the Kolniogorov-Smirnov two-sample test to see if 
any difference could be detected between the response of the three pretreated groups 
and the control. The Kolmogorov-Smimov two-sample test is a test of whether two 
independent samples have been drawn from populations with the same distributions. 
It is an excellent test to apply since it is non-parametric and is sensitive to any kind 
of difference in the two distributions. At a particular read-out step, each parameter 
range was divided into a collection of 40 cells; there were four such collections, one 
for each of the pretreated groups. The number of devices having parameter values in 
each cell was noted and then the cumulative percent of the devices which had parameter 
values in a particular cell or in a previous cell was calculated for each cell. The 
maximum percent difference irrespective of sign between the cumulative distributions ol 
the pretreated group and the control sample was calculated and examined for significance 
at the 0.05 level. This was done for all fixed stress tests at all readout intervals. 

The results of the Kolmogorov-Smirnov two sample test are presented below, 
rhere was no significant difference in any of the parameter distributions in the 200° C 
or 300°C storage life tests nor on the 125#C or 175° C reverse bias Ufe tests at the 
initial reading prior to being placed on high stress. This would indicate that the 
different pretreatments had not affected the device parameters differently. There was 
a difference in the hpE (1A) distributions between group 1 (storage pretreatment) and 
group 4 (control) at the beginning of the 225°C reverse bias life test; this difference 
was observed througnout the test. After the first 2 hours of this test, there was also 
a significant difference in the parameter distributions of hFE (5 mA) between groups 1 
and 4. There was a significant difference in VçE^sa^ between groups 1 and 4 during 
the 37.5 W power operating Ufe test. Alter the first two hours, a significant 
difference developed between group 2 (reverse bias pretreatment) and group 4 on this 
teoc A significant difference was observed also between group 3 (power operating 
pretreatment) and group 4 on the 250°C storage life test on ICE0 (70 V) and between 
groups 2 and 4 on the 15 W power operating life test on Iceo (7° v)» 

Examination of Table 23 shows that reverse bias pretreated units failed more 
than the control on the operating life tests, while operating pretreatment had a 
stabilizing effect. Storage and operating pretreatment resulted in more units failing 
on reverse bias life tests than the control or reverse bias pretreatment. 

By eliminating the devices which were predicted failures from pretreatment 
data, the percentage of failures in the sample after screening on the pretreatment 
data may be calculated. Table 24 gives these pîrcentages. This table indicates 
that screening on operating pretreatment would be advantageous on storage and 
power operating life tests. No pretreatment appears advantageous for the reverse 
bias life test. 
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A study of the parameters which were preinriicators of failure during pretreat¬ 
ment for each of the pretreated groups on each of the high stress tests was made. 
To simplify analysis and comparisons of results the screening efficiency criterion, as 
mentioned previously in this subsection, was that no good units be eliminated. The 
analysis is incomplete and will not be given here in detail. However, there did not 
appear to be any preindicators of failure which were common to all of the pretreatment 
groups. For example, ICB0 (30 V) was a preindicator for group 1 (storage pretreat¬ 
ment) on the 125#C reverse bias life test, but the preindicators of failure for group 2 
(reverse bias pretreatment) were delta and percent changes in VBE/satv, and for 
group 3 (operating pretreatment)wa-e hFE (5 mA), VBE(sat), and delta changes in 
^BO ^30 V) “d ^CBO ^70 V)' K wouW be interesting to compare the failure pre¬ 
indicators during pretreatment with the failure parameters during high stress for each 
of the pretreated groups. This information, however, would not be available without 
much more data analysis. 

4. HIGH STRESS TESTING 

Table F-4, screening results for the 250°C temperature storage life test (Main 
Test Program), will be used to assist in understanding the screening tables in 
Appendix F. Column 1 of Table F-4 is the screening step given as i-j, where i refers 
to the readout step during the high stress test (1 for initial) and j refers to the screen- 
ing pass number (j = 1, 2, ..., 5). The computer program SERF examines all of the 
electrical parameters measured at a particular readout step as well as the delta and 
percent changes in that parameter. That parameter or change in parameter and 
parameter limits which maximizes the screening efficiency is selected as the screening 
parameter and screening level for the first screening pass for any readout step, i 
(screening pass i - 1). Devices with screening parameter values above or below the 
screening parameter levels (limits) are eliminated (screened) from the sample. The 
best screening parameter for the remaining devices is then selected for screening pass 
i - 2. This continues for a total of 5 screening passes. In other words, 5 parameters 
are selected for inclusion in the final screening procedure. The number of screening 
pa:- ses used to examine the data at each readout step is a value which the user supplies 
au input to the SERF computer program. In practice it has been found that 5 passes 
suffice. 

At all of the readout steps during the fixed matrix tests of the Main Test Pro¬ 
gram except the initial and final readings, ten electrical parameters were measured. 
These are the first ten parameters Usted in Table F-l. At the initial and final read¬ 
out steps, an additional 5 parameters also Usted in Table F-l were measured. 
Column 2 of Table F-4 gives the screening parameter selected for each screening 
pass. For the screening on initial data (screening passes 1-1 to 1-5) for each test, 
the number in column 2 refers to the appropriate parameter described in Table F-l. 
Referring to Table F-4, it is seen that parameter 15 was selected as the first screen¬ 
ing parameter. Referring to Table F-i, it is seen that this is BVEB0 (IE = 100 pA). 



However, on all screening passes after 1-5, a different numbering system is used for 
screening parameters. In the new system, parameters 1 to 10 refer to the first 10 
parameters in Table F-l, parameters 11 to 20 are the delta changes of parameters 
1 to 10, and parameters 21 to 30 are the percent changes of parameters 1 to 10 (Figure 
F-2). Thus, for example, referring to Table F-4, the screening parameter on screening 
pass 2-1 is parameter 11, delta change in parameter 1, (^E ~ 30 ' )• 

The 95 entry in column 3 of Table F-4 at screening step 1-1 means that at the 
beginning of the test there were 95 devices. In column 4 of Table F-4 it is seen that 
forty-eight of these devices failed after the initial step. Screening on parameter 15, 
BVEbo (¾ = 100 ^A)» 5 devices were rejected (column 5 ofTable F-4) and column 8 
of Table F-4 indicates that there were no (0) good devices among those rejected. 
Thus there were 43 failures (column 6 of Table F-4) which were not rejected when 
screening on parameter 15. The 47 devices in the original sample of 95 which did not 
fail on stress are in column 7 of Table F-4. 

The e and e* values are given for this first screening step. After rejecting the 
first 5 devices on screening step 1-1, there are 90 devices remaining to be screened. 
Screening at step 1-2 on parameter 7, hpg (5 mA), removes 7 additional devices, 6 of 
which later failed. 

After screening on the initial data (screening passes 1-1 to 1-5) the data for the 
next readout step are examined, screening passes 2-1 to 2-5. It should be noted again 
thr* the number of devices in column 3 is always the number of devices remaining on 
test whose parameter values did not exceed the failure criterion (Table 2 and 
Table 3) after the readout step on which data the current screening step is being 

done. Thus referring to Table F-4 screening pass 2-1, it is seen that there were 
89 devices whose parameters had not exceeded the failure criteria. Screening at 
step 2, then, would remove the 6 devices (95-89) which were first detected as failures 
at the second readout step but there would be no prediction involved. 

Thus screening at step 2-1 on parameter 10 (VcE(sat)) would remove 9 additional 
devices, 2 of which were actually good. This results in 15 dèvices being eliminated, 
the 9 predicted failures and the 6 devices which were actual failures due to exceeding 
the failure criteria at that readout step. 

Examination of the screening results in Appendix F reveals that on the tempera¬ 
ture storage life tests IebO <vEB ■= 8 V) (parameter 6, 16, 26) and hpE (5 mA) 
(parameter 7) are the parameters most frequently included in the screening procedures 
(Tables F-3, 4 , andS ). Here reference to a parameter also includes delta and per¬ 
cent changes in that parameter. On the power operating life tests (Tables F-6, 7 
and 8) hFE ( 1À) (parameter 8) occurs frequently. On the reverse bias life test 
(Tables F-9,10andll)IE3Q (Veb = 5 V) (parameter 5) and VBE(sat) (parameter 9) 
occur most frequently. It should be noted in selecting the screening parameter thatwhen 
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more tta" „ne p.™™ ter glves ^ 8an,e screet,¡ng efflclenoyi the computer 

RF simply selects the first of these parameters on the list. Thus IrFO ( 30 V) 
(parameter 1) occurs frequently in the screening procedures and can simply indicate 
that all parameters give poor screening and that parameter 1 was actually used in 
screening since it occurred first on the list. 

M h parameters *hich were. selected on the first screening pass, those 
which give the highest screening efficiency, it is noted that IEB0 (5 /), IERO (8 V) 
and hFE (5 mA) (parameters 5, 6 and 7, respectively) occur most frequently on the 
temperature storage tests as seen in Tables F-3, 4 and 5. Referring to Table D-2 
it can be seen that the primary failing parameters on the temperature storage test 
are hFE (5 mA), but that relatively few devices failed due to IFRn limits beimr ex- 
ceeded. TT* most fluently „ccurrfng screening parametersÄe 
tests (Tables F-6, 7 and 8) are IEB0 (8 V) and hFE (1 A) (parameter 6 and 8). On 
these tests hFE (1 A) is practically never a failing parameter and IERO (8 V) occurs 
fairly frequently as seen in Table D-6. On the reverse bias test Ir Fn (30 V) 
ÏCEO (70 y). ICBO (70 V), Iebo (5 V), and VBE(sat) (parameters 1, 2, 4, 5 and 9, 
respectively) appear most frequently as the screening parameters. They also are 
frequently failing parameters as seen in Table D-4. 

Predicting later failure from the initial readings immediately prior to high 

LZ!" h fr4 m ^ deVel0pment of a greening procedure. The data in Appendix F 
stress 1m wr?meterS ^ acTeenin^ wil1 be Actions of the particular 
stress to which the device will be exposed. Pretreatment data indicate that it is a 
unction of pretreatment also. To some extent all of this would be expected, since 

easUv^ a numbe^ of failure mechanisms operative and the equilibrium may 
easily be shifted by stress change. 

There are a number of reasons why screening during high stress tests could be of 

Taïon T6', P7dlClng later failure initially and dur^ high stressing can supply infor¬ 
mation of value to a physics of failure study. For example, the IEBO (8 V) parameter 

:Z:rZ 0*240 predlcted 56 Flures on the 300’C storage life test (Table F-5) 
a * “fn*18 was a failing Parameter for only 19 devices (Table D-2). Also it was found 

V)aLter°Ltd31 T T* hÍgheSt lDitial VcE<8at> ValUeS (VCE(sat) = 0.104 to 0.132 V) later failed on this test, as shown in Figure 64. Also screening during high stress 
testing could ead to the discovery of an excellent way to eliminate later failures after 
only a short time under high stress. This was not observed during this test progrem 

stress test1'08? 3' ,jU8tÍfyÍng 016 consideration of early screening during a high ’ 
hi«A nv t °r exafmple’ 14 could h® found ihat screening after hours under a very 

gh o^erstress resulted in excellent predicUon of later failure but that this over¬ 
stress for ^en two hours damaged the device. Consideration could then be given to 

dama?!? tí T / ^ ^ °f ** t68t whIch Would ^inimize any 
amage to öie device that might result from the stress. Relatively soon after the 

bege?dent°f 016 hÍg 8treSS te8t ** Parameter chan8e Preindicating failure may already 
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Figure 64 . Distribution of Initial Values, 300°C Temperature Storage Test 
(Main Test Program) 

Application of these techniques for predicting failures from initial data and from 
high-stress data could prove useful in designio burn-in tests. That is, the burn-in 
test could be selected on the basis of its ability to eliminate (screen) the largest 
percentage of potential failures from a given lot. In fact it may be advantageous to 
change the burn-in test periodically for a given device series since the more prevalent 
failure mode may change due to process change. 

5. CRITIQUE OF SCREENING RESULTS 

There is some evidence that screening during power operating pretreatment will 
result in a smaller percentage of devices failing on the storage and power operating life 
tests. No pretreatment seema to enhance prediction prior to reverse bias life testing. 
The proper screening procedure will be a function of the pretreatment stress and the 
type of stress (life test) to which the devices wdll be exposed. 

It should be emphasized that these results are based on a small sample and only 
a few manufacturing lots were represented in the tests. It also should be noted that 
prediction in this test program is done "after the fact, " i.e., after a device is considered 
a failure the data is re-examined to see if there was a preindication of failure. Much 
further testing would be necessary to make these results definitive. 
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6. LINEAR DISCRIMINANT ANALYSIS 

a. Introduction and Snirimary 

The computer program SERF is of value in isolating those parameters which 
are preindicators of failure. It can be of value in constructing a screening procedure 
and in providing information of value to a physics of failure study. However, a major 
disadvantage of this program is that it cannot screen simultaneously on more than one 
parameter. Suppose, for example, that units with a high value of one parameter or a 
low value of some other parameter are not particularly liable to fail. It is quite 
possible that later failure would be associated with both a high value of one parameter 
and the low value of another parameter. A linear discriminant analysis computer program 
(LINDA 1), however, allows us to screen on many parameters at once. 

There are three major disadvantages of linear discriminant analysis, 
however. First, deciding on the proper parameters to incorporate in the linear dis¬ 
criminant function is not a simple problem. An arbitrary collection of parameters 
could be selected, but discrimination would not necessarily be good. W. G. Cochran—^ 
has derived a relatively simple method for deciding which parameters should be included 
in the linear discriminant function. Second, the assumption is usually made that the 
covariance matrices of the two populations, in the case of transistors, into good and bad, 
are equal, niis is not necessarilv true, but merely a convenient assumption. Recently, 
T. W. Anderson and R. R. Bahadur^ have solved the classification problem when there 

are unequal covariance matrices. A computer program, LINDA 2, has been written to 
handle the unequal covariance matrix case. A description of the program will be found in 
Appendix G. Third, the assumption is made that the distributions are multivariate 
normal. In the case of transistor parameter distributions this does not necessarily 
appear to be the case. Preliminary attempts have been made to investigate the possibility 
that there may be satisfactory discrimination even when the distributions are non-normal. 

If die distributions of the parameters of the satisfactory and unsatisfactory 
devices are normal then the computer programs given in Appendix G can be used to 
develop a classification procedure using linear discriminant analysis. A few studies 
investigating the applicability of linear discriminant analysis when the distributions are 
not normal were made during this contract and are reported in this section. 

Two non-normal distributions, a bivariate (two parameter) uniform distribu¬ 
tion and a bivariate "contaminated" normal distribution, were generated by computer 
simulation. The probabilities of misclassification were calculated for these distribu¬ 
tions and compared with the probabilities of misclassification for the normal distribu¬ 
tions. It was found that the probabilities of misclassification in the contaminated case 
were comparable to those in the normal case. The uniform distribution study was not 
of practical interest. 

143 



1) Investigate other non-normal distributions. 

2) Vary the correlation between parameters. 

3) Investigate non-parametric classification procedures. The 
classification procedure of linear discriminant analysis is 
based on the underlying distributions being normal. The studies 
mentioned in this report investigate the effect of non-normality 
on the classification procedures. Non-parametric procedures 
however, are those which are independent of the underlying 
distributions even in theory. 

4) Investigate which parameters should be included in the Unear 
discriminant function. Many electrical parameters may be 
measured and it would be impractical to include all of them in 
the linear discriminant function. Knowing something about the 
statistical relations between the parameters in theory assists 
in the selection of those parameters to be included in the linear 
discriminant function. 

b' Mitigation of Non-normall tv AasutnpH»», 

!• Explanation 

ndT^“,I1!:!““” “ Appendix G. 
\ and n2 are not normally distributed. A 

i, was investigated under the following assump- 

U y impossible, but some insights can be 
of simulation methods. The distribution 

*1’ "2 have bivariate uniform distributions. 
n. 
'U »2 have contaminated bivariate normal dlatrlbutlona. 



Probabilities of misclassif ication were approximately computed under these assumo- 
üons and compared to probabiliUes of misclassif ication under normal assumptions 
For purpo.e»of lnveSllg,«o„, ^derlyir* population nean8 and cov“a„ceawe° 

ouolhe c^r™^'™' The‘h‘rteen oa8M studled »>'e shown in Table 25. m each case the correlation p was taken to be 0.1. 

2* Construction of Empirical Distributions 

dlatrlbution wltt ^ ^ 

(1/12 0 \ 
;o 1/12/ 

We generate two independent items from the univariate uniform distribution on 0 1 
say X, and x2. Then (x, + a - 1/2, x2 + b - 1/2)- constitutes an item from a bivariate 
uniform distribution with mean (a, b)'. variate 

dlatrlbution on 0T0 .“Tn”",“ “f"" ltem fr°m ^ uniform 
tin» ». i , a 0.1, genentte tut iL 
tion aa », but »id, varlaneea nine time. Urgen ^ ““ COrrela' 

To obtain an item from 

N 0 ■ (..: •:) 
‘e‘ "J ^mZl„bf,1°‘l!Penttem 'te,M ,rom Ln» x2 = 1-1¾ f 0.99t,. Then 'xl> x2' an Item from 1 ¿ 

N l0)' (01 o-oooî) - N (õ) (o.î 0 í) 
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^ To obtain an item from a bivariate population with mean (a,b)\ 
variances CTj and cr2 , and correlation 0.1, transform (xj X2)'! as follows. Let 

%= a ^ S and W2 = °2X2 + b- Then E [(w^ w2)'J = /a, b)’, Ow^ = Oj2, ow2 = 
°2 • and the correlation is 0.1, by problem 31, p. 43.1/ 



ftem r ,ro“ ‘ «'«O»«™- arranÄe 
tíon function of U, Fcnn Al? - i/soo ’ p ’ ï00’ ^ COmpute 016 emPirical distribu- 

-- ^trtNjt,on “— 

The algebraic form oí U In the bivariate caee ie obtained below. 

Let 

U = 
o o - o * 

11 22 12 
<X1 °22 ' x2 ^12^ di * <x3 ‘'n X o ) d 

1 12; 2 

0 
1 22 V di 

1 
2 (f5« O , 2 11 -So 

1 12 » 

S = u + u 
1 11 M21 

where 



3. Results 

. . 0116 result of 0118 study is a computer program designed to perform 
linear discriminant analysis which includes routines for finding the Bayes and^ninimux 
soluttons for c (defined on page G-H of Appendix G). Here c is a measure of the relative 

s of misclassification, i.e., the relative costa of classifying a good device as bad 
or vice ve^rsa. It 1S shown on pageG-14of Appendix G that if q,, the probability that a 
device is from the population of good devices and q2, the probability that a devfce is 
from the population of bad devices, are known, 

then, 

c = log £q2 c (l/2)/q^ c (2/l)j , 

where c (1/2) is the cost of misclassifying a bad device as good and c (2/1) is the cost 

° yínI a g0°d deJÍCe aß bad- The meaning 0f c when and are not known is also discussed on page G-15 of Appendix G. 

Table F-12 in Appendix F displays the results of the simulation 
process. Column (0) gives the case number, column (1) the means and 
common covariance matrix of ^ and rr2, column (2) the theoretical value of the 
variance of U on the assumption of underlying normal {xipulations, column (3) the 
theoretical mean of U, and columns (4) and (5) give the empirical mean and variance of 
U on the assumptions of uniformity and contamination, respectively. One check simula 

was usin* n°rmal population,. He result Is displayed In Table F-13. 

^ Now ^1140 016 ^“P®118011 of Probabilities of misclassification in 
normal and non-normal situation*. Four values of c were studied, i.e., c = 0, c - 1 

viv ’th * F"14’ F"16' 4,1(1 F’17 8ummarize the results. Column (0) 
gtires the case number, and columns (1), (2), (3) give probabilities of misclassification 

a8Samptio,ls underlyin* "ormaiity, uniformity, and contamination, respectively 
Pn/9 Î8 T Pr0!*b ty °f Cla8>ifylng “ item into "2 when it is really from tr,, and 
P(l/2) is the probability of classifying an item into ft, when it is really from ff«. 

« 

c. Critique of Linear Discriminant Anaiyau 

fcenprnii f F°^ flxed 016111 trences and correlation, probabilities of miscla^lfioation 
generally tend to increase as variances in the underlying populations increase (e.g., 
compare cases 1 and 5, 2 and 6, 3 and 7, and 4 and 8 in Tables F-14, F-15, F-16 

A 01 C0Urse’ 016 variances mean that the popuUtions are "mixed up. ” 

“stinct8 “ °f item8 18 m0re ^ ín CMeS Where 016 P0Piiîatt«,18 »re quite 



oí bft»ed on the contaminated por >tton« 
tend to b® rtaaonabAy oloaa to thoaa baaed on normal population*. More b„ imenta- 
tton must be done, but tb* preliminary evidence i* that cUeeificatlon baaed on the 

near disoriminant function may be •atiafactory at leaat when the underlying popula¬ 
tion* are more "heavy-tailed" than normal population*. 

The uniform case produce* odd remit* becauae of the »mail underlying 
variance», Thi* case »earn* to be not of much practical Interest, however. 

Apart from considération of probabilities of ml¿clanification one can 
%riminAnt Cotton on intuitive ground*. As noted on 

p. 138-X J ![£(!) - £(2)] i§ ft* Unear Motion ^ maximlMf ^ qy^uty 

Var (g'J) 

v.ltE ” rTü)t0 fflnThü< ÍT llB#Är diicríminAnt íunction, which i* a function of 
* u M ’1L{'I #,lould Pnrtto maximum power of discrimination. Not* that this 
result 1* independent of the form of the distribution* of the underlying populations 
*1 and Similar remarks hold tor the oase where population parameters must be 

J i* “i' °nP* 4 ^ Ä "1 [ X(D -S(2)] is the 1 to" ar func¬ tion which maximises the quantity j 

with respect to 4. 

Thus, If one is willing to accept linear discrimination as a working pro' 
oedure, he may turn his attention to other problems, e.g., the inequality of the 
covariance matrices of wl and ffa (point 8 below). 

d. 

form .» 4k 1ír5rÜSar (,iiP0*BlbUltlW * ^ üven In more qualitative form at the end of Section vn-6a. 



1. Check the behavior of U against non-normality assumption.*) other 
than those of uniformity and contamination, e.g., bivariate gamma or even bivariate 
Poisson. 

2. Vary the correlation p. 

3. Explore the possibilities of non-parametric classification procedures. 
(Compare references 18 and 17 .) 

4. Investigate the problem of selecting the best discriminatory variates. 
Girl —■ discusses the maximum likelihood test for testing whether the last p-q variates 
of a p-dimensional vector of normal variates contribute significantly to discrimination. 
The test assumes that the (distinct) underlying means and the (common) covariance 
matrix are unknown. Cochran -^discusses some principles underlying the selection 
of discriminatory variates and suggests a simple test to determine whether one or more 
variates will contribute to discrimination. (See also references 11 and 12.) 

5. Examine the assumption that ffj and share a common covariance 
matrix. Anderson®/, pp. 247-250, 256-259, contains a test of this assumption. 
Anderson gives optimal "linear" classification procedures when the underlying 
covariance matrices are not equal. Linear procedures are those which require the 
sample space to be divided into two regions of classification by means of a hyperplane. 
Cooper 1®/ discusses some non-linear procedures which are optimal for not only under¬ 
lying multivariate normal populations, but also underlying multivariate Pearson 
Type II and Type VH populations. Geisserli/ discusses classification quite generally 
from a Bayesian point of view. A feature of the Bayesian approach is that posterior 
probabilities that x comes from ffj and tr2 are obtainable. 

Welch and Wimpress-^/ outline a computer program of the mtntmnv 
procedure derived in reference 6. Welch and Wimpress, p. 429, point out that this 
procedure produces the vector b* which maximizes 

This result is independent of assumptions made about the dlistrlbutlons of ffj and ffg 
and hence offers intuitive justification for the procedure presented. It¡ view of the 
evidence collected so far, it appears that the procedures discussed by Anderson Í/ 
have much to recommend them. 

150 



7. DEVELOPMENT OF SCREENING PROCEDURE 

a. Introduction 

A nondestructive screening procedure was developed under this contra ct 
using the modified SERF computer program for small stud silicon planar epitaxial 
NPN power transistors having an all aluminum metallization contact system and other 
materials of construction, compatible with the temperatures employed in the. screen. 
This procedure is outlined in Table 1. 

Prior to initiating the screen, a random sample is selected from a given 
lot of devices to be screened. The procedure consists of two phases for each lot. 

Phase 1 (screen selection) is designed principally to select the best screen* 
ing procedure for the lot. The random sample is subjected sequentially to a constant 
acceleration screen, hermetic seal check, thermal resistance screen, and power burn- 
in; followed by three separate 1000 hour high stress life tests (Table 1 ). Electrical 
parameter measurements are made several times and attribute data recorded on IBM 
cards for input to the computer program. From these data the best parameters to use 
for screening are determined by the SERF program. 

Phase 2 (screen application) is designed for 100% processing the remainder 
of the lot. This procedure is also in Table 1. The lot is sequentially processed 
through the same stresses used in phase 1, up to and including power burn-in. 

The lot is then routinely screened by the computer using the results obtained 
in phase 1. Screen selection, screen application and cost of each of these two phases 
of the screening procedure are discussed in more detail below. 

b. Screen Selection (Phase 1) 

A discussion of each step of the screening procedure is presented in order 
of occurrence for phase 1 (Table 1 ). A quantity of devices is chosen for the lot and 
a random sample of 400 is recommended for processing through [díase 1. This size 
sample allows for yield loss at the various steps in phase 1, still leaving 100 units for 
each of the three life tests. A 100 unit sample is considered a minimum size sample 
for each of the life tests on which the prediction technique is based. The 400 unit 
sample will be serialized in some convenient way for traceability. Unit identity is 
maintained. 



Step i - flwd itottiaü 

indioitfl th.* pll «P6 lore<,nin» rMultB obtained from SERF (discussed in Section vn-4) 
mdioate that all fifteen parameter* used in the teat program on thi. contract (Tables 2 

Td Lordid^IBnMq*s^ui!rM °n T Tn teitB’ AttríbUte data w# taken 
uïed before «d !î.ï V ^’ Oorrelft«on emplee (Section 111-80) are alec 
.««pie is then'subjected to rte^V P«*«**”*- of the «mple. The 400 unit 

gl» 8 - C Mlttnt Aooeleratl^ 

units which ere nJ^ln^í ï ^th® BOreen to remove mechanically weaker 
T^st ™ ;iWple* Dati obtelBed the PreUminary 

f v d ** oonBtant »oeltratton la more effective than thermal shook 
used Z rIm0Vllî ****** wits (Section n-3a). The data 
used In selecting the etreei of 10,000 O for the Xi and Y, planes are discussed m 

fuliy removed lÍÜtt*6 y®rtfio*tion To,t P*’0«»'«» the constant acceleration test success- 
DerformTn7-i p0Bt"t0"wlr# Wild* (»«otlon V-Tt). The ocndltloos for 
wcSsd thîw f0r f* B°L*#n T® bM#d 00 wwtt» In this program, ft la 
net 2°**« t * ^vto® toom a particular manufacturer In both planes may 
meohs«?T,Wy* In on# plWB ,hould b® aufflolent If the nature of the 
mechanical rogues is known. The Yj plane is reoognlaed hy the industry and the 

S ™ mí ftB ,tWii K Ä^Thcem me Yj plane appears to be the beet choice. 

maa ■ asaca Ptn 

Hermetic ae.l testing In Included to usure nicken Inteeritv is 

r *« ^ -ÄÄ- «d 
l ""*1,?“** «*•* wen found to be e onuee of folium, m- 

ÍSlfÍ* *”7 ““**• devloes «111 be 
nosed t ííírue*^*» w toyplon leek tent equipment end devloes whtoh 
“f.““ ' 8 ^10 ««/••« oelng helium or « „ 10 -• oo/eeo using krypton 

dde iñetlm/ni^M y ^ '“í r“"bM,i up<* fci* *&*** *» rigum . . h demonatrate that a difference of approximately one order of manitude exists 
betwen the meult. of h.llua teobnlquee end krypton teobnlquee In the l?*oo/eeo 

-J^dpooksfe (TO-lll). Following the floe-leek test the entlm 
emple will be groee-leek tested by immemlon In noooerroetve ethylene glyool et 

r.mp” ' ^ Th* ••»PM. then eubjnted 

na 



H i PP 
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Step 4 - Thermal Reslstanca 

.-.rr .rr«- ™~„ 
than did steady state techniques (Section Vni) The moth »H i f j ^ y IR 8can 
(ZOT) method (Appendix B) because It was raoid ^ Wa8 the ÛVcBF 
scan results (Section VTITl rh. Z^Z < g G g00d agreeme‘11 ^ the IR 

v** v™: 
tne lot. The devices are then subjected to step 5. 

Step 5 - Read Electrical Paramotom 

are made. Same as for step 1 except devices are moved to step 6 after readings 

Step 6 - Power Burn-In 

r::r ^ 
rating of SC^W atT^ lOO^Md ** Stre88ed at its P^61” 
.a ..er operating^life JÄm “ 

in Appendix A is recommend Next ^ 

Step 7 - Read Electrical Parameter 

after readings ^ ^068 are m0™d •» “•»P » 

Step 8 - Life Tent« 

, . ^16 remalader of the 400 unit sample (only catastrophic failures 

<the?eXer TI" w ^ ‘mM°r 8a“Ple» « •»» »»«« «oh 
Each õfTm ,7i8fU7'L “ 13 *"* mt ta -l-tained. 
•tor«, „1X1. ^ “““ PX °" 1000 hO” “o tests (tempendure 
taat «sumi . ' T” 0p,rWto*> ' Th«« W. test, are chosen because the 

« ^ m tst AXXZXl#‘at fU1Ure “«te» often occur 
More ^ rleX. 
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Step 8a 

i 

i 

This test is included to accelerate failures such as those due to 
chemical reactions.to collector bond degradation and hermeticity. The conditions 
for stress are Tc = 350e C for 1000 hour s. Units are to be placed in the ovens in 
three positions - horizontal, vertical and inverted - to take into account any effect 
gravity has on the mounting medium beneath the die. This is a safeguard measure 
and wax incorporated in all three test programs in this contract. This method of 
storage was beneficial on the Main Test Program as poor can welds were revealed 
(this is discussed in Section IV-8). The stress condition is that used in the Verifi¬ 
cation Program. This was selected as it accelerates the failures without apparently 
introducing failures not related to use conditions. At this high temperature, the 
effects of pin holes in the collector nickel plate are accelerated which resulted in a 
break in the 350°C cumulative percent failure curve given in Figure 44. The same 
fifteen electrical parameters will be read at 2, 24, 250, 500 and 1000 hours in the 
manner described in the procedure of step 1. 

Step 8b 

flaws errata! i™ ^ ^ to “celerate failures due to collector bond 
flaws crystal imperfections and abnormal thermal behavior due to problems of 

r™br"or uniu mu ■* •‘‘■«“x « tc=ioÄ7 °. 
0 a ! X: f0r 1000 hoUrs- 7116 same fltaen electrical parameters Su be 

iram The T “ 0h0‘<’° *” ^ meá tn ^ Vertflctílon Tert Pro- 
f i U’mper*ture «TJ> of ‘he device wiU be > 200-C for unit, with 

; 0WeVer' ""““e from «he Verification Test Program Indicate that 
thi. high »tr.se „ effective to reverting device weakness«, " 

Step 8c - Reverse Biae 

e£ “ 200 c f VCB = 100 V and VEB = 7 V for 1000 hours. The same fifteen 

tete lT11 ^ at 2* 24’ 250‘ 500 and 1000 hours in «.e m^er 
described in the procedure of step 1. The bias conditions selected are the same as 

those used in the Main Teet Program. The stress temperature of T = 200»C is 

d^Tsmíf maiyBlr' ”8Ulta <SeCtlon IV"8c) ^ (termal) break- 
studies which showed that breakdown voltage of each Junction decreases mniHi 

at temperatures above 200*C. Units are cooled to room temperaturV with bias arolfed 

brt ao^ ”” 000led ‘f* room with bias applied 
but some <rf the difficulty in interpreting the test results (Section VI-4) may be alleviated 
by retaining toe bl» « to. unit, until immedtotoly prior to ptmameter ^»«0» 
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Step 9 - Compuf r Analyla 

. ÁV The computer la used to compute deltn ( A) «nd percent ( % ) change 
of the pirameter between steps 1 and 5. This Is retained and will be used to com¬ 
pare different lots receiving the samo processing. The SERF program la employed 
first to screen out potential failures uaing data from devices after the 100% burn-in 
(step 7) in conjunction with the data at step 8. However, this analysis is not performed 
until after the three life tests are completed. The SERF program Is also used to 
screen out potential failures using data from the first four intervals of the life tests 
In conjunction with the Initial data (step 7) prior to life tests. From such an analysis, 
a screening procedure is obtained for use In phase 2 (screen application). This com¬ 
pletes phase 1. Then phase 2 is performed. 

c. Application of Screen (Phase 2) 

In this phase of the screening procedure the remainder of the lot is pro¬ 
cessed through steps 1 - 7 in the same manner ¿s was done in phase 1. After com¬ 
pletion of step 7 (burn-in) the lot is screened using the screening criteria obtained 
from,SERF in phase 1. 

General Considerations 

Technique of dividing the lot and processing the sample prior to processing 
the lot is not mandatory. Rather the entire lot can be processed through step 7 and 
the random sample pulled for the life tests (still 100 units minimum per test). 

Several onions are available after completion of phase 1 depending on 
the computer (SERF) screening results of phase 1. For example, the SERF results 
may indicate that the units cannot be screened properly using post burn-in data 
Rather, the SERF results may indicate that additional stress for a few hours on one 
or more tests similar to the life tests is necessary. As experience is gained with 
the SERF method by the various manufacturers, they will find techniques which will 
allow them to opt'mize their results for a given device type. One thing that the manu¬ 
facturer might do to optimize the screening result is to change the e + criterion (Sec¬ 
tion VII) to allow more good units to be removed which may permit removal of a larger 
percentage of the bad units. Once the new e * criterion is determined it can be 
incorporated easily in the SERF program. 

The techniques employed in the screening procedure should be applicable 
to most semiconductors but an exploratory investigation will probably be necessary 
on each device type before determining the adaptability of the technique. 
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e. CoilrfgglMBlM 

Th« ' ^mit«d coat« of performing phaa« 1 and phaa« 2 of th« proposal 
aoreaning proo«» ur* In Table 1 are $14.00 to $28.70 and $6.40 to $11. 80 oer device 
respectively. The lower value of ooet In either range la baaed on recordingattrlbutea 
data on 8 parameters and on two levels of screening using SERF, but omitting IBM 
card processing, failure verification, changes In SERF programming, and changes In 
failure criteria. The higher value of ooet li baaed on recording attributes data on 15 
parameters, five levels of screening using SERF and the other elements composing 
the coat factors W, X, Y, Z listed below. 

These estimated costs for performing the proposed screening procedure 
on 100 devices may be expressed as, 

Cj - W-* Aj X+Y +C1 Z (Phase 1) 

and 

c2 * 7" + a2 x + B2 Y (Phase 2) 
where 

W,X, Y, Z * Costs which are defined In Table 26 

Ai, A2 » The number of steps where X costs apply In th.> respective phase 
of the screening procedure 

• ®2 m The number of steps where Y costs apply in the respective phase of 
the screening procedure 

Cj <■ Number of life tests 

Each cost factor Is composed of several elements, most of which are listed 
below. 

Cost Factor X 

* Record attributes data on 8 to 15 parameters 

* Equipment set up 

9 Use of correlation sample 

* Maintain X - R chart on correlation sample 



Table 26. Factors Used in Estimating Costs of Performing 
The Proposed Screening Procedure 

Screening Steps in 
Cost Grouping Cost Factor ($) Costs Per 100 Starting Devices 

Lower ($) Upper ( f ) 

Steps 1, 5, 7 

Steps 2, 3, 4, 6 

Steps 8a, 8b, 8c 

Step 9 

X 

Y 

Z 

W 

100 

10 ^ 

220 

400 

190 

90 ^ 

480 

500 

Total Cost 
Per Device 

Phase 1 14.00 28.70 

Phase 2 5.40 11.80 

* Maintain unit identity 

* IBM card processing and data listi g 

* Labor costs for performing the tests 

Cost Factor Y 

* Go-No-Go testing on fine leak equipment1 

* Setup of equipment to perform required test 

* Labor costs for performing tLe tests 

* Labor costs for loading and unloading units on the various tests 

* Maintain unit identity 

Cost Factor Z 

* Fixed costs for a particular life test - differs for each life test 

* Y costs for 4 other loadings and unloadings (after initial) 

* X costs for 5 intervals of readings with attribute» data on 10 to 
16 parameters 

* Maintain unit identity 
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Coat Ft ctor W 

• Computer tnalyais of data using SERF including delta ( A ) and 
percent (%) change for 8 to 15 parameters 

• Two to five levels of sc eenlng using SERF including delta ( A ) 
and percent (%) change for 8 to 15 parameters 

• Data plotting 

• Failure verification 

• Changes in SERF programming 

• Professional labor for data analysis and interpretation 

• Up dating failure criteria 

Although the equations for estimating the costs for the proposed screening 
procedure are of a general nature, they are not all inclusive. It is believed that any 
costs derived from them will be applicable in a relative fashion to any additions or 
subtraction of similar steps to the screening procedure. A list of some of the items 
not included in the estimated costs is given. 

Not Included In Estimated Cost Factors 

• Cost of sockets 

• Design cost of test facility 

• Cost of life test facility 

• Failure analysis 

• Yield 

• Report 

In determining these costs it was assumed that many lots of 1000 units or 
more would be subjected to die screening procedure. This allows amortizing some 
small fixed costs in cost factor Z. Thus cost factor Z as quoted above should not be 
used, as they would be too low, for calculating the cost of processing only one or two 
lots. 
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SECTION vm 

THERMAL STUDIES 

1. INTRODUCTION 

The thermal studies were conducted early in the contract in order to allow the use 
of the results in the reliability test program and the second breakdown studies. This 
section is primarily a summary of the thermal studies already reported in the two 
interim reports.^/. Many of the detail» ire left ouï of this section but can be found 
in the previous reports. 

The physical dimensions of the two transistor designs used in this study are given 
in Section m. For convenience, the transistor with a double set of emitter fingers is 
referred to as device A and is sho«n in Figure 1. The transistor with a single set 
of emitter fingers is referred to as device B and is also shown in Figure 1. Under this 
contract the thermal studies conducted were designed to invesCigate the thermal be¬ 
havior of a high frequency planar epitaxial power transistor both experimentally and 
theoretically. Thermal behavior which relates to transistor reliability has been of 
prime concern. An infrared (IR) microradiometer was used to measure the local sur¬ 
face temperature of operating devices. Variations were obtained for a wide range of 
steady state operating conditions. 

Various electrical methods of measuring the junction temperature of a device 
were evaluated by comparison with microradiometer measurements. This evaluation 
has resulted in an explanation for the differences in measurements from the various 
methods and has indicated the relationship of these measurements to the actual peak 
junction temperature. Since the measurement of junction temperature is used to 
determine thermal impedance, 0j.c, this évaluation has been important in under¬ 
standing how thermal Impedance values can be ised more effectively. It is primarily 
necessary to select with care tibe test operating conditions of transistors in order to 
determine useful values of e*-C‘ 

It has been possible to make a better selection of the electrical operating condi¬ 
tions for preliminary measurements on transistors used in the reliability test pro¬ 
gram. This study has shown that these conditions for testing have a great influença 
on the effectiveness of the measurements. The electrical operating conditions which 
result in the greater temperature variation have been determinod. Measurements 
under these electrical conditions should result in better predictions of reliability of 
the transistors. 
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By using a theoretical model, it has been possible tc determine the current 
density concentration in the base region under the emitter. Tbe emitter current te ds 
to concentrate along the emitter-base edge as the total current is increased. With this 
result for the current distribution and a solution for the heat transfer in a silicon chip, 
temperature profiles were calculated across the surface of the chip. The values of 
temperature were found to be in close agreement with experimental measurements. 
These calculations have helped to interpret the details of the experimental data and 
have extended the understanding of heat generated in transistors. With the ability to 
make these temperature calculations, it is now possible to evaluate the thermal 
characteristics of proposed designs. 

A discussion of the results of the thermal studies is given in Subsection 2. 
Subsection 3 gives the conclusions that have resulted from this work and a discussion 
of additional work that is necessary. 

2. DISCUSSION OF RESULTS 

a. Temperature Studies of Operating Transistors 

18/ With the use of an infrared mlcroradiometerr—■ the surface temperature 
across a steady state operating transistor has been measured. Isothermal contour 
maps have been constructed from consecutive temperature profiles as discussed by 
Peterman.U*/ From such isothermal maps, the development of hot spots has been 
observed for various operating conditions. Figures 6 5 and 6 6 Illustrate the 
change in temperature distribution of device A for different operating conditions while 
belding the power constant. Figure 6 5 was obtained for Ic = 5 A and VCE » 10 V. 

h.,3 map indicates a relatively uniform heat dissipation across the active area of the 
üovico?. The longer emitter fingers produced a little more heating than the shorter ones 
with a maximum temperature Just over 18C C. Figure 6 6 was obtained for the same 
device with Iç = 2 A and VçE = 25 V which maintained operation at the same total 
power. The maximum temperature increased to ove: 320°C along the long emitter 
finger side while the short emitter finger side was dissipating very little heat. Al¬ 
though hot spot formation has previously been predicted and qualitatively observed, 
the contour mape shown in Figures 6 5 and 6 6 aro quantitative. Such isothermal 
contour maps indicate that a mechanism, other than power level, also influences cur¬ 
rent concentration resulting in local heating and hot spots. Preliminary work to 
investigate this mechanis i is discussed in the second breakdown studies of Section IX. 

The operating conditions of a transistor do influence the distribution of 
power dissipation resulting in temperature variations. Collector-emitter voltages, 
Vce> 0i v or higher can result in large temperature gradients and peak tempera¬ 
tures which can exceed 300ÜC as illustrated in Figure 6 6 . Such devices are under 
a greater thermal stress than those operating at a lower and therefore are more 
prone to thermal runaway and self-destruction. This Indicates the importance of the 
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“f0110” 01 i* i!011’0“ operatln« condltiOM when the thermal Impedance of 

d"001 COrrell‘tl0n ^6811 tt“1“1 impedance mewuremente 
and reliability of devtcee tinder operating condltlona can partially be bv 

improper .election of tenting condition.. Thi. conclu.lon wa, employed In fte »elec- 

rv°f ^8t ^Ddltl0nfl ^ in ±e ^61, ^86 0f rellabillty te8t procram discussed in 
the Verification xest Program in Section V. Also the electrical methods used to 
measure thermal impedance of transistors are discussed in detail in Section vm-2b. 

The location of hot spots which may not be located at the center of a tran¬ 
sistor chip has been correlated with the location of voids which exist between the sili¬ 
con chip and the header. Such voids greatly intensify hot spot formations. Figure 6 7 
shows an isothermal contour map of a transistor at the given operating conditions of 20 
watts and VCE => 20 V with three hot spots. When this device was over stressed it 
went into thermal runaway and resulted in self-destruction. A photograph of the sur¬ 
face of the same transistor after the catastrophic failure is shown in Figure 68 
It is obvious that self-destruction took place at the most intense hot spot. An x-ray 
photograph of the same device is shown in Figure 6 9 where the lighter areas indi¬ 
cate the voids between the chip and the header. Although many voids are indicated 
the largest void was located under the hottest spot and helped to determine the location 
of failure. A great amount of effort is continually being expended toward improving 
the process of mounting chips to headers. 

Tt i. 70 •b®"* “ 1*0thermal contour map of a transistor of device B. 

m0nly T emItter flngers 18 prMent- A* *e Power and tempera- 
^ te8’ 01618 18 ^ * SeCOnd 8et of emitter losers to become inactive 
b^fr Tn 'ïf!!!* 010 efflciency <* 016 device* This design appears to have 
better thermal characteristics over a wider range of operating conditions than the 

1 8tructureB- ™ thermal study was very instrumental in 
the implementation of the new design, device B, earUer than originally planned 

b. ition of Electrical Me of Thermal Imnerfgy«» 

.. . ., reliÄbÜity of an operating transistor is influe^ed by the temperature 
that it generates.20/Therefore, it is necessary to use some convenient methTto 
measure the thermal behavior of tnumistors. The most convenient methods involve 
the measuremMrt of a temperature dependent ebctrical parameter which has been 
calibrated in some manner with temperature. The methods used for the contract 
woricare described in Appendix B. However, it is well known that by using different 

thl^ott!»**^648? d“f,P8at valu®8 of Junction temperature are indicated.¿i/since 
Junction temperature is not uniform for an operating transistor as shown in 

Section Vm-2a,tt is necessary to correlate the indicated Junction temperature with 

“l*not 
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VBE = 0.76W 

lB = 7.3 mA 

SC02598 

Figure 67. Isothermal Contour Map of a Device A, Transistor No. 2 

P = 20.0 w 

V s 20.0 V 
CE 

■ c 3 1 .0 A 

Of « Hpvi™ ?e J1“000“ temperature (TJ - MAX) is the critical temperature 
of a device since it determines the thermal operating limit. The infrared microradio¬ 
meter can measure directly this parameter (Tj .. MAX). Since the infrared micro¬ 
radiometer is only a laboratory instrument, it was used to obtain reference data 
Junction temperatures (Tj) measured by the VCBF and ZOT (A VCBF) methods have 
been compared with this reference (IR) data. The hFE method 7^ve values which 
were not consistent with actual measured values and the VBE method «/ gave results 

in^sUd tiVCB? meth0Í‘ Therefor®; lha hFE “d VBE methods are not included 

The ZOT method J ’ias been- added to this evaluation because of its conven¬ 
ience of measurement. Although the electronic equipment necessary for this method is 
quite complex, the actual measurement is very quickly made. This method measures 
the change in VCBp ( AVCBF) at two conditions — one before and the other immediately 
after the application of a power pulse. 
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Figure 60. Surface of Translator No. 2 After 
Self-destruction Caused Thermal Runaway

Figure 6f . X-ray Photograph at Transistor No. 2, Lighter Areas 
are Voids Between the SiUoon Chip and Header



Figure 70 . Isothermal Contour Map of Device B, Transiter No. 

The resulting change in junction temneratur» ohn..M k- i 
case temperature to simplify this measurement. **** t0 ^ Chang® 

con^utromelr™ *“» «« operating 
method, over a raoge T* ^ ^18 ,r0m 

dicates the lowest Junction tempert,ture aíthoStte Z^TettMfdw®1' 
ture only slightly higher. It should be noted flit tte ^ ‘ *»mpera- 

atproxim^ely bal, tte temperare rise heneen the cLe 3C^Z^um” 
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Figure 71. Comparison ci Three Methods for Determining TMAX~ T^ggvs Ic, 
Device B, Transistor No. 4 

The indicated thermal impedance, 0j_c, for this transistor is shown in Fig¬ 
ure 72 , The calculated from the ZOT and methods i® approximately 
half that calculated from the microradiometer measurements. This difference is a 
direct result of tee difference in tee indicated temperatures. Also tee value of 8j_q 
varies with operating conditions. This shows tee necessity to select with care tee 
test conditions for obtaining 0j_c for a given application, as was indicated in 
Section Vm-2a. 

The change, k, in tee Vcbf with temperature for this type of device has been 
determined to be approximately 2 mV/*C. This value was determined when tee 
temperature of tee junction was elevated to various uniform temperatures and when no 
internal power was being dissipated. It is Interesting to note teat if teil, vame of k is 
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Figure 72, Comparieon of Two Methods for Determining 6t c vs Ir, 
Device B, Transistor No. 4 ’ C’ 

taken as only 1 mV/'C then the agreement between the measurements from the VrRF 
and ZOT methods and tb'j measurements from the mlororadlometer is very good as 
shown in Figure 73, This agreement indicates that 8j-C as normally measured is 
approximately half that value as measured by the reference (IR) method. 

Values for the change in VCBJr with temperature are very difficult to 
obtain for operating transistors. These values are determined for uniformly heated 
Junctions but Are applied to test data that is obtained when very nonuniform tempera¬ 
tures exist. The nonuniform temperature does imply nonuniform current concentra¬ 
tion in the transistor, Iliis concentration will increase the voltage developed (Vr'nrO 
for a given total current and will Indicate some average temperature. 

Since the ZOT method uses a single pulse of power, it is possible to take 
measurements at much higher operating levels with less danger of damage to tran¬ 
sistors, This is why the data by the Vcgy method does not cover the same operating 
range as for the ZOT method. Also sinos die ZOT method allows measurements to 
be taken in a short time interval, it lends Itself to be used on automatic test equip¬ 
ment. This latter point can have a major impact on reliability by greatly reducing 
the cost of fij.c measurements* 
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Figure 73. Comparison of Two Methods for Determining TMAX - TCAgE vs Ic, 
Device B, Transistor No. 4 

c* Current Distribution Study of Transistor« 

The understanding of heat generation and transfer in semiconductor devices 
is one of the most important factors in understanding the thermal behavior of transistors 
under operating conditions. In order to determine the power dissipation in a transistor, 
it is necessary to have a thorough knowledge of the current density distribution. 
Fletcher —» — and Hauser — have determined such a current density of simple 
geometry for the weak injection case where the minority carrier density is very small 
compared to the net doping density in the base region. Emeis, etal., 25/ investigated 
the strong injection case where the carrier density is very large compared to the net 
doping density. However, neither of these assumptions is valid at normal current 
density levels which exist in commercial power transistors. 
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A solution for the current density for the arbitrary injection level has been 
determined which is applicable to certain power transistor geometries. The details of 
obtainiug this solution have been reported earUer. From this solution it has been 
possible to calculate the collector current density along ük region under the emitter. 

It was determined that as the total current was increased, more current is 
concentrated along the emitter edge. This concentration of current along the edge of 
the symmetrical emitter greatly influenced the operation of the device, particularly 
in determining the limit of its safe operation. For device A, it was found that for 
emitter currents of over 1 A, the current density will vary by more than a factor of 
10 across the emitter. This variation is illustrated in Figure 7 4 . Cun-ent densi¬ 
ties at the emitter edge are normalized to unity for several values of total current. As 
the total current increases from 0.1 iu 1.75 A, the variation of the current density 
across the emitter changes from 0.65 tc 0.06 of the edge value. 

d. Heat Transfer in Transistore 

To study the heat transfer in a transistor, a two-dimensional heat transfer 
problem was solved for a rectangular chip which was applicable to planar power tran¬ 
sistors. The heat generation was assumed to be primarily at the collector-base junc¬ 
tion with the current density determined by the results of the current density study. 
It was also assumed that this junction was located at the surface of the device. 26/ 

From this solution, temperature profiles were calculated and compared to 
actual device data. Figures 7 5 and 7 6 illustrate such a comparison for a 
geometry consisting of 5 emitter fingers of 9 mil width and 5 mil spacings on 100 x 100 
X 8 mil silicon chip, device A. Figure 7 5 gives a calculated temperature profile 
for a current distribution which gives a total dissipation of 50 V/ at 5 A. The tempera¬ 
ture profile given in Figure 76 is from experimental measurements taken on a 
device of the same geometry. This comparison shows thai, the heat transfer model is 
quite good since the magnitude is about tie same although the details do not give per¬ 
fect agreement. The primary shortcoming of the model results from not including the 
effect that the different layers of material contribute. The extreme peaks and 
valleys of the calculated temperature result from not including the layer of material 
above the Junction region. The rounding of the peaks toward the side is enhanced by 
the copper header material which also is not included in the model. 

However, the agreement with experimental data is good and indicates that 
the basic understanding of temperature variation has been established. It is now 
necessary to refine this understanding in order to study the more severe effects that 
temperature variation creates. 
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3. CONCLUSIONS 

The general thermal properties of hi^n-frequency power devices are much 
better known and understood. With the use of the infrared micro radio meter, it has 
been possible to study the operating temperature of transistors with very little 
disturbance of its performance. A result of this work is the determination of the 
temperature distribution for a transistor which shows that the peak operating tempK'-a- 
ture is much higher than was previously thought. The maximum operaüng tempera¬ 
ture for silicon devices was beUeved to be a little above 200°C but it is now known that 
silicon devices do operate above 300» C, although the maximum operating tempera¬ 
ture still has not been established because of other limitations of the device construc¬ 
tion. Many devices have been operated with their surface temperature above 300°C 
and they have performed very well. 

The most misleading aspect about the operating temperature of a transistor has 
been the inability to evaluate various methods for measuring junction temperature. 
With the use of the infrared micro radiometer, some of the limits of the thermal im¬ 
pedance determined by these measurements are now established, and much better 
correlation of thermal impedance and device failure are possible. A more realistic 
use can now be made of the present methods for measuring thermal impedance, and 
new methods can be sought to improve its usefulness. The present knowledge of the 
various methods has been applied to the latter portion of the reliability test programs. 
These results are discussed in Section V. 

The mathematical models generated to study the internal operation of a transistor 
are also helpful in understanding its thermal behavior. A study of the current flow 
through a device is necessary to determine the heat generated in it. Concentration of 
the current along the edge of the emitter-base junction can now be computed and is 
used to calculate the heat dissipated across the emitter. By combining this capability 
v/ith a solution of the heat transfer problem for transistors, a temperature profile 
across the surface of a transistor can be computed. Within the assumption used, the 
present results agree very well with experimentation and helps support the interpreta¬ 
tion of experimental data. With the aid of these models, the adaptability of extending 
the present general understanding of one particular transistor which has been under 
study can be more fully examined and utilized. 

Results of this study can be summarized as: 

a) Infrared microradiometer techniques were developed to obtain 
quantitativo surface temperature profiles. 

b) Temperature profiles were used to obtain isothernul contour maps 
of the power transistor during operation. 
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c) Hot spot formation was demonstrated using isothermal maps. 

d) Arecs of self-destruction in a transistor were correlated to location 
of hot-spot generation. 

e) Current distribution within operating transistors was calculated. 

f) Heat generation within transistors was determined from its current 
distribution. 

g) A simplified heat transfer model was solved for a transistor using 
realistic heat generation. 

h) Good quantitative agreement was obtained between computed and 
observed temperature profiles of a transistor. 

i) Electrical methods for measuring thermal impedance were evaluated. 

j) Thermal impedance measurements were interpreted. 

k) Results of thermal studies were used to understand the operation of 
transistors and to interpret results from reliability test programs. 

This thermal study has extended the knowledge of the thermal behavior of 
transistors in order to help design and screen devices which are more reliable. 
However, much work remains to be done in order to cor ¿letely understand this 
behavior. Once this understanding is complete enough, transistors can be designed 
to minimize the influence of temperature or to use this dependence for a beneficial 
purpose. More emphasis must be placed on the understanding and use of the thermal 
properties of semiconductor devices in order to achieve a maximum utilization of the 
devices capabilities. 

Some areas of study that should be continued are as follows: 

a) Effect of temperature variation on current densities in semiconductor 
devices. 

b) Heat transfer solution of multi-layer material chips on an enlarged 
heat sink. * 

c) Effect of resistance in the emitter leads on hot spot formation. 

d) Study novel design of chips to reduce thermal effects. 

e) Investigate better ways to mount chips on heat sinks. 

f) Determine values of temperature present at thermal runaway. 

g) Determine actual safe operating conditions for transistor. 

h) Develop new electrlòal methods of measuring Junction temperature. 
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SECTION DC 

SECOND OR THERMAL BREAKDOWN STUDIES 

1. INTRODUCTION 

a. General 

The work reported la a study of second (thermal)breakdown and its relation 
to device reliability. Hie breakdown phenomenon causes a high proportion of device 
faiiures and limits the operating region of the device. It was first observed in transis- 
toriSZ/but has recently been found to occur in diodes!®/and even n+nn+ structures.^30/ 
The breakdown is not inherently damaging, but the hign temperatures associated witn 
it commonly cause device degradatim or catastrophic failure. 

Two classes of breakdown can be distinguished in transistors (although 
there are intermediate cases). The first occurs with reverse base bias and normally 
occurs very rapidly compared to the other one, which is seen under forward base bias. 
In support of recent efforts to improve the terminology of this subject, this report 
uses thermal breakdown to refer to the latter, and second breakdown is restricted to 
the formar. This report covers thermal breakdown in planar epitaxial silicon transis¬ 
tors and, in particular, the study vehicle which is described in Section III. 

b. Previous Approaches 

The phenomena of second and thermal breakdown have been the subject of 
considerable study. 31432/Recent interest has focused on two major areas, the thermal- 

eiectrical interactions causing concentration of current into a hot spot prior to break¬ 
down—i— and the existence of a molten region or a solid-state plasma within the device 
after breakdown3¾ 36,37,38/ ^ thermal-electrical interactions are twofold: the 

heat flow pattern and, therefore, temperature distribution depend on the disposition 
of the power dissipation; current injection densitÿ across the emitter-base junction 
depends exponentially on the temperature distribution in the plane of the junction. Thus, 
any active area of the device with a higher thermal resistance to the heat sink, or 
carrying more current because of some defect, or just hotter as a result of device 
geometry, will become hotter than the remainder of the active area, and will then 
carry a higher current density and become still hotter. This sequence may, as with 
AchiUes and the Tortoise,3!/ converge to a specific distribution (Achilles faster than 
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Tortoise) or diverge (vice versa) to form e?:treme concentrations of current. Scarlett, 
Shockley —?i ^4indothers—/ discuss the stability of the situation, and the work re¬ 
ported here is a modification and extension of their work. 

c. Approach 

The formation of a hot spot by thermal-electrical interactions is a neces¬ 
sary prelude to the breakdown of this hot spot, without which thermal breakdown would 
not occur except at extreme power levels. The present study was therefore concen¬ 
trated on these interactions. 

A reprc sentative model of the heat and current flow with the resulting tem¬ 
perature, voltage, and current relations was established. The behavior of this model 
was then studied, as a function of changing device parameters. No consideration was 
given to device defects, as other studies have shownÍ2jlÍ2/that geometrical factors 
outweigh all but the most severe semiconductor defects, and voids between the device 
and the header, although important, are difficult to model and do not contribute to un¬ 
derstanding the phenomenon. Their effects are primarily accelerations of the basic 
process described by the model. 

d. Summary of Remainder of this Section 

Section DC-2 cóntains a detailed description of the device model and its 
relation to real devices, and the method used to study the behavior of this model. 
Section DC-3 gives the results, in the form of the model behavior itself, and the agree¬ 
ment with experimental results. Section IX-4 is a discussion of the mechanisms con¬ 
tributing to thermal breakdown. Section DC-5 contains the conclusions and some sug¬ 
gestions for future work. 

2. THE DEVICE MODEL 

a. Relation of Model to Real Devices 

A silicon planar epitaxial power transistor has a rectangular silicon chip 
mounted on a thermally conducting header. The model uses a cuboid (a rectangular 
parallelapiped) of uniform thermal conductivity. By appropriate choice of cuboid 
thickness, we may simulate the chip alone on a perfectly conducting header, or the 
chip and header together. In the case of multiple layer structures, an approximation 
can be obtained by reduction to a one layer structure, with suitable choice of size and 
material properties. A perspective sketch of the model is given in Figure 77. Tlie 
active area of a device is defined primarily by the pattern chosen for the emitter dif¬ 
fusion, and a rectangle is normally a good approximation, with base contact intrusions 
to keep the base voltage as uniform as possible over the area. A few typical patterns 
illustrating this are shown in Figure 78. The model assumes a rectangle, split up 
into 16 lumped elements (Figure 77). The diffusions in planar devices are generally 
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Figure 77. Sketch of Model 

Approximation to Emitter 

shallow compared to other device dimensions, and it is convenient to assume that both 
junction planes lie at the top surface. The thickness of the epitaxial layer (for a non- 
epitaxial device, the bulk resistive region in the collector) is significant, and the » ael 
assumes a resistive layer whose thickness may be very different from the effectiv 
thermal thickness. 

181 



b. Description of Physical Model 

In the description, device symbols are used for the related model param¬ 
eters where practicable. A list of the symbols used and their meanings is given in 
Table 27. The assumptions made are in general described in terms of the device- 
related equivalent. The bottom and sides of the model are held at a constant tempera¬ 
ture and the thermal conductivity is assumed to be constant. The top surface is therm¬ 
ally insulated, but a uniform power density is injected in each element. The power 
density variée from element to element according to the electrical conditions described 
below. The steady-state heat conduction equation (a Laplace equation for the tempera- 
ture' 

is solved for an element in the center of the model with unit power density, and the re¬ 
sulting temperature rises at all elements determined by Fourier analysis. It is as¬ 
sumed that all elements are sufficiently remote from the edge of the chip that this tem¬ 
perature rise is only a function of the distance between the elements, so the "mutual 
thermal resistance" between elements i and j is given by the functional relation 

If the power density in the ith element is given by Pj, the jth element temperature rise 
A Tj is given by 

ATj=E Pi (2) 

The 8( |i-j j) need only be calculated once for each eleirsit size, chip size, and ther¬ 
mal resistance. Similarly, the bottom and sides of the resistive layer are held at the 
applied voltage Vce and the mutual electrical resistances Rij = R(|i-j |) are calculated 
from the Laplace equation analogous to Equation (1), 

for uniform current density in the ith element and constant resistivity. The voltage 
drop at each element due to the element current Ij flowing in the resistive layer (note 
that th^ element current is proportional to the current density for constant element 
area) is given by 
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Table 27. list of Symbole 

Symbole 

e 

E 
S 

I o 

I 
e 

I 
c 

k 

Definitions 

Electronic charge 

Semiconductor energy gap (1.1 eV for silicon) 

Current factor (saturation current or recomb./gen. current) 

Element current in die 1th element 

Total emitter current 

Collector current 

Boltzmann's constant 

K, K’, K" 

V p- 1 p n 

Constants replacing alowly varying functions of tempe rat-ire 

Carrier densiUes; intrinsic, electrons in p material, and holes in n material, respecUvely 

Total effective power dissipation at the surface of the Ufa element 

i 

H(n) 

i 

AT, 

V 

V 
BEi 

CE 

V1 

V? 

«. ß 

% 
8(n) 

Power dissipation at the junction in the ith element 

Power dissipation in the resistive layer due to ^ 

Voltage drop at element j due to unit ^ (mutual electrical resistance) 

Mutual electrical resistance between two elements n elements apart 

Temperature at any point in thermal layer 

Absolute temperature of the 1th element top surface 

Temperature rise of the 1th element top aurface 

\ oltage at any point in resistive layer 

(Average) base-emitter voltage in ith element 

Voltage applied between the emitter and the bottom of the resistive layer 

Voltage between top of resistive layer and emitter at ith element 

Voltage drop in resistive layer to Ufa element 

Constants related to relative diffusion and recombination currents 

Temperature rise at element J due to unit P1 (mutual thermal resistance) 

Mutual merma) resistance between two elements spaced n elements apart 
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and the remaining voltage acroas the junctions is 

VJ ■ VCE - Vr VCE - Ç 'X'1-)'»1, 

The element currents Ij are given by expressions of the type 

I = I exp 
i o 

(5) 

(6) 

Where « I. between X and 2. and ^ la related to element are , and nx, nD. and de¬ 
pendió* on the Injection level, recombination-generation rate, etc.. of me'form 

where K’! varies slowly with the absolute temperature Thus, since I0 « ij 

Ij » K" exp fÜSIL- Ee 
2kT 

i 
(7) 

where $ - 2/a. Now within current and temperature ranges of interest B - e and 

reClT*“1' “ We ^ “ie^l ^ 
Z,‘t m 7 °“ “‘Um3 ^ tte VBE f" “«h element la the aame at any given in- 
m^'cu^We m,y 1/,<ieVBEt - V * D »rtte the ratio betwl ele- 

y- a exp 
[iff; " iff;] = “» [4; <Tj - T,» (8) 

Since the proportionate change in the product T{ T is much less than the difference in 
element tempe,ature,, «d alao D wlU be negttlve'and increaa. In magnitud, wîtt 
temperature, we may define a constant K aa an averege value of f .a qTtily D/k T, T, 

« exp {K(T^ - Tj)} = exp {K(AT^ - ATj^ 
(9) 
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™:er rrm when -- 
emitter voltt*e hlUe* to near zero, znd can be allowed f-Tn^l““ h fÜ CoUeo,or- 
ing each current Ij by a factor * 10 016 model by multiply- 

The offset voltage at the junction 

Vj 4 0 at ^ * 0 

is ignored because this is small compared to normal operating voltages. This gives 

-Äexp {KíAT^ - AT^f 
1 JeV*l 
1 ~ eXP( icT I 

1 - ex ’Ikrl 

where K' is constant. 

a exp |K(AT. - AT^f 
1 - exp (K’Vj) 

F- exp (K'Vj) 

(10) 

It is convenient at this point to introduce a further 
specifying the circuit conditions in which the device operates 
(and relevant) to fix the total device current. 

constraint on the model 

For study, it is useful 

E I. = I a I 
i e c 

The element currents are completely specified by Equations (10) and (11) 

Dissipation in the ith element at the junction plane is 

(ID 

(12) 



and the dissipation in the resistive layer due to the ith element current is 

(13) 

pie Utter dissipation is distributed throughout the resistive Wr „ 
toe temperature profile is too complex to assess «xactlv u V ^ effeCt on 

^ *-rauy 8mpau *zz:zLT:Zt T*tTaesa of 
Of a power device and we may negtect the diasioation mZluT tiV® area Tr rr0“ 'r* 4- « 
be considered « t™*’ “d ^ 
i. equivalent to an effeeZ di^ipa^Tat^urtat ~ ^ ThiS 

2c - c 
t e 
2c (14) 

where ct and ce are the thicknesses of the thermal and eWtHmi i0 

'SuS,S.“' -- — rXrT“’ 

Í'1 
P. at IV. I. + (V - V i I 

i i i ' CE vi; xi 

2c - c 
t e 

i 2c /A 

where A is the element are:*. 

(15) 
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The model does not consider the effects of leakage currents on the current 
flew. For a siheon device at moderate temperatures these currents are negligible- 
but this assumption, together with others such as the constancy of electrical resis¬ 
tivity, limits the validity of the model at temperatures of more than about 300°C. 

c. Method of Solution by Iteration 

Equations (2), (5), (10), (11), and (15) form a set of nonlinear simultaneous 
equations, with 65 unknowns. Direct solution is impracticable, but examination of the 
equa ons will show that an initial choice of a set of currents Ij will allow successive 
substitution in Equations (5) to give Vi, then (15) to give Pit and (2) to give ÙT,. We 
may then substitute these in Equations (10) and use (11) to give a new set of h values 
The process may then be repeated. This iterative operation will correspond qualitatively 
to the processes occurring in the device itself under a step function applied pulse. The 
electrical time constants will be small compared to thermal time constants, so the cur- 
rent voltage, and power distributions will correspond exactly to the temperature 
distribution. In this case, the temperature and current density are initially uniform. 
The power dissipation will lead to a new temperature distribution. This changing 
temperature will alter the current distribution, and hence the voltage and power distribu- 
ti. -ns, and so on. The rate of change of the temperature will be proportional to the dif¬ 
ference between the instantaneous temperature and that temperature corresponding to 
the instantaneous power dissipation. The rate will also depend on the effective thermal 
capacity of an element, which will not change greatly. The temperature given from the 
power dissipation by Equation (2) is in effect extrapolated at the rate of change over one 
thermal time constant as illustrated in Figure 80. Thus, the number of iterations per¬ 
formed will give a qualitative indication of the time elapsed in a real device. 

d. Possible Iteration Umita 

. , i here are 8everal possible paths for an iteration process. The most de¬ 
sirable is for the iteration to converge to a state where further iteration regenerates 
essentially the same state. This corresponds to a relation between successive itera- 
tions similar to that shown in Figure 81a where the two converge. It is also possible 
for the iteration process to diverge, corresponding to Figure 81b. This would cor- 
respond to a real device behavior, for temperatures within the range in which the model 
s valid. A further possibility is for successive iterations to oscillate about some value 

shown in Figure 81c. This was observed to occur for situations in w ich a number 
of elements saturated. These oscillations appear to be caused by the large extrapola¬ 
tion step size in the iteration process. The oscillations were reduced and in many 
cases eliminated by interpolation between successive iterations, and probably do not 
correspond to device behavior. 
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8i. Possible Paths for Iteration and Continuous Behavior 
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Mo’? complex paths can also occur. A solution may diverge initially, then 
converge (Figure Sid) or nearly converge initially, then diverge (Figure Sie), or nearly 
converge, then diverge, then converge (Figure 81f ). All these situations have been ob¬ 
served, although the diverging paths might have converged if allowed to continue beyond 
the range of applicability of the model. The path shown in Figure 81f is the most 
general path observed, and all others can be considered special cases in which one part 
is suppressed, or the path is truncated. This is discussed in Section IX- 3. 

If the major part of the current is carried by a few elements, the nearly 
continuous nature of the model breaks down. Provision was made to recognize this 
situation, and to reduce the element size, reapportion the currents, and recalculate 
the mutual electrical and thermal resistances if this situation should arise in the course 
of an inte ration. 

The reasons for terminating an iteration are as fellows: 

1) Iteration has reached a stable state. 

2) Peak temperature has exceeded some value beyond the range 
of validity of the model. 

3) Number of iterations has exceeded a preset value, and the 
iteration is probably oscillating. 

4) Element size has been reduced to a level where it is not useful 
to reduce it further. 

5) Device is completely saturated and cannot carry the current 
specified at the specified voltage. 

A set of computer programs was written to perform the iteration, subject 
to the various constraints above; to print out in graphical form the progress of the 
iteration and the states at certain intermediate conditions; and to print out the final 
state, together with other information about the reasons ior termination, etc. The 
programs are discussed in Appendix H. 

3. RESULTS 

a. rhe Model Behavior 

The Iteration process was performed for several gr jmetries at constant 
values of Vcg and the other parameters for a succession of values of Ic. The com¬ 
puter program will do this automatically. At low powers the iteration behaves much 
as indicated in Figure 81a, converging rapidly to a stable distribution. A typical 
plot of the successive iterations is given in Figure 82 and the final stable distribution 
in Figure 83. A plot of the peak temperature of the stable distribution against current 
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(and therefore power) at low voltages is nearly a straight Une, and the stable distribu¬ 
tions are close to uniform. At higher currents, the non-uniformity increases, and the 
peak temperature rises more rapidly than the current. The number of iterations needed 
to reach such a solution is much greater, and the current distribution and temperature 
profile show pronounced peales. A typical plot of successive iterations for this type of 
condition is shown in Figure 84. The behavior is of the type shown in Figure 8ld. The 
final stable distribution is shown in Figure 85. Note that those elements carrying the 
current are near saturation conditions. A plot of the peak surface temperature rise as 
a function of total device current for a fixed appUed voltage (3 V curve) is shown in 
Figure 86. As discussed in Section IX-2b, the temperature at a point on the surface 
of the model corresponds to ihe temperature rise between the junctions and the case for 
he device. At higher voltages, the upward turn in the peak temperature of the final 

distributions begins considerably sooner, and is more pronounced, as shown by the 
10 V curve in Figure 86. 

At high voltages, the transition from final distributions of the type shown 
in Figure 83 to one as shown in Figure 85 is not progressive, as it is in the above 
cases, but is abrupt. A set of plots for an iteration below this abrupt transition is 
shown in Figures 87 and 88, where it can be seen that they are similar to Figures 82 
83, and 81a. A similar set above this transition, showing strong concentration of thé 
current necessitating element size reduction, and the final stable distribution with a 

ralLhígh;CUrrent denSÍty regl0n WhÍCh 18 fully saturated, is shown in Figures 8S and 
90. This development is of the type indicated in Figure 8lf. The plot of peak tempera- 
ture against current for a high voltage case in Figure 86 shows the jump clearly. At 
s ill higher voltages, the condition corresponding to Figure 90 is above the validity 
range of the model, and only the region up to the abrupt transition can be followed. 

b* Two Types of Stable DistrihiiHnna 

We may distinguish between two types of stable distributions, those which 
are relatively uniform (Figures 83, and 88) with small voltage drop in the resistive 
layer, and those with relatively peaked current flow (Figures 89, and 90) in a region at 
or near saturation conditions. At low voltages, stable distributions occur which are a 
combination of both types, but the distinction is useful in discussing the results in 
terms of basic mechanisms in Section K-4. By obtaining a set of curves such as those 
shown in Figure 86 for several voltages, we can define the boundary of the abrupt 
transition region. This boundary is shown, together with the curves of Figure 86 in 
Figure 91. Also, on this figure are shown approximate extensions of the upper and 
ower limits of the abrupt jump into the region where no jump occurs. These Unes 

deUneate approximately the boundaries of these two types of stable distributions and 
the overlap region of intermediate distributions. Constant power lines are also shown 
on Figure 91. If no current concentration occurred, the temperature rise would be 
very nearly proportional to power, and a constant power Une would be parallel to the 
current axis. Shown to the right of Figure 91 are the temperature rises that would 
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Figure 84. Iteration to Concentrated Di 
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Figur« 89. Iteration above Abrupt Jump (Higher Voltage), Sheet 1 of 8 
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O00“r under these cendittone extrepoUted tom temperature rises st low power where 
the current concentration is negligible. It Is interesting to note that the 
curves approach these extrapolated values at high cúrrente ‘ ^ 

c. Relationship to Hot Spot« 

operate at a^thtem^"L? “ 8mï“ ^ °Urrent »»“■«ted region 
P® igh temperature, which rises rapidly with current increases Th#x 

ãreTeed^ ", T '1^ ^ of ho* W‘*> f-m at mucMow r re'were .hT are needed at low voltaees íFicurp uv»* x. . lowers man vuiuages figure si). The hot spot produced in the model wru.M 

-r vniTrreZr^ —“—- 

e^rr^InteaTareat““ T *« ^ 
Will also tend to limit hotpot si^buT^ü^hi h deViCe8’ ^ ^86 resistivity 
disappear th* e 11 ♦ ^ Î ’ ‘ ^ higher temPeratures this limitation will 

ppear as the collector base leakage currents and the current gain increase and 
the base current flow into the hot spot decreases. increase, and 

d< Agreement with Experimental Rem.ita 

end *k g 7116 Jqualitative agreement between the lower-voltages plot in Figure 86 

gtd E™~7tr reare ^71 ~ vm^repon, U nite good, experimental observations using an infrared mir>Tw«.di ^ 43/ . 
continuity in peak temperature vereu, current Mgh“?^^^ ^ 

in ic^on vnTble h0t 8POtS at temperatUre8 0f over 300#C ‘8 demonstrated by Figure 66 

The assumption made in the model that the case temperature doe« n,-,* 

ScTXTrrr”'“” rta0 h“ toUnd to ^ also. Charec- 
id *i i 43/^ tyP^ teken * * Ca8e t#mPeratures of fr°m 50®C to 150°C are virtually 
identicaliâ/. To assess the quanUtative agreement, the model parameters 
up to simulate a 2N3998 device (device A - Figure 1) The limifnti t the nrecant j„i _ _ ' gure x^. me limitations of geometrv in 
relation to the heat ÍT ^ simulation can only be approximate, particularly in 
u"e 92a A CroS8-aecti- of the device is sZn in Fig- 
the lat!* Tl T ^ °f 016 Acting the heat flow is the copper stud while 
chip aJd^ J ^011 ln aCtive area is significantly influenced by the silicon 
chip and the solders with various thermal conductivities A« the , 

rrral> *ia no* « ";¿;r « rui7^rtoea only 
rink tee copper and solder reglen. In thickness to toe '■«pprepri.to" ,mo„n toleknes.ee. 
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If we assume that the development of a hot spot into thermal breakdown 
occurs a a temperature that does not depend strongly on the voltage and current con- 
oitions, then the area in the vcitage current plane in which breakdown occurs should 

11,6 exceed, some clue. Figure 94 shows 
JT" 93 °f “d 0urre"' »«»««on. no. exce Jfug co„u^ 

OOMt"nt P0'™1' Unes- MeMurements on device, have Indicted 
at (he Incidence of therma! breakdown doe. Indeed fall ln Mich an arc. 
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4. DISCUSSION 

a* Proposed Basic Mechanisms 

, 4 The mechanisms proposed for thermal breakdown occur in two phases. 

ttJh8! it eS8eonjtially ^ covered by the present study and described by the device 
model. Phase 2 is somewhat speculative, but is compatible with the available evidence. 

Phase 1 

This phase is governed by the unstable interaction between the temperature 

«roÜÜITto Stri.bUtiOM * ^ )u"ct,on surfa<:e" Of a» device. This Interactif is 
nger for greater concentration of current and for higher power levels but Is opposed 

faceTflT f S,a ,‘!i2ing e“eCt«- *> lateral he«, conduction a theTure 
face of the device. It is most effective, for a given geometry, when to temperature 

differences‘‘re 'm,U <E«l>*atlon 10,. This mechanism is independent of to eTectrical 

Ze mltrs andHeat,B‘"k tempertore fat tormal conductivmes 
Of the materials depend on temperature). It is able to dominate the other influences at 

ZTwm tod to de^T Tnd gr°UP 0t. ’“h'112'"8 ef,ect8 lnclud08 fa resistivity, 
f rren? LZ f, ? “ ^ e”ltter-base Junction generating most base 
to Tm L oollector resistivity, which will reduce the collector-emitter voltage, 
the emitter current, and the collector-base junction dissipation in the high-current g 
areas, and spread the remaining dissipation through the collector resistfve layer 

Thp86 efeCtiVe at high current densities, due to the higher voltage drops, 

the Hi° >T re8l8tiVity als0 has more effect at iow voltages. Thus they will stabilize 

f0r m0re C0ncentrated di8tri^ti0n8 at —nts 

.nsi «fl , 0f relatively müform stable distribution shown in Figures 83 
and 88 is caused by the first stabilizing effect, partly assisted, at low voltage and 

tfrom H Tnd gr0UP 0f 8tabmzin« effecta* This additional stabilization 
frTteH H. grOUP) CaU8eS ^ tranBition fTom nearly uniform to highly concen- 
trated distributions to occur at higher powers or to be suppressed altogether under low 

tage high current conditions. For appUed voltage and current levels greater than 

centration^ f 8tabiÜty’ Unfitrble interaction will dominate until the con- 
hv \ f CUrr^ tCaU8eS 016 8eCond ®rouP of stabiUzers to take control (assisted 

condition« ST? f uf ^ temperature is moderate). For high current low voltage 
d^n 016 traf8i^0n may h® fairly emooth, and the unstable interaction never 
dominate the combined stabiUzing effects. For many applied conditions, the con- 
entrateti type of stabiUty will occur only when most of the hot spot is in saturation 

particularly for the higher voltage conditions. Also, for sufficiently high hot-spot* 
temperature, the collector—base leakairp rurTon* __ j » , ^ roHurva ffc- wl . r-case leakage current and the increased current gain will 
reduce the base current requirements for a given device current, reducing tels 



stabilizing Influence. The high temperature limit of Phase 1 Is thus a concentrate.! 

te n' Z 8 0Urrem "“y evsa •* “«»ave. The hot-spot size Is 
limited by die collector resistivity, and we may consider the emitter as being locallv 
short circuited to the collector for all practical purpose, while the ho“^t remains 

Phaae 2 

8 X 1014 don^/TZ ? normally used for power transistors has from 4 to 
8 X 10 donors/cc. A curve of resistivity against temperature for such material Is 
given in Figure 95. i4/ The resistivity rises by a factor of about 3 from the room 

ZT/teTn .?' * ,emper»t“re ot «>o order of 200‘C, the resistivity 
“gins to faU, and at about 300-c Is near the room temperature value again. At higher 
temperatures, the resistivity begins to drep steeply to 1/10 at 400-C, 7/20 at 500-c 

“o-C ^ :Óo7"c ‘ te uZ\ “ fñ h0t 8p0t temperat“re ““» value between 
m inerê^ to ^ OÍ ““ C0lle0t0r “»‘»«vlty will decrease and 

” UrreDt COQCentratton will cecur. This will further reduce collector 
reslsuvtty. 116 current handUng capacity Is no longer limited by the base drive and 
win sharply increase, and a considerable drop will occur in the voltage across the 
Z Z '»ve, from the emitter may also reduce Z et,écrive 
resistivity of the hot spot region. Increasing the current through the device will increase 

SC0S608 TEMPERATURE CO 

Figure 95. Resistivity versus Temperature for n-type Silicon 
(Theoretical Curves for Sb-doped Si) 
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k i' 8P0t 8l“' “d ^ in'ecUon level- “d “»y ««i“« the 
res stivity enough that the voltage across the device falls, thus giving the negative 
resistance characterisücs often observed in thermal breakdown. The high temperature 
and current density may also cause solid state plasma effects.^/ it is probabhTthat 
ueder these coedition, the peak temperature w,U rts. wltk„„t Cerent uLt The “te 

™Ttor.,Xd 71 7 I“™1 C8P8C^ re8ioni which willl« small 
compared to that of the whole device. The normal contact material used for silicon 
planar transistors Is aluminum. If the surface temperature above the hot spot 

tosoh'e .h,'0' 7 H Uq“‘d ^888 **“ °CCUr at ^ interface, and 
^ Silicon to give the 12% silicon eutecUc. For the thicknesses of aluminum 

reach toi '7!" IT“10” 00mn",nly UEed. liquid phase will not immediately 
reach the emitter-base juncUon and little or no permanent change In device chaic- 

7s,!!,*,!7 "*!*!*•, H0Weïer• ‘PP“6“ Portions conunue, the thermal 
gradient .n toe liquid phase would induce dissolution of silicon at the hotter side and 

377 f 8m°™ °n “’P 0001 8lde- “d * Cbbsequent migration of the liquid phase 
7! 7 1 ‘7 °aU8i°* "ucce8,lvely 8” emltter-bMe short circuit and an emitter- 
base-collector short circuit. This Is illustrated in Figure 96. 

, -u. 0f a contact material with a higher eutectic temperature /such 

bmrea7oelUl7if.l?/U‘d redUC‘ ^ ^ ^ bu, would no, avoid toe 

!n support of this rather speculative discussion of Phase 2, it has been ob¬ 

re^ breakdOWn Can °CCUr without apparent device degrlten, JSZ 
resisUve base-emitter characteristics and related parameter changes occur Lfore 
omp ete short circuit. The characterization data in Section IV-4 shows that for units 

“me 37 in *herm81 bre8kdP»” operation on al mbero, o7a 
7“',7r‘ Peri”d8 are 1888 P«88“''8 «>“ long periods in causing degradation In a 
fita, irt 7 me °f “P8”“0"' Th8 discussion suggests that a detay would occur before 

on tof teÏ“6 I“ 1,Td °r re,0rmed- and ^8 mlKra!l8a 8f 1-8 ¿888 would dlplnd 
the temperature difference across the phase, and other factors. The longer period 
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of breakdown would surely give faster migration, and so quicker degradation than 
shorter periods. The data suggests that the delay is short, and that the increased ef¬ 
fectiveness of longer periods is marked. 

The mechanism for Phase 2 also explains the similartty between break¬ 
down in n+nn structures and transistors. These structures must presumably reach 
the intrinsic temperature in the n region to initiate concentration and the Phase 2 mech¬ 
anisms. Breakdown in diodes probably occurs in the same way. 

b. Relation to Reliability 

The results presented above, together with other work in this area,--133>40/ 
show that the limit on the operation region of the device set by the onset of thermal 
breakdown is a function of the thermal-electrical interactions collectively termed 
Phase 1 above. Device degradation primarily occurs during Phase 2. There are two 
approaches to the improvement of reUability in this area, related to the two phases. 

One approach is to avoid th degradation occurring in Phase 2. As men¬ 
tioned in Section DC-3b, the use of a molybdenum or similar contact material will 
prevent severe device damage in cases where it would occur with aluminum contacts. 
However, it is probable that degradation will not be entirely prevented, since in many 
circuit environments it may be possible to achieve temperatures of over 1400<’C. The 
resistivity of these contact materials is high and in normal use they may need to be 
over-coated with gold, which can introduce further problems for power devices. This 
approach does not avoid circuit malftinction or possible damage to other components 
since the breakdown Itself will still occur. 

The other approach involves strengthening or assisting the stabiUzing me¬ 
chanisms (see Section DC-3a) in the device design, so that the unstable thermal-electrical 
interactions do not dominate until higher powers (and temperatures) are reached. The 
thermal breakdown limits on device operation could be effectively removed, avoiding 
circuit malfunction, degradation at the device itself, and possible damage to other com¬ 
ponents. Various approaches have been used to implement this, the main effort being 
directed toward discrete or distributed emitter resistors. By this technique any emitter 
area increasing its current flow becomes debiased relative to its neighbors, providing 
an additional stabilizing influence. Considerable improvements in performance can be 
achieved with only small losses in other device parameters, though there are tech¬ 
nological problems associated with the technique.i£/ Other possible techniques are the 
use of a temperature equaUzing slab of a good thermal conductor applied to the top of 
a device, or the use of specially shaped headers, or special device design geometries 
to equalize temperatures over the active region. 
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« ^6811148 of 0118 work 8Uœest that thermal resistance studies and oper- 
a mg life tests should be conducted at high voltages, with correspondingly reduced 
currents. The most severe operating life test under these conditions may well be at 
low case temperature and high power, rather than vice versa. These conclusions are 
m agreement with those from the thermal resistance studies in Section VIII of this re¬ 
port. Screening procedures giving non-destructive tests for voids, and tests for col- 
lector resistivity (such as small signal Rcs measurements) could remove units with 
potentially low thermal breakdown resistance. 

5. CONCLUSIONS 

a. General 

A representative model for the thermal-eleetrical interactions in silicon 
P anar transistors has been developed and shows good correlation with device behavior 
The model demonstrates the Importance of the resistivity of the coUector region in 
controlling hot spot formation. Two modes of operation of the model have been dis¬ 
cussed in terms of these interactions and evidence has been presented to show that 
Uiey do occur in device operation. The model has assisted in developing a clear 

tt’î.? ther,mal brealtd0’™ ln of two distinct phases. The first phase is 
the lateral thermal instabiUty leading to hot spots and the second phase occurs when 
the hot spot reaches some critical temperature. 

b. Possibilities for Further Work 

A few possible areas of further study have already been suggested by this 
section of the report. In addition, the model could be improved by the inclusion of 

86 T“ multiple 01617081 kJ*™, “d » more general geometry. More study 
is neected of the second phase of thermal breakdown (when the hot spot is intrinsic), 
and of the breakdown mechanisms in diodes, nW structures, and second breakdown. 

, e ioiPact of ** interactions discussed in this report on device design needs to be ex- 
plored, more particularly in designing devices essentially free of thermal breakdown 
within normal operating power ranges. 
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SECTION X 

PROGRAM CRITIQUE 

Work performed under this contract is divided into two parts : (1) a test and 
data analysis program designed to produce a method for screening or predicting 
failures in silicon power devices, and (2) a physics of failure program on funda¬ 
mental degradation. Results, problems, and deficiencies of both programs are pre¬ 
sented in this section. In addition, areas pertaining to future work are noted. 

One of the major problems inherent in the design of this program was to stress 
test production devices and simultaneously to do physics of failure studies. To 
accomplish this,several small special tests (called specials) were conducted to bridge 
the gap. This provioed a means for examining different processes or devices after 
mutual agreement between RADC and Texas Instruments Incorporated. This flexibility 
was not possible prior to the introduction of this concept which provided a valuable 
method of incorporating physics of failure studies into the test program. The results 
of this approach have been discussed in Section IV under "Evaluation Experiments". 

hi both the Main and Verification Test Programs it was found that the power 
operating pretreatment tended to stabilize the device parameters. Fewer devices 
given power operating pretreatment failed on the power operating tests than devices 
given other pretreatments. Further study of this stabilization phenomenon is recom¬ 
mended. ' 

In the Verification Test Program the test sample was composed of equal quantities 
of high and low beta devices. There is some indication that the hi#i beta units are 
more prone to failure. Further work is needed to study this effect and determine its 
cause. 

Additional work is needed in the area of relating results on reverse bias tests 
at different temperatures as a function of bias voltage relative to breakdown. That 
is, do the same failure modes occur at the same rate if a 200 volt breakdown device 
is stressed at 100 volts (50 percent of breakdown) and a 150 volt device is stressed 
at 75 volts (60 percent of breakdown)? Similarly the same knowledge is needed for 
the emitter-base junction. 

Another area where additional study is needed involves determination of the de¬ 
vice's performance while under stress; that is, the parameter of the device should be 
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meMurec1 vhüe the device is being stressed. These data should be compared with the 
data of the device when measured at room temperature. Such an approach might de¬ 
crease the frequency of measurement; certainly it would decrease handling and possibly 
damage to the device during handling, and may in fact find additional failure modes 
heretofore masked. 

Work needs^to be done in the area of developing a power operating test at room 
ambient (TA = 25 C) rather than at elevated temperature <TC = 100°Ch If this could 
be developed, then the capital investment for a supplier of discrete power transistors 
would be considerably less (by approximately a factor of 10) and still permit com¬ 
pliance with the military specification. 

to reviewing the various tests performed during the contract, one sees that some 
tests did not provide many failure, within the time span of the test. A specific example 
Cif this is the 2-hr/step reverse bias step stress test in the Main Test Program In 
other cases too many failures were obtained by the time the test was concluded ' For 
example, the 350 C temperature storage life test in the Verification Test Program 
experienced 90 percent failures. However, both situations can be altered by merely 
c anging the failure criteria in the screening procedure. Time constraints in the 
program did not permit evaluation of failures by changing the failure criteria from 
those which are described in Section m of this report. Altering the failure criteria 
will provide a different screening procedure. 

Programs of this type, where physics of failure is integrated with the test pro¬ 
gram, are difficult to Implement but in tome cases have proven useful. For example, 
thermal studies play a part in the test program by coupling the study of thermal 
i j sis tance with infrared and other phyeics of failure studies. These studies provided 
a much better insight into the problems encountered in measuring thermal resistance. 

he results also pointed out that öj_c was sensitive to VCE and that Sj_r at 
20 volts more nearly reflected the thermal resistance of the device. These results 
have been incorporated into procedures for measuring 0j_c in the power department-. 
Through this improvement, lots which previously had been failing on life tests exhibit 
a great frequency of acceptance. This should result in more easily meeting the re¬ 
quired goals of shipping schedules and therefore benefit customers such as the Air 
Force. Although further work needs to be done in the thermal resistance measure¬ 
ment area, it certainly has been made clear that conditions for making thermal- 
resistance measurement are far more important than perhaps had been recognised, 
and future specifications should include conditions for and the method of making fois 
measurement. 

The computer program SERF developed for fols test program was used to isolate 
the preindicators of failure. It is based on foe assumption that devices which are less 
reliable have at least one parameter whose behavior pattern under stress differs from 
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a few cells has been reduced bv «-iftahi gS clu8tering of many readings in 
o,»»,.,. „ OPtlon 

^ueT^:^“o"^thuiVe T ^ be o, 
good devices he would aUow removed He mlrid deT0^ lln lt8 °n number of 
10 Pero est of die good imite lu sereeniug ThÏhael^n e“n‘1ple' 10 remove °”lJ 
examining and selecting from the soreenlnir reeult ,h d°"e d “* ^18 co,,tract ^ 
»Usfy this condition, the otter option o^mer« mrr'nu‘^,Pr°C8dUre8 wh,Ch 
errors associated with th<» u , 06 «> input the measurement 

changea cons.Tred tor screX^liX “« Pe-ent 
H the delta and percent change.^ere rtttln ^0«^ ""“I me,8ureme'“ »eeuracy. 
not be considered for screening. eme"t ercor, these changes would 

con^:?^^™^ procerdeïeioped -18 - •==“*--=:: r:"=r - 

hastet ln a phy.'« ôf ^toe Zv l'8 , »«‘““““r. of foilure to 
assistance to LflnlnJ mï^e, «'«»■“»g d-rtog high stress also can be of 

It could be of value also if it werTfound^that ^ * PartlcuIar time dirlng higb stress, 
effective in predicting later failures a ï eÄrly hlgh stress was 
diction of later failures was possible after H°vt how soon pre‘ 
Perhaps only a very shorTe^ ^ °n . 

parameter preindicated failure Thto ___ «termíne whether some 
samples from different manufacturing int 1m mU8t 06 verIfled U8in8 a number of 
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reu.“aX: ~r„txsr rr ^ - -—* ^ 
lot acceptance test which accelerates in relativelv° h*??/ ^ t0 deveIop a hi&h 8irR88 
which are reliability problems peculiar to thp h I 8h!>rí ^°86 feilure mod88 
accepted or rejected on the basis of the sample Wrfo "g ^ IOt ** 
Such a technique could provide quick feedhnr* a rmanCe on the hi?h stress test, 

correct any reliability problems exposed by the hi^ s^eTs'^ ^ C0Uld 

is not su^abl^for^^ses^whe ^Üie>si^ltM16^61' ^ & 0118 P^ 

-st 1, determined. 8^^rograms1L^Mei>and>LDi£)^2 8110° ^ T* 
considered. These linear * , ° L1NDA 2 allow such cases to be 

of a linear combination of parameter val^s ^ linea^di™8 T8*111 ^ ^ con8truction 
may contain as many parameters as desired a Z dl8Criminant function, which 

hiant function allows the devices to be separated ^ f°r 1Ülear (Ü8Crim- 
unsatisfactory. Parameter values of He ^ ®d lnt° two categories, satisfactory or 

lation used to construct the linear discrimin8 a<P°PUlatl0n 8lmilar 10 016 P°PU- 
ameter values substituted in the linear Hi ^ are measured, and the par- 

exceed fce critical ^ a e plld in toe* T ^°86 devices ^ 
unsatisfactory. P d ln 016 aPProPrtate class, i.e., satisfactory or 

However, three problems are associated uHtv« 
analysis assumes that the satisfactorv and »if 8 aPProach: (1) First, the 
covariance matrix. Recently some Y devices have tlie same 
discriminant analysis which considers linear 

LINDA 2, has been written based onTis^k^T) Second ^hi A C°mputer 
bution is assumed to be multivariate normal ó «♦ Problem is that the distri- 
for semiconductor device data Tranaf ’ .8 1,811011 ^1°¾ usually does not exist 

mal distribution can ^ “ÜOn ínt0 a mul«variate nor- 
limited results obtained during this contract VTth ndlcatlon, however, based on very 
ia not too sensitive to the non^norm^itv of L L ^ °f ml8cla88i«cation 
work along these lines simulaün^Ü ^derlying distribution. Much more 

resulting probabilities of mia(la8sifieaHUS non‘normal distributions and studying the 

men, or .creem„geIel^ ?3l ÍhI r;rr M0"trlbUte »"»»'»»«••■y to devebp- 
to be Included In the linear dlacrlnXn.ni f, „Pr° em 18 in Mlectlon of parameters 
ha. been dene which , ! ' ReCently sta“al1“' research Í»/ 

bution of each parameter would be to the d*! * ¡‘“f0'11 tesU lndlc*tln? »*>« the contrt- 
the function. ““ “thPftmlnant function prior to constructing 

■malysls such a^^DA aK^T^Mr..^°" llM‘r '“•«Imlnant 

tha. ef dlmtung the device, into two catear,e" s.tllmV“«“^ ,8 
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oould be divided ree catearles For examPle* devices 
times, and those which fail later Second h. * ear^y: 01086 with normal failure 
1-e.. COS, 01,..,^.1^^^6 ^ of ^-«■»«lûoatior 
actually used as lopT^t. Sr LmDA l 1 ", vice versa can be 

computer program, l^termin^e1;,^1,^, 

^yslcrofL^p^^^eTsmas’s00"'"0' TOre a miJor P01-'10" °i the 
metal oxide silicon (MOS) systems rather ih Concentrated on the study of stable 

^.ure studies after .mhlc MOs“ a"“ uTdr'“0 
tion of Impurities to the oxide in an attemot tn ^ ^ COncerned 0,6 controlled addi- 
occurring Mure mechanisms iTerT^ZlT, °f ^ more ““"«»Jv 
•«.achieved, mere ™ „ot time topursl^.HHm /, Allhoo*h 6 »*Me MOS 
'nxe specific critique for surface studiPn i i i .dItlon of lmPurity experiments, 

report (RADC TR66-776). Need for such Itidil! ^ T ^ V°lume °f 0118 fiml 
of degradation failures; many of these failed . .^8 out a8ain ^ the analysis 
to impurities in or on the oxide. Future work mirirtT^! attrlbuted 
reliability of transistors fabricated with specific f ^ 6 atUdy °f 016 effeota on 
as control a device fabricated with the stable or "cle^- o^de^ 10 ^ U8ing 

However, this wai aTimited approach! ^d farfae^ ^ negatlve result8- ~ 
may prove useful. Studies on the relationshios bet W°rk T1” other bias conditions 
buttons and failures are recommended! ^ ^ V 00186 amPlltudc distri- 

dc ope^rrS“^ - transistors under 
OR) temperature measurements on the device surfa^ TÍ?1"»!^11'80 mlcro*adiometri, 
an increased understanding of thermal ^allure mp h i ™ 8 ch&racterization has led to 
for improving reliability screenCte ts ^ r8 ^ ^1°08 nece8«ary 
operation of power transistors, meanin'falTdiÎs on °f 016 ba8lC dc 
conducted to determine the influence of Ri,ri • ui ran8ler,t operation now can be 
and thermal tine oonahm, ,n^“ õr ÍZl, “ dUty CycIe’ "’P6“«00 ntte, 
ledge concerning fa Pure mechan,™ 1. T n8Wkn°w- 
is necessary to define additional thermal Imitation f 1 , 8UCh 8tudies* 016 work 
utility of these studies in relfabüityT^“ ^-«on. lhe 
by inaccurate and unreliable thermal imnpH ? ^ ^ h to 06 8everely limited 
medtodfl measuring JimcUon* temperature" M ^ 
dependent and since wide valuation, in thermal °8 “llure "■oohnnlsms are temperature 
resistance value should be idenùrd wtm a , / 8 are 6nool“«6ved a Iherm^ 
An accurate economic^ meteod““" “T ^ ^ 
•filch can be Implemented reliably In large volume . 0106dance must be developed 
•non Clearly espíate, tee dlf^ of 
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screening. It Is hoped that the results of this work will sufficiently ill ntrate this 
critical limitation on reliability screening and thereby provide the Impetus to develon 
a satisfactory method of measuring thermal Impedance. 

One area for future work, which is a continuation of some work under this con¬ 
tract, Includes thermal studies coupled with a test program. That is, thermal studies 
should be conducted on several different device families with the idea in mind of 
determining a common parameter Tj_j^^over the full test range where this co:nmon 
parameter should be used. Once this has been established, a test program should be 
conducted to prove the validity of the approach. The work done in this contract indi¬ 
cates that such an approach is feasible and well within the present technology. 

In the second breakdown study a model was developed for the device behavior 
which causes hot spot formation and thermal instability. This model shows good 
correlation to actual measurements on devices. The variety of geometries which 
can be treated by the present model can be increased by a relatively simple extension 
of the method to an arbitrary two-dimensional array of active elements which will 
allow other geometries to be considered. 
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APPENDIX A 

POWER OPERATING UFE TEST FACILITY DESCRIPTION 

1. INTRODUCTION 

The operating life tests were conducted on a universal transistor life test facility. 
The universal design concept was employed to provide a flexible collector current opera 
ting range allowing all life tests to be conducted on one facility. The facility was used 
exclusively for testing RADC devices for the duration of the contract. 

The facility consists of three basic modules: a heat sink system to provide pre¬ 
cision temperature control, a stable dc power source and transistorized current reg¬ 
ulator modules which maintain a constant power in the test transistor by compensating 
for variations occurring after bias conditions are established. 

2. DISCUSSION OF BASIC MODULES 

a. Heat Sink System 

The heat sink is a recirculating water cooled system designed to maintain 
the case temperature of operating transistors within ±5* C of a pre-set temperature. 
It is capable of regulating a transistor power dissipation load of 10 kW with a heat sink 
temperature range continuously acfyustable from 20" C to 100* C. As illustrated in 
Figure A-l, the system consists of an aluminum heat sink with extruded parallel tubes 
which provide an even water flow distribution over the entire mounting surface. A 
small copper plate, fabricated to accept the test unit, attaches .o the parallel tubes to 
provide a flat mounting surlhce. A water pump, capable of 60 gallons per minute flow 
rate, produces the necessary pressure for closed system operation. Constant heat 
sink temperature is maintained by regulating the temperature of the recirculating 
water. An adjustable thermostat, mounted in the water flow path, activates an elec¬ 
tronic valve which allows chilled water into the system when the water temperature 
reaches the programmed temperature. If the power dissipation of the operating load 

is not sufficient to heat the system to the programmed temperature, an immersion 
heater automatically activates and supplies additional heat until the pre-set tempera¬ 
ture is attained. 

An over-temperature control, mounted in the water flow, is manually set 
to disconnect the bias power supplies should temperature increase 5* C above the pre- 
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Figure A-l. Heat Sink System of Power Transistor Test Facility 

A-2 



tte Jit oe2,.T/Lr!.8‘St,UKe ,r°m C“e 0f o1“6”11"« *~»l>h>r to e water is held to 0.2 C/W by mounting each transistor to the heat sink oíate usintr 

a socket wrench set at 8 inch-pounds of torque. A constant water temperature’Jd " 

“Xi::" lherm,U r“‘St“Ce 8M“r8 * - temperature pr,) 

b* Power Source 

Too. vi Th,e S0Ur0e OOM,lits of a 0 to 50 V, 500 A power supply for col¬ 
lector bias and a 40 V, 10 A current regulator supply. Voltage rcgulaUon outout 

Z tL JT''”' (r(eSpoMe of ^011 ‘“PPty elevated prior to testing ’to rasure 
opera ing unite would receive the stress as specified by the test conditions. 

C. Current Regulators 

cem zzz* —- 20 per. 

Co^tant eureUh^reU„F„t 

entW “T' “'w «“P“«- The error Is Mby the“' 
ential amplifier to a dc amplifier which decreases the base drive current of th* 
unit until the differentia, reaches a balanced condition. Amoverse action ÍZ result 

i™ Z1™ a“emPt 10 d“- The ^ »' circuit 

circuí, should”.“ r1 

“rstLw:rsscTÄ 

:rerirrirh“ 
Lt unltlr cir^“«“““ ^ ^ °S ‘ ^e 

the henf c< iB ^ci(K«ed ori * Panted circuit board and mounts in 
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luch a^rreu^ZTermtaK ^ ^ )ack ^ “> » socket 

3. TEST PROCEDURE 

cone ^:i:;X;T,:dp;:“zrrhen s,acing °” *** - -k. S1U. 
wrench set at 8 Inch-pounds of stud torque press“«“'™""“ ^ 'V“h “ SOcket 
each current regula r module are tunTd cou Z, , Z' CUrrCnt adJuS‘ “"‘«'s on 
Tonic switch and protects all test units sh is lockwIse- Thls opens the elec- 
supply voltages are .dJusted to tñell Z' ‘T'* OC°Ur- power 
perature trip points are set. An external tit Z T, Z overvolto*e »»O cvertem- 
ulator module, is used to adiust th» 11 ^ WhÍCh plugS into 016 current ree- 

to emitter voltage (VCE,. The emitterZírZÍT^1^0^ Z I”0n“°r collec,or 
specified value on each individual test f«, / C 8 increased from zero to the 
time the units are placed on the operatingfecility. proCedure is repeated each 
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APPENDIX B 

METHODS OF MEASURING THERMAL IMPEDANCE 

. h ,!neti“>dS for dete™tain* thermal Impedance used In this contract work 
are described tn at, appendix. Four o, the methods use some temperatu^C^rn 
electrica1 parameter of the transistor in order to determine the Junction temperature 
The fifth method measures temperature directly using an Infrared microradiometer. ' 

1. PULSE SAMPLING VBE AND VCBF METHODS 

The VBE method uses the forward voltage drop of the emitter base diode as the 

temperature value such that T, doe« not «. _a ^ 10 Bome hi^ 
Then the value of v 01. v J « 4 exceed 016 maximum temperature rating. 

me value of VBE or VCBF is measured with the heating power turned off Th« 
case or »bient mmperature is radiadlo a ,.w.r 

ttfE.»e of V ^ ‘“«"‘"í «>e heating power pulaerunül 
tiie same value of VBE is measured as previously measured. The thermal impedance 
0j_c, is then computed as “npeoance, 

TJ"T 
Vl„ 

CE C 

C 

2. POWER PULSED ZOT {AVCBF METHOD) 

diode ^ <AVCBP) -Mthod uses fee forward rallie drap of the ooUector base 
diode M the temperatura mmIUv. paramar. Thla msthod is designed to mra.^ 

C1BP ““P*™*“" « the Junction resulting from an 
WBad power pulse. The power palee Is aet by currant nmgnitude. voC m^Ls. 
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established through «le MUMto^s-haM ta^uir^if6",”1™11* ^ *utoms‘to»Uy 
»00 »V la o«3tt mue^r^Cr^: “ l1" rol“«« (Vcbp) 
device when the test switch is pushed within i nn ^86 18 aPPlied to the 
power pulse, the initial test current ¡1 ^ 10° Ma8C 0,6 termination of this 

•a osciUoscope through a differentialïro£Lîîif?~e,,t^n VCBF * displayed on 
amplifier to tahe Account ^ ^ 

the initial junction ^ctl011 temperature, TJ( and 

from the peak Av^gp retóü^as ^ 10 lntACt 016 caae temperature, Tc , is determined 

AV 
Tt-T^ 
J Case 

CBF 

where k is the slope of the deoeiufeiM»«» nf v 
siiicon power devices k has a value of aocrStím^^T^^r (AVCBF/At)- For 
to at laaat 200-C. Themml Impodrae U ¿¡£¡£¡5 “* ta ““ta« up 

e 
Av 

CBF 
J-C kV_I 

CE C 

3. 
CONTINUOUS OPERATION hpE METHOD 

parameter.FThis mlth^dM^0°ttlT11*1810'Ä8 ^ temPerature sensitive 
measurement necessaT ^ ‘ ^ conditl0“ with no preliminary 
tur. Tl and a bia. 1. .pp'u«, to fce » «mpara- 

*££££ ÍÍCôfTni" ¡Z** ^ ““*d ^ ”^^Ient 
Ihe case or ambient temperature is increased to^híV'**'1 *' *°me our:<lnt t"»!. 
¡-.r is rethtced to 82TchÄ h^tT” ^ 

lerei as retó at the lower temperature. therms U^TctZ^T 

T - T 

e 
J-C 

T2-Tl 

Pl-P2 
FE constant 

constant 
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4. infrared microradiometer method 

5.«, .t “r.ir6 trriv'r?™6 ^ 

8“rfaLteaPera,Ure' Whi0h ^ 
thermal tmpedanee can now b. T a, .^86 temPerature TC. a definition for 

of the device. It haa been suggested by Petermm. ” ttat a''''81 "^hün? thermal stre8s 
dlcate thermal Impedance whei the T tha‘ a new »J™1»1 he used to in- penance when the Tj.^ is uaed. This new symbol la defined as 

<P 
tj-max "tc 

J-C 

where Pis the applied power. The symbol distinguishes the use of T lr ,k 

“wit^rtiTT"(Tj) ^-^«ec^rtmc^crthe 

ay-hoi, 9^. ,s used In tbis^oTto “ ?iprf“y ^ *r8dlt‘0nl1 
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APPENDIX C 

EVALUATION EXPERIMENTS 

1. SECOND BREAKDOWN CHARACTERIZATION EXPERIMENT 

a* Introduction 

An experiment was designed to ascertain whether the probability of failure 
of a device subjected repeatedly to thermal (second) breakdown for a limited period 

a function primarily of the number of times the device was subjected to such 
r fitment, or of the total time spent in such treatment, or some function of both. A 
random batch of devices was split up into five groups (of ten devices each). Each 

mllT K a Ü0UP TB 8UbJeCted 40 a 861:168 of 0P®rations in the thermal-breakdown 
mode the stress duration being different for each group, until the device parameters 

tn^ g ! T í*radatlon- ^ «re«? « was possible to measure the 
proportion of units faffing as a function of the number of operations, and equally as a 
function of the total time in operation. q y 

b. Stress Circuit 

T*® equipment used for this experiment is a modified form of the equip¬ 
ment described in a previous report.!/ A block schematic is shown in Figure C-l. 

e application of a pulse to the base of ^ turns on the emitter and collector supplies 
to the transistor under test (TUT). When the device enters breakdown, the collector 
current is limited, and the collector-base voltage falls abruptly. This fall is used to 
trigger a time-delay circuit which, after a controlled delay (0.5 to 15 ms) turns off 

8LaPPi0d to Tl’ removlnS fc® ®mltt®r “d collector supplies. Ihis time delay 
is foe stress duration. If no breakdown occurs, the applied pulse is terminated auto¬ 
matically after 20 to 25 ms. The waveforms of the collector-base and collector- 
emitter voltages, and the coUector current can be monitored by an osciUoscope as 
shown. 

c. Discussion and Results 

lhe prebreakdown conditions are established at Vrr = 60 V Ir> = 15A 
and the post-breakdown current fa set to 1.8 A. The stress ¿rations used for the ’ 
groups are 2, 5, 8, and 10 ms. The results of the experiment are tabulated in 
Table C-l, and graphically presented in Figures C-2 and C-3. The variation 
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between devices Is considerable. There are some anomalies among the results and 
the pattern that emerges Is somewhat subjective. But there is a suggestion at least 
that for a given total time under stress (i.e., number of pulses x duration of the 
pulse), long pulses are more effective in inducing failure than short ones. 

The mechanisms proposed in Section DC suggest that changes in the device 
due to the breakdown are progressive and cumulative and, furthermore, that the rate 
of change should increase during the breakdown period. If so, wî would expect that 
the groups subjected to greater stress durations would require less total time to 
degrade, as ie observed. If a minimum period of operation in breakdown were re¬ 
quired before any such damage occurred, then repeated operation for stress duration 
below this would cause no degradation and, Just above the threshold, the total time to 
degradation would be very long. The results suggest that any t-uch delay must be short 
and certainly less than the shortest period used in this experiment. 

2. SECOND BREAKDOWN SCREEN EXPERIMENT 

a. Discussion 

On the basis of the above experiment, a set of preconditioning stresses 
can be set up to test the reliability changes in devices after such pretreatment. A 
preliminary experiment of this type is discussed in a previous report, —/ however 
the new equipment (Figure C-l) allows better control of the time spent by the oevice 
in the thermal-breakdown mode. Also, readings were taken of the thermal resistance 
of the device at 30 V, 1.0 A and at 40 V, 0.5 A before the preconditioning A measure¬ 
ment was made of the delay time between applying the full conditions of 60 V VCE and 
1.5 A Iç to the device, and the breakdown to the limiting current of 1.8 A. It was 
hoped to correlate these readings and to relate them to the failures observed on the 
power operating life test. 'Hie power operating life test was 120 hours a a case 
temperature (Tc) of 100°C with Vcr = 40 V and Ic = 0.35 A. 

The data taken after the preconditioning were found to be in error but this 
fact was not discovered until the test had been completed. The data on this experiment 
is presented below. 

b. Test Results 

The units were divided into five groups. Four groups received different 
amounts of controlled stresses and the other group was the control. The amount of 
controlled stresses for the four groups were 10, 25, 60 and, 100 stresses respectively. 
After application of tfc^e preconditioning stresses, all surviving units, together wtih 
toe control group, wore placed on the power operating life test. The results are given 
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Alao the proportion ^thoM lncreases ^01 »^ess. 
to Increase with stress level. hfe Preconditioning appears 

UNITS STARTED ON 
preconditioning 20 

Preconditioning Failures* (A) 
Failed to Enter Breakdown 
Units Surviving Preconditioning 

UNITS STARTED ON LIFE TEST 

Catastrophic Failures 
Degradation Failures 
Total Failures on Life Test (B) 

TOTAL FAILURES (A and B) 7 

18 

15 

8 

23 22 

14 13 

13 13 

's™'¿er “ f0r thI‘ ^ °f ^ - - — « tor the other te,toree. 

Ume. 1. ehownTÎThbfc c-ï* hd^ " * f™0,lon of ■'«'»y 
«elV Urne b«, there Vpe„, to^ n.00"'”1*“0" ^th 
end delay tlme. a graph of the number ol be‘ween procondltlontng failure, 

* .rnul reel,Unce VUlTn ZÏ! CA T” T™''* ^ ^ 
predorolnantely the. «,«, high... value, oi th^Tluta^ ^11681 ”” 

Urn. before h^rT^-rr'^rr1 re“8t“M to ^ d,l»y 
high thermtí „.„Unce X^tn aív X v “X“0” ^ ^ 
high thermal resistance taken at a low vofige (v' dl8appears for 

iwgo tvCE - 30 V) as seen in Figure C-6. 

C-7 



♦T
he

 c
ri

te
ri

on
 f

or
 t

hi
s 

ty
pe

 o
f f

ai
lu

re
 i

s 
no

t t
he

 s
am

e 
as

 f
or

 t
he

 o
th

er
 f

ai
lu

re
s.

 



F
ig

ur
e 

C
-4

. 
C

o
rr

eU
ü
o
n
 B

et
w

ee
n 

40
 V

 T
he

rm
al

 R
es

is
ta

nc
e 

an
d 

F
ai

lu
re

 



T
H

E
R

M
A

L
 R

E
S

IS
T

A
N

C
E
 
(A

R
B

IT
R

A
R

Y
 S

C
A

L
E

) 

C-10 



T
H

E
R

M
A

L
 R

E
S

IS
T

A
N

C
E
 
(A

R
B

IT
R

A
R

Y
 S

C
A

L
E

) 

SOO 

«* • 

240 

200 

ISO - 

• • • 

• • •• 

O 

• • 

120B. 

100 » 

• • 

I 

• • 

80L^C_ 
• • 

-I--L 

• • 

-L_ 
(SCO6095 10 H 12 

_DELAV TIME (ms) 
13 

e 

14 

Figuro C-6. Correlation Between 30 V Thermal Resistance and Delay Time 

C-ll 



C. Conclua ion 

Pulsing devices Into second breakdown showed that for a fixed total »a.. „ 

h. intotoi ^s“1“ w^ob^'z crz'Zhrzz',e 
resistance values obtained at a high voltage (Vow = 40 vTooTau! / IT ! 

Äen^lrX™ e“" dl8Weir8 ,M hlgh 
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APPENDIX D 

SUMMARY OF FAILING PARAMETERS BY TEST STEP FOR 
BOTH MAIN TEST AND VERIFICATION TEST PROGRAMS 

Sec« îPPe^ 00111,11118 ^168 of for the failure summary tables in 
etíon ÍV-T and Section V-5. Ihis backup data In Tables D-l through D-8 summa- 

rlaes the faiUng parameters by test step for each test. 

Additional tables summarising the failure parameters (indicators) for each test 
are presented in Tables D-9 through D-12. To recap; the first time at which a device 

2eesl°2* m0re degrftdati0n P««“«*« limits (Section IH) is considered the fail¬ 
ure step and those parameters which are outside the limits are referred to as the fail¬ 
ure indicators. Ihe number of devices which exceeded the parameter limit the first 
üme is found in the left hand column of Tables D-9, D-10 and D-ll JTul Z 
P^gram and in Table i>12 for the Veriflcation Test Program. Also included *e 

T U“® ry inf0mati011 ”***<&* the number of times that particular 
parameter limits were exceeded independent of the failure step. Thus, for example 

C0UlHf&il by * nUmber °f different Parameters at the failure step ’ 
but ail might subsequently exceed a particular parameter limit. This is not a failure 
indicator stece it occurred after the device was considered a failure but iTc« t of 
interest in deciding on the correct failure mechanism. 

. , ^061, of time8 ^ each Parameter limit was exceeded for all devices 

Ä n » T, rP ,0r e,0h " fomd ^ ^ »'«e of èaoh coZ'n 
V !< rJ 0-11 for 016 M&in Te8t Program and in Table D-12 for the 

l10"*?- tables is preseJd ^er 
wen n r C Tomper,ture Ufe Teat. It la seen that there 
r^t t ZT ? eXOee<ted ^ crlterU (S*«10" ffl)- five exceeded the 
hFE(5 mA) Mure criteria at the ftrat point of Mure, l.e., the flret step at which 
the current gain of that device exceeded the Mure criteria. During the nine readout 

0f *“ -6 ‘J”1** »' «“• f—«tet hpE,5 mA) where exLw . o“ 

ln 1T.HI ZL" U Äe remalnder 0f fe feferPreted 



Tabla D-l. Summary of Falling Parameters by Teat Step - Temperature 
Storage Step Stress Tests - Main Test Program 

Test 
Description 

Temp. Step Streai 

Test 

l — 

Failures 
Step 

1 kjEC 
30 V 

^EC 
70 V 

1— 
rCBC 
30 V 

k^BC 
70 V 

IEB( 
6 V 

) Iebo 
8 V 

hFE 
5.0 nu 

hFE 
4 1.0 k 

VBE 
(sat 

VCE 
) (sat 

Cum. 
1 Failures 

(Hrs/Step) 

2 

y 1 

2 

I 

4 

& 

6 

7 

0 

1 

0 

0 

1 

2 

2 

1 1 1 

1 

* 1 

1 

1 

1 1 

1 

0 

1 

1 

1 

2 

4 

Totals 1 1 1 3 2 2 

8 

1 

2 

3 

4 

5 

6 

7 

1 

1 

0 

1 

2 

2 

4 

1 

1 

1 

1 

1 

2 

1 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

\ 

1 

2 

2 

3 

5 

7 

11 
Totals 2 5 1 3 3 3 2 

24 

1 

2 

3 

4 

5 

6 

7 

1 

0 

0 

2 

1 

2 

0 

1 

1 

1 

2 

1 1 

1 

1 

1 

1 1 

1 

1 

1 

1 

3 

4 

6 

6 
Totals 2 4 1 3 1 1 1 

86 

\ 

1 

2 

3 

4 

6 

« 

7 

0 

1 

1 

1 

3 

0 

2 

1 

1 

1 

1 

2 1 1 2 1 

1 

2 

0 

1 

2 

3 

6 

6 

8 
Totals 2 4 1 1 2 

1 1 8 
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Table Summary of Falling Párametera h» Teat s^n o 
Btmmm t-L, w,™ ^ T#st ^ ~ ^vorM Biaa Step wreaa Teats - Mala Teat Program 
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Tabic D-4. Summary of Failing Parameters by Test Step — Reverse Bias 
Fixed Matrix Tests — Main Test Program 

Test 
Description 

reverse Bias Life 

Test 
Step 

Failures/ 
Step 

^EO 
30 V 

^EO 
70 V 

!cbo 
30 V 

^BO 
70 V 

^EBO 
5 V 

!ebo 
8 V 

hFE 
5.0 mA 

hFE 
1.0 A 

VBE 
(sat) 

VCE 
(sat) 

Cum, 
Failures 

(°C) 

125 

1 

2 

3 

4 

5 

6 

7 

8 

9 

3 

1 

0 

1 

2 

12 

9 

18 

6 

1 

9 

1 

1 

3 

1 

1 

7 

1 

3 

9 

1 

3 

7 

1 

3 

2 

1 

4 

1 

3 

2 

1 

4 

1 

4 

1 

2 

2 

4 

1 

3 

1 

1 

1 

1 

2 2 

3 

4 

4 

5 

7 

19 

28 

46 

52 

Totals 15 13 13 11 11 12 10 4 6 2 

175 

1 

2 

3 

4 

5 

6 

7 

8 

9 

6 

3 

2 

2 

2 

10 

14 

8 

6 

3 

2 

1 

2 

1 

2 

1 

4 

2 

1 

2 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

1 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 . 

1 

1 

2 

2 1 

1 

4 

1 

1 

3 

1 

6 

9 

'1 

13 

15 

25 

39 

47 

53 

Totals 12 14 6 9 3 3 6 1 6 5 

225 

1 

2 

3 

4 

5 

6 

7 

8 

9 

5 

1 

3 

1 

18 

18 

18 

13 

12 

2 

1 

2 

7 

2 

1 

2 

1 

1 

8 

1 

2 

3 

2 

1 

8 

1 

2 

8 

1 

1 

2 

2 

1 

1 

1 

3 

2 

2 

1 

4 

5 

4 

1 

1 

3 

2 

2 

1 

1 

1 

1 

1 

1 

2 

1 

1 

1 

5 

6 

9 

10 

28 

46 

64 

77 

89 

Totals 15 18 12 12 6 8 16 8 7 3 



Table D-5. Summary of Falling Parameters by Test Step — Power 
Operating Step Stress Tests - Main Test Program 

Teat 

Description 
Optr. Step Streea 

Test 
Step 

Failures 
Step 

/ ICK 
30 V 

!CEC 
70 1 

k:« 
30 V 

) ÏCBC 
70 V 

'ebc 
5 V 

'EBC 
8 V 

hFE 
5.0 ra/1 

hr»: 
1.0 

Ki 
iï»i 

VSA 
) (sit 

1 Cum. 

Failures 
(Hre/Step) 

2 

1 

2 

3 

4 

5 

8 

7 

8 

9 

1 

0 

0 

0 

1 

2 

1 

2 

1 

1 1 1 1 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 i 1 

1 

1 

1 

1 

2 

4 

5 

T 

8 
Totals 1 1 1 1 8 3 5 i i 1 

8 

1 

2 

3 

4 

5 

8 

7 

8 

9 

0 

0 

0 

0 

0 

3 

1 

1 

0 

2 1 1 1 2 2 1 

1 

i 

0 

0 

0 

0 

0 

3 

4 

5 

5 
Totals 2 1 1 1 2 2 2 i 

24 

1 

2 

3 

5 

6 

7 

8 

9 

0 

0 

0 

0 

1 

4 

3 

0 

0 

1 

1 

1 1 1 4 

1 

3 

1 

1 

3 

i 

0 

0 

0 

0 

1 

5 

8 

8 

8 
Totals 1 2 1 1 5 4 4 

9« 

1 

2 

3 

4 

3 

8 

7 

8 

9 

0 

0 

0 

0 

0 

1 

7 

0 

1 

1 

1 

2 

1 

2 

1 

2 

1 

8 

1 

S 

1 

1 

5 

1 

0 

0 

0 

0 

0 

1 

8 

8 

9 
Totals 2 3 3 7 6 7 J_ 

D-6 
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Table D-8. Summary of Failing Parameters by Test Step — Power 
Operating Fixed Matrix Tests — Main Test Program 

Test 
Description 

Oper. Life 

Test 
Step 

Failures/ 
Step 

— 
^EO 
30 V 

o
>
 

' 
“
o
 

I 

^BO 
30 V 

^BO 
70 V 

^BO 
5 V 

!ebo 
8 V 

hFE 
5.0 mA 

hFE 
1.0 A 

VBE 
(sat) 

VCE 
(sat) 

Cum. 
Failures 

(VT, 

15 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

1 

0 

1 

1 

0 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 1 

2 

2 

3 

4 

4 

4 

4 

5 

Totals 1 2 3 1 

37.5 

1 

2 

3 

4 

5 

6 

7 

8 

9 

6 

0 

1 

3 

1 

2 

0 

0 

4 

1 

1 

1 

1 

1 

1 

1 6 

1 

1 

6 

1 

1 

2 

3 

1 

1 

2 

1 

1 

6 

6 

7 

10 

11 

13 

13 

13 

17 

Totals 2 2 2 1 8 10 7 2 

60 

1 

2 

3 

4 

5 

6 

7 

8 

9 

43 

5 

2 

3 

5 

2 

0 

0 

1 

23 

1 

3 

28 

1 

1 

3 

1 

17 

1 

1 

1 

3 

26 

1 

1 

3 

1 

9 

1 

1 

1 

4 

1 

10 

1 

1 

2 

10 

4 

1 

1 

3 

1 

J 1 1 

43 

48 

50 

53 

58 

60 

60 

60 

61 

Totals 27 34 23 32 17 14 19 2 1 1 



w 

Table D-7. Summary of Falling Parameters by Test Step - Temperature 
Storage Life Testa - Verification Test Program 

Test 
Description 
Storage Life 

Test 
Step 

Failures/ 
Step 

^EO 
30 V 

^EO 
70 V 

^BO 
30 V 

^BO 
70 V 

^BO 
5 V 

^BO 
8 V 

hFE 
5.0 mA 

hFE 
1.0 A 

VBE 
(sat) 

VCE 
(sat) 

Cum. 
Failures 

CC) 

275 

1 

2 

3 

4 

5 

6 

7 

7 

13 

2 

6 

1 

2 

2 

1 

2 

2 

2 

1 2 

1 1 

2 

4 

6 

11 

1 

2 

1 

2 

1 

/ 

14 

27 

29 

35 

36 
Totals 5 6 1 2 1 3 25 2 1 

300 

1 

2 

3 

4 

5 

6 j 

12 

6 

4 

5 

4 

5 

5 

1 

2 

5 

2 

1 

1 

2 

3 

1 

3 

3 

1 

2 

1 

2 

■- 

1 

1 

2 

8 

4 

4 

4 

2 

4 

1 

i 

1 

1 

12 

18 

22 

27 

31 

36 
Totals 8 11 7 6 3 4 26 2 2 

350 

1 

2 

3 

4 

5 

6 

3 

6 

10 

3 

8 

2 

2 

2 

7 

2 

1 

2 

1 

7 

1 

4 

6 

1 

3 

1 

4 

1 

3 

3 

2 

13 

4 

2 

4 

7 

1 

1 

2 

2 

1 

1 

20 

24 

27 

33 

43 

46 

Totals 14 13 12 11 5 8 31 6 1 

1 

? 
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APPENDIX E 

THEORY OF FIXED AND STEP STRESS TESTING 

A brief discussion of the theory relating fixed to step stress will be «riven here 
A more complete discussion is given in References 19 20 21 22 and 23 Tf a Ba i* f 
devices is exposed to a stress level S2 and the number’ of device; failing'at each Zd! 

t time is recorded during the sti ssing, a distribution of the number of failures as 
a function of time will be obtained, rhia is repented by B in fZZ E-l Z 
jecting another sample of devices to a different stress level such afs, will orovide 
«.öfter distribution suoh ns C. None of these distributions 
If the time for median failure, for each stress level Is plotted, the non-linear accel-' 

ca. mükeTe TT E"1 “ °bt“Md’ of stress and time 
ca i make the acceleration curve Unear, such as the curve in Figure E-2. To be of 
value, these transformations must satisfy the following conditions 

a) fbe transformed distributions are normally distributed. 

b) The standard deviations, o, are constant and independent of the 
mean, /i. 

c) The acceleration curve menüoned above should be linear with 
respect to the transferred scale. 

rnm «JT*,«*’!“ T ln Fi-Ure E-2 de,,<,te formei stress and time variables 
and the resultin« transformed distributions. In Figure E-2. the stress variable is 
transformed by some function f2. The same transformations are not used for both 
stress and time; the asterisks merely indicate that the variable has been translormed 

lo^“ traM/0rmati0n for 8tre>® 1» l/T CK) and for time Is the 
togsritta. of time. Knowing fte standard deviation of the transformed normal distribu¬ 

as fte d » H « T °U"e <0r 0,her oumul*tl’re P81-“"1 »»F be obtained. 
Thus fte dotted Une In Figure E-2 1. fte acceleraUon curve for a cumulative 3% 
failure (2 standard deviations from the mean). 

method of generating the acceleration curve Is by means of step 
.tres, tesüng. where a constont time fot application of the stress is maintained and 
“ •J*“* evels are varled. In this type of testing, a group of devices is exposed to 
• ‘*5M* ,level 'or a *lv8n ““e and then fte surviving devices are exposed to 
fte next higher stress level for fte same length of time. This Is usually continued until 
all or most of the devices have failed. It la assumed that fte probability of failure at 

£-1 



scoeos4 time 

Figure E-l. Acceleration Curve 

E-2 

i 



a given point in the stress-time domain is independent of the path used to arrive at 
that point. For example, if a sample of devices is placed on a step stress test 
with tread-length t and the number of devices surviving after stress level S is noted, 
this same number of survivors should be obtained by using a constant stress test at 
level S for t hours. Using this assumption, the distribution of the number of failures 
as a function of stress obtained. An example of this is represented by A in Figure E-l. 
None of these distributions are necessarily normal. The median failure stresses, when 
plotted in the stress-time domain, should yield the same acceleration curve that is ob¬ 
tained by constant stress testing. Using the same transformations mentioned above, 
as well as assumptions a, b, and c, a linear acceleration curve such as the one in 
Figure E-2 may be obtained. This transformed constant time acceleration curve should 
be the same as the transformed constant stress acceleration curve. The transformed 
standard deviations of the stress and time distributions are not independent; they are 
related by the equation: 

m(slope of acceleration curve) = tan 0 = 
V 

(E-l) 

I he asterisks denoting transformed variables will not be used in subsequent discussions, 
It will be assumed, however, that in the discussions transformed stress and time is 
meant. 

A number of other assumptions are implicit in the discussion above. First, it 
is assumed that the devices have been selected at random from a manufacturing 
process. Second, it is assumed that measurement error is very small relative to 
the measurement of the stress levels. Third, it is assumed that the dominant failure 
mechanism is being accelerated and that this dominant failure mechanism does not 
change over the extrapolation range. A discontinuity in either the cumulative percent 
failure curve or the acceleration curve may be indicative that true acceleration is not 
being considered. The linear approximations to the nonlinear curve may be studied 
in the same way that the linear curve has been studied above. 

The statistical model mentioned above has not yet been tied to the actual physical 
degradation process. This is done by assuming that there is a predominant reaction 
among all the complex chemical reactions which could be taking place during degrada¬ 
tion. This predominant reaction may be characterized by some eauatlon which allows 
the degradation rate observed at high stress to be related to that at low stress. 

The analysis is based on the assumption that the Arrhenius equation adequately 
relates reaction rate to temperature. If Q is some parameter which indicates the 
extent of degradation then the rate equation will be 

dQ = 
dt 

R(T) = e 
A-B/T 

E-3 



where T Is absolute temperature 
initial time to any later time t, and A and Bare constants. Integrating from 

and assuming R(T) is independant of time 
some 

Q - = R(T) <t-t0) 

SubeUMta* for B(T> and taWo* the log 0f both .Ids. we have 

-¿o (Q - Q0) = A - B/T *jtn (t - y 

or (asaumlog for the sake of .ImpUcIty that t . 0). 

1 = , . A -/n W - jn, 
IB g 

Letting 

A -^n (Q - Qo) 

-B- =C 

^ I ^nt + c 

uatag logarithm, to the haae 10, w. ^ Ure 

1, 2 «303 
T3 B lo«10 4 + C (E-2) 



Thus if we were to plot l/T versus log 
Furthermore, 

10 t, the slope, m, would be equal to 2.303/B. 

B = 
k 

where: 

q = electron charge, 1.592 x 10~19 coulombs 
V 

EA = activation energy (electron volts) 

k = Boltzmann's constant, 1.38 x l<f23 Joules “C'1 

Having determined the slope of (2), E may be calculated: 
A 

2.303 2.303k 
- B = qEA 

or 

ea 
2.303k 1.996 x 10 

qm 

-4 

m eV (E-3) 

All that has been done above is to assume a simple rate equation and to derive a 
relation between l/T and log10 t. Numerous investigators have found that life test 
data indicates that the relation between temperature and time to failure is of the 
form l/T = a log10 t + b, supporting the assumptions that often the numerous complex 
reactions taking place may be considered as one reaction, that the Arrhenius equation 
adequately describes this combination of reactions, and that it may be used to relate 
high stress results to low stress results. 

Next a procedure is described which is used to determine the acceleration curves 
for fixed stress. First the cumulative percent failures versus time for each level of 
stress is plotted to see if the lognormal distribution is indicated. A least square fit 
is made of each linear section of the curve if there is a discontinuity. Some cumulative 
percent number is selected and the time to produce this percent failure calculated from 
the least square line. A point is obtained for each stress level and these are plotted 
“ (e,ffecUve tel»Per«ture) versus time. The resulting l/T versus log, n t points are 
fitted by least squares. The resulting curve is the acceleration curve for a given 
cumulative pe -cent failure. The slope of the acceleration curve is available from the 
least square line and is used in calculating activation energy and acceleration factors. 



For step stress tests the cumulative nercent /.11,,M „ 
to determine 1Í . norm^ dl.trlbuUon i, lndl«»d ff i^oIlT“ ! “ “ plot,td 
point, 1, made. Next a oerttln cumulative nerceñt K)U,re flt of H>e 
neceeeary to produce that percent failure detonnln.^^ “taCtod “d 0x1 ,tnu 
-tep .tree. teet. Ucee .re pl“md « ^ O“1»“» fmm «ch 
« acceleration curve for the atop atrea, data. ‘«“P»'«“™) «reue Urne to obtain 

aT:r.cr :: “re on -- - «*«. 
In curve fitting and analysis, the cumulative nercentFor 61186 
the appropriate "probit" value X n nin n. P f*** fallure P01“48 are converted to 

J- »«-• The r^resslo^ftquaUone obtmimd C‘thetemd r"’'“1 — 

Xtx'abfe B.“!" ‘a mor^coX?^/“ T 
Information about the normal d.etrlhuUon atm ^1“cm“^5,. 

lo«!» rzxâr.rÆ^pr:c— 
l/T m. Converting thêãe c„mluv. „ ^ Patent failure ver.ua 
fitting a leant square Une will yield an equltton of * prob‘blUty and 

^ ^ = a + b log 
PI Is 10 (E-4) 

or 

A(2) . K 3 
A p-a2+b2Xl° © (E-5) 

^::rzTSsZrcr5> *re—--- -° -*<* 
each equation is clearly described. ^hQ te^T^db^11 w3 ^ ^ ^ ^00°11 71 8ince 
standard deviations G* and r w».«. « > bi b2 x 10 are reciprocals of 
in Equation ^ ^ „ h.. bmn ^ 

tt... d values allow, thl cornpSrmon ^ 

•n thi.:™ C..T. ^X^reamr “T " " U°“ ^ 
hypothetical amp atrea. data preaen^g^l^C" £ ^ ^ 

Xp 1000 
23.0-10.0^ (8 hr/step) 

(1-6) 

E-6 
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Table E-l. Probit Values for Selected Cumulative Percent Points 

Cumulative Percent Probit Value 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

3.36 
3.72 
3.96 
4.16 
4.33 
4.48 
4.61 
4.75 
4.87 
5.00 
5.12 
5.25 
5.39 
5.50 
5.67 
5.84 
6.04 
6.28 
6.65 

Xp = 23.7 - 10.0 
1000 

T 
(16 hr/step) (E-7) 

Xp = 25.1 - 10.0 -y (64 hr/step) (E-8) 

The stress necessary to produce 50% failure in the 8 hour/step stress data will 
be calculated. Referring to the probit listing in Table E-l, the probit value correspond¬ 
ing to 50% failure is 5.00, so substituting in Equation (E-6), 

5.00 - 23.0 - 10.0 
1000 

T 

or 

T - 555*K (- 272*C) 

E-7 



F^r^-^TCr!quîre fit te ttose pointa i. Z L'XZñZV’ ^ ^ 

1000 
—zr ■ 1.60 + 0.230 log t 

1 *10 

E-8 
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APPENDIX F 

TABULATIONS OF SCREENING RESULTS 

INTRODUCTION 

This appendix contains the number codes to identify parameters used in the com 
Puter program SERF and the results of using the computer program SERF to isolate 
ftepr.Mc.tor. of later failure on the high .tree, testa. Aleo included are i few 
ttWe. oontnlatag eome Information about the non-normal dietributlon, and the prob¬ 
ability of miaclaaeificationa in normal and non-normal situation,, lie probabilities 

píogil^MÍ0" CllCUlated “Sl”8 ^ <U9CrlmI1“t “-f»- 

Tko parameters used througltout the contract are listed in Table F-l and F-2 

"‘f ”Umtb<ir codcs U8ed ‘i «’«'Puter progiam SERF to identify the par¬ 
ameters. Again the reader is reminded that parameters 11 through 15 (Table F-l) which 
were read inRially and títer ten. compleUon are no, die same as par- 

ameters 11 through 15 (Table F-2) used for the data at the various readout interval, for 
delta change of parameters 1 through 5 respectively. 

., Tj1,6 result“ of "®in« t*'« «'«'Puter program SERF to isolate the preindicators of 
later failure on the high stress matrix (life) test of the Main Test Program are con¬ 

ta ta S^kTlra g"3 thr0U8h F"12' * 'k“ explana“on oí ho» to re«d “•«»« tables 

and thr°,ugl‘ P‘17 «'«•»t” Information about the distributions generated 
cr^Jf proba“l les of taisclasslflcatlon in the study of the applicabUity of Sear dls- 

found ne"n“«bM"n0nnal dIStrlbUU0“- o' “»«o -»1«. *U1 be 



Table F-2. Description of Parameters Used at Each Readout Interval 
for Screening with SERF Program 

Parameter, (Number Code) Description 

3 through 10 Same as those in Table F-l 

11 through 20 
Dei* chantre of parameters 1 through 10 
respectively: i, e., parametern is the 
delta change in parameter 1, etc. 

21 through 30 Percent change of parameters 1 through 
10 respectively: 1. e., parameter 21 is 
the percent change in parameter 1, etc. 
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Table F-12. Distributiojia Generated In Studying Applicability 
of Linear Discriminate Analysis to Non-normal Distributions 



Table F-13. Normal Distributions Generated to Compare the Applicability 
of Linear Discriminate Analysis to Non-Normal Distributions 

Case 

JOL 

1 

2 

3 

4 

5 

6 

7 

0 

9 

10 

n 

12 

13 

id) 
/Z) 

m 

a 

(2) 

O' 
2 

(3) 

Normal U 
Mean Variance 

(41 

4,0404 2.0202 
1.916 

-2.124 

3.987 

3.907 

Table F-14. Comparisons of ProbabUities of Misclassification 
__in Normal and Non-Normal Situations (C = 0)* 

Case 

(0) 

Normal 
P(2/l) PÜ/2) 

(1) 

9.147 0.147 

0.394 0.394 

0.156 0.156 

0.v»ö9 0,089 

0.159 0.159 

0.446 0.446 

0.309 0.309 

0 . 250 0 . 250 

0.006 0.006 

0.249 0.249 

0.249 0.249 

0.308 0.308 

0.446 o.446 

On ifora 
P(2/l) P(l/2) 

(2) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Contaminated 
P(2/l) P(l/2) 

(3) 

0.173 0.187 

0.306 0.401 

0.186 0.147 

0.107 0.108 

(U71 

0.478 

0.J29 

0.276 

ft 177 

0.438 

0.266 

9.230 

0.025 0.020 

0.241 0.278 

0.246 0.284 

0.308 0.306 

0.429 0.454 

"Note: C is defined in Section VF.. (Common to Tables F-14 through F-17). 
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fable F-15. Comparlsone of Probabilities of Mlsol' 'flcation 
1c Normal and Non-Normal Situation« (C - 

Case 

(0) 

Koraal 
PÍ2/1) PQ/2) 

(D 

Da if on 
PÍ2/1) P(l/2) 

(2) 

Cootaaiaated 
PÍ2/U P(l/2) 

(3) 

1 

2 

3 

4 

5 

6 

7 

8 

0.280 0,064 

0.943 0.017 

0.283 0.067 

0.165 0.043 

0.309 0.067 

0.999 0.001 

0.688 0.067 

0.526 0.079 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0.299 0.112 

0 .927 0.024 

0.318 0.091 

0.170 0.050 

0 .319 o .0% 

0.991 0.009 

0.718 o.075 

0.534 0.084 

Table F-16. Comparisons of Probabilities of Misclaasification 
in Normal and Non-Normal Situation« (C = 2)* 

Case 

(0) 

1 

2 

3 

4 

5 

6 

7 

8 

No nal 
PÍ2/D PÜ/2) 

(i) 

0.458 0.036 

0.999 0.000 

0.496 0.067 

0.271 0.034 

0.500 0.023 

1JJOO 0 

0.932 0.007 

0.791 0.015 

Oaifon 
P(2/l> F (1/2) 

(2) 

0.483 

1 

0.529 

•0 

0.493 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

Coataaiaated 
P(2/l) P(l/2) 

(3) 

0.468 0.056 

0.993 0.002 

0 .513 o .044 

0 .261 0 «031 

0 .519 o «036 

1.000 0 

0 .934 o .018 

0 .7% o .043 

♦Note: See Table F-14. 
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APPENDIX G 

1 

COMPUTER PROGRAMS — SERF AND LINDA 

For ewe of reference äu. ^adlx is in two parts. The first part contains a 
genend description of the computer program SERF followed by a flow chart (Fig¬ 
ure G-l) Ihe last part contains a discussion of the theory relevant to linear dis¬ 
criminant analysis LINDA. 

1. SERF 

. , .of oompul*r Program» written to IsoUte pr.ln.llo.tor» ol tellur, mtd to 
stebllflh screening orltorte la m «daptetlon of the relteblUty screening techniques 

nm, i Vin*t0n “d '"'o SERF Program Screening Efficiency 
Reliability factors) described here embodies some of the major features of the 
Sigma 6 program used by the above authors, lhe relative screening efficiencies of 
up to 40 measured parameter «lues, as well as delta and percent change of these 
values, a total of 120 parameters on up to 100 components are determined from Input 
data. We use the term parameter In the following dlscuselon to mean any electrical 
quantity together with the condition, (e.g., Hme, theruml stress, electrical stress, 
etc.) under which it is measured. 

We may use the electrical parameter data at any readout step to predict the 

^ Were at a later readout 8teP- °ne RrouP of control cards read 
mea8,^meat ^ are cards'' which identify at ufrich readout step 

each failure was first detected. AU devices which become failures at a later readout 
step than the readout step at which screening is being done are included, along with 
the devices, in the sample to be screened. 

efficiency °PtÍmUm 8Creenin* criterion is derived by maximizing either the screening 

% failures removed 
% population removed 

e* « 0.5 + 0.5 (Ff 
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where 

F = fraction of total failures removed 

and 

F = fraction of total good devices removed. 

or a fixed number of screening levels for each parameter; the criterion is expressed 
as a series of truncation levels for the parameters considered in the calculation. 
Basically the program provides a means of evaluating the predictive efficiency ob¬ 
tainable by using varying parameters and varying test conditions. 

We will assume that we are screening n devices (n * 100) having m parameters 
(m * 40). After the input data has been read in, the range of each parameter is par¬ 
titioned into 20 subintervals (cells) and the two out-of-limits categories added to bring 
the total number of cells for each parameter to 22. Parameter values for each com¬ 
ponent are then examined, and the number NTjj of components whose 1thparameter 
value lies in cell J recorded, producing an m x 22 matrix of values. Simultaneously 
the number NFij of later failures "in" each cell is recorded, producing a second 
m x 22 matrix. 

^ K NeXt’ Cumulatlve Qumber CNlik Ae number CFljk of later failures) 
which would be removed by screening of parameter 1 at the jth lower level and kth 
upper level (1 < j * k < 22) is computed and the resulting 22 x 22 matrices are used 
to calculate the screening efficiency values 

ci) 

or 

is continued for all m parameters and the maximum value of all these screening effi¬ 
ciencies, EiJik is calculated and stored, along with i, Jj and kj. Devices having 
parameter i values in cells 1 to ^ and ki to 22 are the screened devices 
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The components to be deleted 
informstion Is printed: 

are identified ly serial number. The following 

screening criterion (parameter number and level) 

sample size 

number screened 

number of failures screened 

percent of sample removed in screening 

percent failures in screened group 

',erC*îê£Î!ü£üh“d ®00d Pre""t “ ‘b® end of ^ P™''10“" «reenin,. level which were removed by the current screening 

0UmUll‘^KPe^0en, °f ‘b® nUmb®r 0f ûrlluree end good 
which were removed at the end of the current screening 

screening efficiency achieved. 

« me mm¡Mi “d•b® prohi®m 

components ec«.^^ iT^edT^n«, m** ^ 
uter failures remaining, and a second acreenlng pass l^lTated.0 00mP0“®nt* ““ 

which a meaningful „mnerlcal v^ue cm, be «signed may be used as a pammeter 

sequence of screening passe, may be terminated a. any level In establishing ,uch 

to m™™”" ‘b® P®r0e"t‘8® of ^ or total population 1,1, desired 
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A number of opbon. «re provided to lucre.« ¡he ueefolu... of ¢. pIogrun. 
Changing the fallu» criteria will »define failure, and could reault In entlreh, different 
«reenfitg re.tít. ^ .imply ch«ging '.fallu» card..' the data c„ be .crewed 
äg&ln to explore the effects of the new failure criteria. 

or «1 ^ termlnated either by specifying the number of screening passes 
te termÜP a bouHdary on the screening efficiency below which screening 

nartiH013!*517 ^ ^ ^ °f ^11 PÄrÄm«ter used for the 20 cell 
partitioning as weil as the specification of the two out of range cells. A good cell 
«election will use cells as small as possible to minimise clustering of many parameter 

o” Zr°. £deV,CM 1,1 * feW “Us' o1"“ ™o“ outline». One opfion for conatructing the cell, u». (he maximum and minimum para- 

Zwh'f h" “ .e.UPPe,i “d l0W”r • Aaer “>« parameter value, have been 
distributed among the oell., the »11. are examined in .equence starting tom both 
the loweat and highest »11 untU a »111, detected at »ch «d which contains a para¬ 
meter value of a good unit. The parameter value, which define the lower limit of 
d.1. low cell «d the upper Unfit of thl. high »11 are used a. the new lower and upper 
Unfits of die parameter range. A new .et of ceU. 1, then »nstructed. Thu. In effect 

e parameter values of the bad unit, are moved to the out of range »11. and the 
resolution of the cell partitioning increased. 

Alternatively the user may specify his own upper and lower limits or else 
assuming the parameter values are normally distributed, and the mean and standard 
deviation of each parameter is computed and M-3d is used as the low*r limit and M+3C 
used as the upper limit. 

Provision has been made to allow screening 
read in and further to allow specification of a list 
one at a time and in the order specified. 

on any subset of the parameters 
of parameters to be screened on 
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SC07522 

Figure CM. Flow Chart for Computer Program SERF (Sheet 2 of 9) 
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Figure G-l. Flow Chart for Computer Program SERF (Sheet 3 of 9) 
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SC0S72? 

YES 

READ 
PARAMETER 

VALUES 
PROM DISK 

12 

CALCULATE 
A AND % 

CHANGES 

ELIMINATE1* 
THOSE DEVICES 

WHICH FAILED 
ON SCREENING 

STEP 

YES WRITE 
PARAMETER 
VALUES ON 

DISK 
1 2 

J 

Figure G-l. Flow Chart for Computer Program SERF (Sheet 4 of 



Figure G-l. Flow Chart for Computer Program SERF (Sheet 5 of 9) 
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Flow Chart for Computer Program SERF (Sheet 7 of 9) 
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Figure G-l. Flow Chart for Computer Program SERF (Sheet 8 of 9) 
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2. LINEAR DISCRIMINANT ANALYSIS (LINDA) 

to predict whether parameter measurements be used 

The problem can be period °f time- 

ions, satisfactory and unsatisfactory; it is desired to P°PUla- 
these on the basis of parameter measurement«! Tfe ft, ^ & ®lven Jevice into one of 
Procedure has been worked out“ theory behnd the classification 

variate normal. The classification criterion tu^s out to be fîf P°PUlations are 
the eleme„ts of the vector of ceaeuremen.e on the device ThtaT* ^ 0" °f 
enterim to employ and it aevice- This is a convenient 

underlying populations are non-normal86 The^ss^ Criterion behaves when the 

is the determination of which variates °f intereSt 

a. Theory 

^ ^ -o tot* rmt: xtr r, Retere 9 Lei ^ 

region Rl. we c.a8s«y x tato a „ní ï , i'*8*“1™“™ >■ ■ <f ï lies !n 
V _ into itj, and If X lies in H2, we Classify X into a,. 

Let 

and 

A 
P(2/l, R) - J Pi 

(Ä) 

f 1 
p(i/2, R». y p2(ï) 

where dx = dx, dx h -ru 

into n2 when x is rlally from n. "and Pa/2 ^RiV/tl18 the probability of classifying x 
*1 when X is really from rr These are the P i /i pf Pr0Kbabillty of classifying x into 

2 are .he Pf./j, R) probabilities of m«classification. 

and n2 respectively "^^her^le^^/nTe^l^01” °bservation Comes from ^ 
X is really from /, and let 0/2 dinlti 1 °f Clas8ifyin^ ^to Tr2 wheí 

really from a2. Then for a given 0^1110.110^ n“"m ' R f to° t1,"’,1“''’ * 18 
cost of misclassifying the observation x is ’ (R1’ R2)> the fofal expected 

C(2/l) P(l/2) + C(l/2) q2 P(l/2), 

G-14 



minimized. We must täte two easesT ^ totaI expected c&8t of misclassification is 
observation coming from n, or n areL C°n8 ®ratlon: 1) the Probabilities of a random 

g rom or »r2 are known, and 2) these probabilities are not known. 

expected cost of misclas^tfica^r^2 ^ ^ ^ ^ mlnimizea 016 total 

( Pt (X) 
R = ? X. -JLn_ 

I Po (*) 

H, - L 
r p2© 

< 

q2 c(i/2) 
q^c(2/i) 

q2 c(i/2) 

q^c(2/i) 

I 

I- 

Note that R can also be expressed as 

ni = {* 
p,® 

108 vs 2 Iogk I 

B2 = )ï: loß 
P1 © 

P2© < l08k| ’ 
Î 

Bay« proce<tare.2> The Clt“e8lfloall<>" Procedure defined by R is called a 

sible" clasaiSn proJeAiree2 Te "“V”0""’ ‘T mUS* look tor the class »f "admis- 
proved upon. It turns out that the êln J f ^ 88 ° procedures which cannot be im- 
clase of Bayes procedures Hence in the" ” lnl.ilS,1We Pro<:e<lures is identical with the 
restrict himself to the class of ^ves 1 a Cli88lfIcati»" rule, otic should 
minimax procedure If R* is a classin^H ’ °ne SUCh Baj'es Procedure is the 

r<2 = CfI/2, P(l/2, R.,, then^ ni' Z «'T' ^ 

R-The “ res' 



where log k - c is determined so that r(l, R*) = r(2, R*). 

In any event we must examine the ratio Pl (x) /p2 (x). Now 

PiW 1 = 1,2. 

P1 W 
Thufi loK = log exp -1/2 [<í-fi(1V £'l(í-ft<l,)-(x-(i«2VE-Ví!.<2,j 

Bu”S £ 1 (K.*1’-a.<2)) -1/2(fcíl) + „(2>)r(.„ (2), ltl„M , 

that U has a normal distribution u,ith S’/« L.-j . A ^ .A’ 111 to a normal dlatrlbntlon »Ith mean 1/2 «Md variance ï If x„ 
- 1/- a and variance a If £ is from where »« (o (1) (2), r-i 

abilities of misclassification nr A AOaxr __TT r _ « 

show 
and with mean 

ThM probabilities > S" fe ^ 

c 

p (2/1) ■/, lira 

-1/2(-Ü.-1/2«>_ 

1 e “du 

•and 

P (1/2) -/: 

-i/2y 
^irr^e 

. i/a iH..+ V2n2 

du 

■/ 
- 1/2 y 

2 

0.1/2«^ ‘ dy' 
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tien we ~ l0g k = l0g q2 C <1/2) /¾ C (2/1). For the minima* solu- 

Ca/2) / 1 -V2y 
7=— 6 

C + 1/2 

Of course, in most cases n (^) (2) . « 
must be estimated before the above thlrv’in 

thV ¿n b^ applied su™ K”6006 ^ ppued. Suppose we have a samo 

x(1) d) 
^1 Aim • 

1 

from Wj and a sample, 

sample, 

X (2) x (2) 
..’ 

2 

from v2. The ectimates of^ (1) anda Í2) arex (1) 

"Nj s'l1’ 

An estímate of J, say S, may be defined by 

+f!x &I(2,-ã(2V 
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Then we use 

^ ^ <v ’ 

as .. our c,assxficalion statistic. It can be shown that the limiting distribution of V is 
the distribution of U. (Investigations of the distribution of V can be found in Refer¬ 
ences 58 and 59. We shall use the asymptotic results only. 

b- Computer Programs 

w m COmputer P^g^ams based on linear discriminant analysis have been 
Tf toe n‘o ^.COmp^ter Program, LINDA 1, is applicable when the covariance matrices 
of the populations of good devices and of bad devices are equal. Two different pro ' ' 

ZTVrerSed ^16 C"I,PUter Pr08ram' on'whether I^r "piton, 
falls under Case 1 or Case 2 as defined in the previous discussions. 

covariance ZatrZZrlZZT ZrU‘ “ aPPU°able <he 
a, r. L are/^ual. This program is based on the theoreücal work of 

1 wT “ ‘““h 0,,tUne of ^ Programa written hy We ch 
and Wimpress Banicaliy, LINDA 2 calculates the vector b from the equahon 

I 
b - 

^ - a«1»' 

where 

E't(‘>and E , M 
(2) 

are the covariance matrices and mean vectors for populations 1 and 9 « , 
and y (0 a y s 1( is me solution 0f the equation ' 

(i - y) zfM- 

Ö-IS 



is the vector of parameter measurements, then if 

2 + P * 0, X belongs to population 1 

£' 2 + P < 0, X belongs to population 2. 

tquaUon ^ ^ 0t ^ Ve°tor b' p ls o.,cu,a.ed ,rom the 

,1/2 s.s)1 y'it'Z.s) 1/2 
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APPENDIX H 

COMPUTER PROGRAMS FOR SECOND BREAKDOWN STUDIES 

1. INTRODUCTION 

This appendix concerns the computer programs written to perform the iteration 

on the device model described in Section DC-2. There are five programs in all, a main 

program called El.’30, and four subprograms called FOURIB, MPLOT, PLTLIN, and 

SCALES The last three, MPLOT, PLTLIN, and SCALES, are described in a previous 
reports.', and will be only listed here, as no significant modifications have been in any 
of these programs. A discussion of the others follows. 

2. E173C 

This program performs the iteration described in Section DC-2c on Equations 

(2). (5), (10), (11) and (15) in Section DC-2b , subject to the termination criteria de¬ 

fined in Section DC-2d. The program also reduces the element size when necessary. 

After an iteration has terminated, the program will establish a new total current on 

the basis of previous results, the number of iterations performed to termination, and 

the reason for termination, reinitiate the necessary quantities, and perform a new 

L ation. E173C is a modified version of E173B, described previously!7, the main 
differences being that the chip size is not changed when the element (lump) size 

change;, few changes have also been made in those prog ran. sections setting up the 

new total current for the next iteration and controlling the interpolation procedure. 

A flow diagram for the new program is shown in Figure H-l, and the Fortran listing 
is given Jr Table H-l. 

3. FOURIB 

This program, which is a modified version of FOURIA, described previously-/, 

calculates mutual thermal or electrical resistances between the lumped elements (the 

0 ( |i~j I) of Equation (2), and R( ¡i-J |) of Equation (4), Section DC-2b. The main 

change from FOURIA is the independent specification of the block and lumped element 

sizes. This change is not very great, but since the original program FOURIA was in 

error, and the description of it!' was not correct either, a new description is given. 



MT INITIA«. VACUM 

TON TN« CUNNINT 

OISTAlNuTION , «TC. 

T««T IT MUTUAL 

IMNCOANCM ALNKAOV 

«TONIO 

CALL VOUAIS TO OSTAIN 
MUTUAL TNCNMAL ANO 

ELCCTNICAL IMACOANCIS 
AND «TON« 

CALCULAT« VOLTAOK 

Cl «TA IN UT ION 

«NOM CUNNINT 

CALCULAT« NUT 

01« i AINUTK>N PNOM 

CUNNINT AHO VOLTAO« 

1 

J -1- 
CALCULAT« NCW 

1 CUNNINT OI«TNINUTION 

1 VON TIMFCNATUN« 
I 

CALCULATE 
temperature 
distribution 

R ROM NEAT 

ti*t ir commuer 

OltTHISUTlOM it 

AI»PWOlUMATIi.Y 

trmmcM 

I P" INT J 
- J MCttAOCj ▼«tr tw MORE 

^ITERATIONS RCKFO.IMEO 

THAN A REC IT I EO 

h 

INCREASE 

CURRENT 

\ I /"" TMT I* «o,T— 
Y**f »Ot-UTION HAS BEEN \»m% I I # 

VOLLOIMO «VA Vñ I "«»»«O« V«»/ CUNNINT I* IN 

1 NON«TASL( «O LUT ION / I \ 4MV • »OiAClNT 

r I 

c 
REBOCE 

CURRENT 

TO Jfl 

RONCM BATA 

CARO BET 

REBOCE LUMRSIZE, 

I redistribute CURRENT 

!*♦ NEW LUMRS 

MfSSAOE, 
RCjOT 

temrerature 

CURRENT A « 

VOLTAGE 

distribution! 

Ktebt ir more than \ ^ 

19 BATA BETS JpS-- 

OENERATEO / [ 

r™_. ■' 

y»» /■ 
bolutionb 

CONSTABLE 
FOLLOWING 

bclution 
_THAN. 

BET NITIAL VALUES ROR 

CURRENT ETC. 

R COUNT OT \ 
IONS AFTER 1 
»t.« SOLUTION \«0 
UNO STABLE 
TION MORE / 
rHAN.« / 

r TEST IR LUMRBIZE 

MA8 BEEN CHANCEO 

THIS RUN : 
Figure H-l. Flow Diagram for E-173C 

H-2 



of thffo™. *' 00ndltlOn °” ^ ^ ^00. « ow-ta solutions 

where 

a 8inh [/(0-2)1 

A"~8lnh^b) J 008 

/= [i^ii]2 

N^j «<>■ f^-sj 

t 'j2 

“d m “d ” ‘«‘«»o«»- Ths gradient of this solution on the top surfeoe of the block 

r< - A ^ cothtfr) cos (2m+l) mc| 
COP 

(2n+l) 
2b 

j^l 

Lr^""* °“ “ ,orm"'i to ^ ^ condition on the top 

Mx,y,z>= £ a ^^:£zl _ [(2m+l) rrxl 
bTn mn sinh (^) 008 [ gï-J COB 

(2n+l) wy 
2b 

» r^To/r ^ by tte ^ ««”“00. The gradient 

I = £ “mn ¿««a»*«» «o» [-^ oos !*' 

aod performing the normal Fourier analysis procedures we obtain 

“mi " a b icoOxfr)^jT* «o« [—ja ""J «08 [~jb j * dy 

- -JÎ «^>> fjgmti, ud 1 F(2n+l> re 1 

F2^(2m+x)(2n+l, L 2a J ^ J 

H-3 
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However, we are only interested in solutions along the V 
face, where y = z = 0; the solution reduces to: 

axis in the plane of the top 

i~i a cos 
m,n mn 

(2m+l) irx 
2a 

where: 

= E A cos 
m m 

( jm+l) nx 
2a ] 

m = E 16 
mn 

(2m+l) n 
sin 

(2m4-i) ne 
2b ç^8taí^ 

FORTRAN^.«” r'CUr “ 016 A(M) where M = v»1 1" the program, since 
slm m ñ r P 2er° T)-e Individual terms in the sum change 
. p P ° ln n’ and t*1' Am w111 change sign periodically in m. The program 

L ifllef. n“16 mag”ltude of 11,6 t'1'6''1“"8 tenus at each such sign change 
and if they are small compared to the total value, to terminate the sum. Similar ' 

the An uPper t„ of 

terms rnfom"6 °f ^ ^0004 ‘S CalCUlated ,0r a Sat of ™luen of "x" by smnming the 

A 
m 

cos 
(2m+l) ffx 

2a 

for values of x given by 

X = (n-l)d for n = 1 to 16. 

This gives the 16 values of the function for unit gradient in the first element v 

=lateThehr: f Parameter8' ^ WU1 ^ the ty. se values are returned to the main program F173C. Multiplying by the 
ppropnate constant, the mutual thermal or electrical resistance is obtained. 

The FORTRAN listing is given in Table H-2. 

4. MPLOT, PLTLIN, SCALES 

The FORTRAN listings for these programs are given in Tables H-3, H-4 and 



h-1. Computer Llrtlng of E173C /Sheet 

E17)C 

BRAOSHAM PETER 0 03 TC 

ÍSN SOURCE STATEMENT FORTRAN SOURCE LIST E173C 09/23/66 

6 
•» 

12 

13 
U 
17 
20 
21 
22 

23 

26 
27 
31 
32 
33 
34 
35 
36 
37 
40 
41 
42 
43 
44 
4£i 
46 
47 

•1BFTC E173C 
C' 

C COLL?CTORHRESISTIvifriME °NC'FINStR »’BOBLFM,INCLUDING THF EFFECTS OF 

1 LM|(,S21»TEMR?i6|,fvi!6)!rii673»ILF!icrM0i,l,'ASTn6,,LEFTEC»LUN',S2» 

will Ä3! RLOTAL^t^THIsfllf^^lMPr 
EQUIVALENCE ITENP(l|,;|¡fn¡f ;tD0»"0* . TERMIN 

1 . FNEIin ’ n,,V,1,,YU*2n*‘nn,V|lt3))t(FNT(I7i 

.«»0,,.»°, J».L»»SZl,»10(,TH,Cl<,ep|t1X,T„t»»,Clec,VCEi|r(ltiI,l0rii 

¡LVRF7#1f; “^ÍNMÍNOTÍ.^ríníTílS^^ÜJ’^’W^jC.-ÍNIT.LMPSZ. 

¿„¡¡ñ “'"««• . r*u" 
WIDTH • 20.0 . MIDE 
J6INIT « J6 
WRITE I 6,207 J 

» ÍSS E’;,,i1.E«. »n*» “ « " ,«11' -*"0-rH,c« •»• 
102 HOLD U,N) - Ó.O 

LRPS2L • LMPSZ1 
WIDEL ■ MIDE 
THICKL • THICK 
EPITX>. ■ EPITAX 

104 LUMPSZ - LMPSZ1 
WIDE ■ MIDEL 
LEFTE6 - 0.0 
IH7J ■ 0.0 
HELP » 0.0 
J4 • O 
J« > O 
DO 106 J - 1 , i6 
ILASTIJI - o.O 
VLASTIJI . 2.3 
THISU) - .TRUE. 

50 106 IIJ, . ITOT / U. 

SC0S6B6 



«MOlHAW PCTER o 03 TC 
.II* ^ SOURCE STATEMENT 

RïMTMM SOURCE LIST E1T3C Q9/23/M 

8 
34 
33 
*0 
61 
64 
65 
66 
70 

73 
76 

77 

100 
101 
102 
103 
104 

106 
107 

110 
111 
112 
113 

114 
115 
117 
120 
121 
122 
123 
124 
125 
126 
127 
131 
132 
133 

( 

140 
( 

143 
( 

144 

scosrae 

♦ O.l I / 0.3010 » ♦ 1 

;“\«I2I • 100. 

10* füBru?7 1 AL06*° » IMPSZ1 / LUMPS2 
IMPCMG ■ .FALSE. 
17 < N .GT. 7 I GO TO 160 
J5 ■ 0 

rïi «N6» 0.0 I GO TO 112 

M •«“»».»».»».nom 
110 HOLO(J«16»N1 ■ HOLO(JtN) 

IF I THICK .ME. EPITAX I CALL 

c ANO FNE( l) ARE- , 1P1E10.3 . 4H AND 1P>!?Ü ÏHE VALUiS ^ ^111 
FNI2) - HOLOUS.N» * AH AN0 • »*1210.3 //1 ¡ 
EMU» • HOLO(2«N) 

• '* »h» , «u, 
114 FNTtNljl ■ HOLOINltN) 

6 F7.4(12H OEG.C.M/Ü: JJ êiiric« *U*OHS, 

VMIM • VCE 

SCALES C FLSCLI21 • 12 • 2 • SET1I21 1 

ÆCr:T?V: I” r0,M,Sl,He «*.OTTïO VALUES UE SAACEO OUI. 

'ucii'n "njaî“'1'” ' 50- * 
BU) » 100. 
CALL PLTLIN I 

120 VMAX - -1.0 
00 124 J - 1 , 
VU) • 0.0 
00 122 J1 . 1 , 16 ( ! 
J2 » IAtSU-Jl) ♦ 1 

122 VU) ■ V(jt « IU1) • FNE(J2) • ELEC 
VU) - VCE - VU) / I LUMPS! . Nlòl ) 
IF J VMAX .LT. VU» 1 VMAX - VU) 
IF ( VM1N .GT. VU) ) VM1N * VU) 

H iF0iA!?u?L7icHr.iE^TiTviî,p:E:Lc:sT??Jr:vïco,,,N6Mf6Anve* 
AN llllZVl ;?;? T0 AE0UCE i*stabicitv problems'near saturation. 

o t J4 , 11 , 3 , FLSCL t SET1 ) 

16 



Tabla H-l. Computer Llatlng of E173C (Sheet 3 of 5) 

eme 

BRADS«** PETER D 03 TC 

SOURCE STATEMENT ISN FORTRAN SOURCE LIST E173C 09/23/66 

166 
167 
150 
151 
152 
153 
154 
155 
156 
160 
164 
165 
166 
170 
171 
172 
173 

( 
174 
177 
202 
205 
210 
211 
215 
220 
223 
226 

ISUN - 0.0 
HELP «0.0 
J4 ■ J4 ♦ 1 
J5 » J5 ♦ J 
00 128 J - 1 , 
TEMPIj) > o.O 
00 126 J1 - 1 

16 

227 
232 
233 
234 
237 
242 
245 
250 
253 
256 
261 
262 

( 

263 
264 
267 
270 
272 
273 
274 
275 
300 

C 
303 
304 

SC05696 

..-- . • 16 f 1 
J2 • lABSIJ-Jl) ♦ 1 

•"¿"l&vFIrf----- TH"" 

130 ISUN - ISUM^I^I^j j ^ * °*0t85 ♦ 10.1 • U.O-EXPI-VI Jl/26.0) ) 
CMANG • .FALSE. 
J » 0 
00 132 J1 . 1 , u # ! 
KJl) ■ IIJ1J • ITOT / ISUN 

IF I ABSUIJU-ILASTlJÎn <tiÎUfînî ¿LA!TÍJn J * °*5 

.« ;íJí‘íiiñ;:¿í: --- »•» 

fa ! J,î ’fl* J7 ,0** OOINOR ) CO TO 158 
JJ J «f®* J7'* » WRITEI6.213) 

213 ) -riteu^», 

J0*.'1!'»»' NILL BE INTERPOLATED NITHMMLa«Ti FÜTURE VALUES F 
8t°F '^JI' «AV CE AFFECTED. I / 7k ^¡ÎI*JÎ,;TïL*ATES 0F CHAi*CE 

IF I VMIN .LT. 0.1 Í J« .J ' ' 7Ä » 2MI* • 22I5M-- , lH4 , 

FLSCL , SETi ) 

BI2) • HELP ♦ 100. 
CALL PLTLIN I B , J4 . U . 3 
IF I .NOT. CHANG I GO TO 1643 * 
¡Í ' *«»« .It. 1.0 ISO TO “»4 
IF I J4 .EQ. J7 I CO TO 154 

it ! “,0 

" I iij-u "eu'nji!; tr.'/lT ' tMsn 1 1 M ,0 “0 

¿o-,;-:;.1 ’ • -*«• <" • ~ > > * 

.»0",i5î,.,;.r ' *DJ««t >■>/«►! CARRY ROST CURRENT 

ÍS ;LT- *"*'1 1 ",1>TH • tRRSIl I I ¢0 TO uo 
ISA 1 SUN . ISUN . i|j¡ 

J • 9 
MAXJ - 0 
MINJ a 0 

1M j; ' ¡m? ltOT.O.OJ I N IN J . j 

NINJ A¿0 ÜJÎ/ïîi ?N 
J • J - 1 UNITS FOR • OF THE IIJ) TO IE NECUCIBU. 
ISUM - (SUM ♦ 11 J»8 ) - UJ) 



Table H-l. Computer Listing of E173C (Sheet 4 oí 5) 

Eme 

SMOSHAW PET** 0 03 TC 

SOURCE STATEMENT »SN FORTRAN SOURCE LIST EI73C 09/23/éé 

JF J J .GT. 0 ) GO TO 13g 

uo DO î.*,6? T0 144 
U2 ILAST(J) . ni,*6 * 1 

IF ( LMPCHC I GO TO lüg 
60 TO 120 

í " ,NAXJ ^ '2-1 

NEW LUMPS^?RE^NEEOED»**j* ^6IVES*TMI|r*posÍ 
IF t J5 .GT. 5 ) wetTFiI P0S,TION*THE »-UMP-SIiE IS HALVEO 

204 FORMAT ( 1H0/10H1 OATA(SET°iu 9¡iUrSÍÍcMícE,THICK,EP,TAX*,T0T 

....J— 

” rr — 
147 LMPCHG ■ .TRUE. 

ÎriteÎÎ.mJî ja’/Ss10 U8 

2*F0Í?ÍrÍi¿NÍÍÍFT¡;E/J;T BE¡;0J «{¡¡CS CURRENT t VOLTAGE AND TEMPERATURE 
J5 - 0 ’ ,H ITERN5., , H ,18H AT THIS LUMp $IZEW;J 
FLSCLIll - HELP 
FLSCLI2) - VCE 

148 DO IStTjlVlVa^5^ ’ 16 • 3 • 3 . THIS , CHAR ) 

EiLNAE;T^:Jpiiïr!N;s,:;c/vîjirTo>i^*T*^iTRANSFEREo to*p. I 3.0 • KJ2I 
60 TO ISO 

* 3*0 • UJ2) 
I 3.0 e,l(j2) 
16 , 1 

IIJ2-1) 
I(J2*l) 

1/8.0 

>/g.O 
)/g.O 

374 
375 
376 

377 
400 
401 

ILASTI2*Jl»i) 
IC I J2 .LE. Il 
ILAST(2*Jl-1) ■ 

150 ILAST(2*J1 ) . 
00 152 J1 • 1 , 
VLASTIJl) . 2.5 

152 lui) m ILAST(J11 
CO TO 134 

154 WRITEI6.217» J6 

2l7jc0jîîk<oi9ï!v!?!oiïr«{oi ?îs/;3;smîset?liîtpl,n,t-™° plots ** 
* /) ' 14 //30H THE F1*ST PLOT IS 61 VEN HERE. 

001MOR • .TRUE. 
GO TO 168 

156 MRlTEt6t211) Jb 

A FULLY SATURATEdÜdAT^SEtÜw^Smo TH^r* USEEUL»AS ™C DEVICc IS 

Bg5C?SNu5 A NEW DAM set w,u be *eao În NT WIU be/Jalved and 
158 MRITEI6«215| J6 

M*| '«««OtO THE SET LIMIT »AND IS IE 

wÎÎm'Î'.Îu«.“*'* SET « «E» !n ",U fe/';*L,E0 ‘Nl> 
GO TO 162* 

160 MRITC(6«209I Jg 

SCO5606 



Table H-l. Computer Lia ting of E173C (Sheet 5 ot 5) 

Eme 

§*Í?.SHAM PETE,< 0 03 TC 
SOURCE STATENENT ISN FORTRAN SOURCE LIST E173C 09/23/*« 

«3 *Ne“ ■>"* »"üú In'1*1""1 ",u *»■> 
♦OA 161 WRITE 16.221) HELP 

n;íers:l’";Tu« 'i ™ ». «.i. 

3« r“"-0'! Ä: »"«¡o",,;.Ri :: 

4ii c * si**i£ «««»^ . «- 4,4 Jp J J3 .CT. 1 ) GO TO 166 
til iS ;o*NOT.0°1NOR , HOT - ITOT / 2.0 

ín JSÎ p0í¡S}6i25i¿ií¡ÉLsSr5n;í0!sTm!¿riímTHf;,,,!Íec,vce,,TOT'J6 
* DIMENSIONS . 2IF7.2.2H X» .iJîîîîVeJ ; 2IN »«««-fOR LUMP 
B.RES.,F7.A,10H DS.C.U/UW // ¡OH COLL,B¡^/,eI*î\î0M, "^^NS,THERM 
CF9.2.21H MV.ANO TOTAL CURRENT.FlO^íü^il^li*15” UH« »VOLTS. , 
o.voltage.ano temp.distribnsÍare10//^*« ¡uA?ÍIn JET*^a.39H.current 
ewill BE INCREASED ano rerun. 'lotted below.the current 

%£.*. at t 

) ITOT 
) ITOT 

1.06 • 
1.20 • 

ITOT 
ITOT 

/ 1.02 
/ 1.06 

V . FLSCL , 16 , 3,3 , THIS , CHAR ) 

•GT. 25 ) GO TO 100 

J3 * 1 . /) 
... !I0T * ï*02» «ITOT 
16 Í ! 'iî ,,LI# 15 ‘‘’A* J3 «BQ. 
i .Q If 10 *0R. J3 .GT. 
16B FLSCL(1) a HELP 

FLSCLI2) ■ VCE 

•f ! ï *LT* * * CALL «'LOT C 
IF ( 001MOR ) GO TO 160 

~ â-îïîoî? i^M0 vuut. 

170 ifn! IT0T 100-01 ) GO TO 172 
ITOT ■ ITOT • 0.10 1 
JO ■ JS ♦ 1 
60 TO 170 

172 IF ( ITOT .GE. 10.0 
ITOT - HOT • 10.0 
JO * J8 - 1 
GO TO 172 

Îï°î Tiní2 : A,MT' ,T0T * 5-° ♦ 0.9 ) 

¡H ii-:-vïKi iTs:« • 
7.,/,J4,t,tSn.-I0E,tKlc,ft,lr>xrH|.. 

ií I 60 TO 104 

» GO TO 176 

DO 176 
176 MJ) . 

B<2) - 
J6 ■ 0 
J5 • 0 
Jt ■ 0 
GO TO 116 

J - 1 . 16 
ITOT / 16. 
100. 

1 

scoseee 



Table H-2. Computer Listing of FOURIB 

61TJC 

BRADSHAW RETER 0 01 TC 
ISN SOURCE STATEMENT 

FORTRAN SOURCE II ST FOUR II 09/21/44 

11 
14 
19 
16 
17 
20 
21 
2? 
21 
24 
29 
26 
27 
12 
11 
14 
16 
17 
40 
41 
44 
49 
46 
47 
91 
94 
59 
60 
6} 
66 
71 
74 
77 

102 
101 
105 

C 
106 
107 
110 
111 
112 
111 
116 

117 V 

BIBFTC FOURIB 

C TMi*ü'Ú»RoÚTINE0FÍNÓs,TM*,,?ííí¿yMTc¿««?rS**íf,®*,™,C**w*»,H»»,».OTAU 
C L AFL ACE'S EQUATION IN THRlï^î»ïoSSïFÎ«0* A SATISFYING 
c 'fnix.y.h • o.o*for*i ?*th!ck^rm?Ï$,f2?«Î0u*0**y co*®itions THUS 

c 'ofnix»v»i)/ox ■ ïï. o .H C ¿ r n;«- 0 v ¿:w ü0!:: : L^™•• 
C 'OFNIX.V,21/02 . O.O'FOR'I - 0 0 i et . „ilîïli°ï * 0*®^OR‘X « 0.0* 
C 'OFNIX.V,21/02 - l.O'FOR'2 • Õ*o!x*LÍ'^^!!Ifî«"Ã,'r*6T•,<,0e/2•0,^ 
c finos'fnix.o.omfor^x . nÍlumfsÍ.J*! ÎÏm îî/^•0,Y•l*•'‘,0*/î•®‘•A,» 

:¾ ^rr^^^’-'^-'^^.SAVE.lOOl.AISoOl.L 
INTEGER NTNI100I , 6R0UR 
LOGICAL FLOTAL 

GROUF . INT I LENGTH / AMAX I THICX , LUM»SI I . / , . 

B . 5H ANO // 14H LUMF îu*0f . “ T *.F4.2 
C.CONFONENTS GROUFEO IN SETS OR . îi* ’ 2M * ’ FT*2 • MICRONS 

AONE • 0.0 /1 
N2 • 0 
BLAST - l.o 
Fl • 1.1419926919 
00 177 M - 1 , )00 , 1 
MT - GROUF • I 2 • M - 1 ) 
AIM) - o.O 
TLAST - 1.0 
TAREA « 0.0 
00 175 N • 1 , JOO , 1 
NTN(H) . H 

«.• " ■ ■ 
17° SAVE.NH . SININT • FI • WIDE / (4.0.WIDTH) 

171 îîîc." SAVEIN) • TANH(L*THICK)/L 
TAREA - TAREA ♦ TERM 

îïm! :i^e;GT* o-° -0"- • ^«t 
TAREA ■ 0.0 

175 TLAST*!ST¿RN4MA t‘H4X * Bon£»*BSIAIM)I) J .t£. 0.015 1 60 TO 176 

1 A ONE • ABS I AID ) 

)°Âi î"î(inLT’ 4BS,â,,,,, * »N**A- ABSIAIMI) 

!î : itr : 

ÍÍa¿aÍTS*LC- °-025 • ‘isiifîî,0; M Îo4W3*E°* 
177 AlAST . AIM) 

* M . JOO 

173% Î’gROUf"' i”' F0U*,fA CWFONENTS OF THE FUNCTIONAL DISTRIBUTION. 

00 174 N ■ 1 , N4 , 1 
FNINl ■ 0.0 
00 174 Ml ■ 1 , H , I 
?2 * 1 > 6B0UF ♦ 1 

RETURN’ ^** ** ** * M2)»c°S(FLOATII2*M1-1)*(N-l))*FI«LUMFS2/LENSTH/2.) 

««'.M TO «L 10.« ,.M 0>f 

) / NT 

•EO. 0.0 ) 60 TO 173 

176 IF I 
172 AIN) 

IF I 
IF I 
IF I 
IF I 

M .EO. 
- AINI 
M .EO. 
M .EO. 
M .EO. 
M .EO. 

1 t 1 , 44 ) 
1 t Al , 44) 
0.0 I 60 TO 177 

•COSAOS 



Table H-3. Computer Listing of Program MPLOT 

BRAOSHAH P.0. C3 TC 
SOURCE STATEMENT 

FORTRAN SOURCE LIST MPLOT (H/01/66 

IIBFTC MPLOT 

SUBROUTINE MPLOT ( VALUE , FLSCL . 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

M » M , Ml , THIS f CHAR 

•CH...CQKT«,« T»t 06cmit .»toc oync Scs'îà sr«:2,^.:ï0”!00, 

«o. -j.iHHOPo«-.. ;;í2í!í: :• 

2 
i 
A 
5 
6 
r 

12 
13 
16 
16 

w 
22 
25 
26 

31 
3A 
35 
36 
37 
A2 
A 3 

/STUVMm*. I 0123A567B9-. aÍbCOEfÍmÍ*: i 

Ao 
A7 

50 
51 
5A 
55 
61 
6A 
75 

101 
ICA 
105 
106 
107 

C 
C 
C 

110 

REAL VALUEIN Ml , FLSCL(Ml I 
LOGICAL ThISINI 
INTEGER PUINTI 102 I • CHARIMI , OVKIIPI 
CALL SCALES ( FLSCL . M , NI , CHAR ) 
00 150 J1 « 1fN ,1 
IF I N .LT. 20 I WRITE (6,207) 
00 158 J ■ 2,101 ,1 

158 POINTU) * -17 179 869 IRA 
POINT!1) - 26 BA3 5A5 600 
POINTI102 I * -17 997 958 192 

,hvîv?t:‘î Z':;n m r.;0'"’,a 
IF ( J1 / 10 • lo .EU. Jl ) POINTI2) * -2 
K » 1 

IF I N »LT. 10 I WRITE 16,207) 
IF I .NUT. TH I SIJlI I GO TO 150 
ÛVKI1) » -17 J 79 H69 ISA 
K2 ■ 0 
00 165 Kl • I » M , 1 
IF I M .E0. Ml I K ■ Kl 
J • ASS I VALUE IJl,K11 / FLSCLIK» 
IF I J .LE. 101 I GO TO 159 

J • J -I I J-l I / loo ) * 100 
K2 « 1 ♦ k2 
IF I K2 .LE. 12 ) 0VRIK2I ■ CHAR IK11 ♦ 

159 POINTU) - CHARI Kl ) • 1 073 7A1 82A 
)65 IF I VALUE UltKl I A FLSCL(Kl) .Lf. 0.0 

IF 1 K2 ,GT. 12 ) K2 ■ 12 
WR1TE(6,202) Jl gI POINTIJ2I,J2 - 1,102, 1 |t, nVRIKll ki . i m.s 

1,0 " : Æ.Tî'ai,2,‘ 
RETURN 

202 FORMAT I 1H ,15 , IX , 101A1 , 1A8 • 1261 I 
2ÜA FORMAT I 7X , IH1 .201 5H- | , PLOT^ENO /1 
207 FORMAT I 9H | | * LUT feN0 'I 

* 100. I ♦ 1.5 

I 073 7A1 H2A 

) POINTU) « -POINTU) 



T ble Hm. Computer Lilting of Program PLTLIN 

PET PR PRAD^HAW T> rr 

1SnURfP ÇTATFRFNT FORTRAN ^ntlRCF LIST PLTUN 0?/?1/F,7 

0 
1 

? 

4 
7 

10 
12 
n 
u 
17 
?2 
?■* 
24 
2*5 
il 
’I 

T4 
Í S 
36 
37 
42 
43 
47 

52 
f-1 
64 
65 
66 
67 
73 

•1BFTC PLTLIN 

TH? S^SUPRHUT f prints one'^l i Ñf ? th^t mf^valufs ^of ’ CH4R * 

r .jj: ™\i\^ 
•H' THF NO. OF VALUES, .J . thf ^NUMRFR OF 8FSI0E ™C «»5, 
•HP CAUSES A LINE WITH NO PoÏÎtST !e ^R C “ 1 ™ *< ’«0« IE , 

«FAL VALUE I Hi , FLSCLUl) »»ITTFN 

INTEREP PniNTIlOP, , CHAPIN» , f)VR(12l 
*F I HI .IE. 0 » on rn 166 
M 158 J . ?,pi #1 

158 POINTU» . -U l7q S69 lJH 
POINTU» * ?6 843 S4S foo 

rlJ,!C',NT, 10? ’ “ 7 058 JO? 

iiT?™-• S"; ?E:,r:"r •» .= 
nvRI 1 » m -17 17<¡ B6Q lfl4 
OP 165 KJ . j , , 1 

« HI .LE. NI » K . Kl 

íf^"^L^r^UÍ,íl¿0/TÍL^Ci,K, •no- » ^ 

05r?Hrîsy CHAR îcTFR ^TMAT^VEPFLOWEO^ ANOMAL l°2 I » AND A LIST NADE 
POINTU«?» « -7 342 483 7r? ° LS° J TS Rf°UCfO BY 100S. 
J « J -U J-l » / IPO » « 100 
52 ■ 1 ♦ K? 

I-.* *? •lp* 12 ’ 0VRIK7) » CHARI K1 I 
OINTIJ» * CHARIKII * I P71 VAI 874 

T5 ( VALUE»,Kl, * ELSCLIKI, .LT. 

1 50 
»66 

* 1 073 741 824 

IF » K2 .GT. i2 
NRITF»6,202» ji 
return 

166 WP I T F (6 f ?P7 » 
RFTUPN 

?02 FORMAT I 1H 
?r? FORMAT» OH » i 

FNO 

»52-12 
.1 POINTU2I.J2 

0.0 » POINT».»» , -POINT» J » 

■ UK’, 1 1,( OVR ( K 1 » ,K 1 » l, 52» 

,15 * 1* , 1CIA1 1*B « IX , 1 ?A1 » 



Table H-5. Computer Listing of Program SCALES (Sheet 1 of 2) 

PFTFR noa 
r»:N 

' IAW ni re. 
SnURCP S'ATFMPNT 

PORTRAN SnjIRCF I 1ST SCALPS npm/67 

1 
4 
7 

n 
13 
IS 
IS 
17 
?1 
?3 
74 
75 
?S 
27 
3? 
33 
34 
37 
4° 
41 
47 
4S 
sn 
si 
s» 
S3 

( 
ss 

( 
56 
57 
63 

C 
63 
64 
47 
T? 
73 
74 
74 
77 

MBFTC SCALPS 
SURROUTINF SCALPS i PISCL , R t Ml ♦ CHAP ) 

CHAR.CONTi|«< THF HECI..I »*LUF OF^THE STHBOIS TO 9F PUNTEOOS «ÈlOH 

cós. 
MFR. -JKI MNOPOR-4* /STIJVWKY/*. I . '4TUVWXY7*f( 

THFSF ARP INTFRPRFTFD lNm THF CORREcJ NOS «FOR ÍrINtÍ^0"0”1^ ’ 

4FAL CLSCH Ml I , RANRF , RATIO 
INTFRFR CHAP (M| t POINT«107( 
Ip 1 Ml ,r,T. N I WR ITE ( 6« 2061 i 
00 161 X ■ 1 ( M , 1 
IF ( CHARIK I .LT. O » CHAR(K) , 

161 CHAR I K I « CHARIK1 - CHARIKI / 
00 164 K - 1 , Ml , i 
RANGF « FLSCLIK) 
PLSCt(X) ■ ABS(RANRF) 
IP I PL SC LIKI .NF. C.O I on TO 141 
MRITF16,2ini k , RANGF 
RANGF - 10.0 
PISCLIX I • lo.o 
GO TO 163 

151 IF I FLSCLIK I ,LF. 100.31 
FLSC11XI • FLSCLIKI/10. 
GO TO 141 

152 IF 1 F| SCI IK) .GT. 10. ) 
PLSCLIK) « FLSCLIKIMO. 
GO TO 1«? 

143 OIVN ■ 1. 
IF I PL SCI IK) 
IF I PLSCLIK) 
RATIO ■ RANGE 
FI SCUXI 
00 144 J 

TRY 

Ml 

■ 32 - CHARIKI 
64 * 64 

I GO TO 15? 

GO TO 153 

•GT. 16.67 
.GT. 33.33 
• PLSCLIK) 

OIVN ♦ 100. / 
1 t 101 , 1 

OIVN 
OIVN 

7. 
4. 

A1NT I OIVN * 100. / FLSCLIK) ♦ o.oi ) 

IS 71,|K~LUOING THF 7FRQ mark 

154 POINTU) . -I? 179 869 184 

TH,S««F!LfNTT,AL BLANKS INTO THF PRINT ROSN. 
on 160 JI • 1 . ?1 , 1 

THF MAXIMUM NUMRFR OF SCALP MARKS 
TRV » FLOATIJl - II * OIVN 
J . TRY / FLSCLIK) • 100. ♦ |.01 
TF I J .CT. 1*>1 i on TO 154 

THfPOINT)AU L48FLS MAVE ***** «1ITTFN INTO POINT 

TF ( POINTU) .IT. 10 I POINTU) ■ POINTU) • 
•r,T* ioft° j «so. i • go m 

POINTU”!) • ROINTIJ) / 10 
POINTU» • (POINTU! - POINTU”!» * 10) * | 073 Tai asa * , 

,» ” 1M* *J 

144 FLSCIIK) » PLSCIIK) • RATIO 

1 073 
160 

741 824 



Table H-5. Computer Listing of Program SCALES (Sheet 2 of 2) 

PFTE* 
ISN 

100 
105 
1*6 
107 

1 12 
111 
114 
115 

117 
120 
121 
122 
125 
113 
134 
14* 
141 
142 
143 

144 
145 

ftRâOSHâW ^ TC FORTRAN SOURCF LIST 
SOURTF STATFMFkíT 5CAIFS 02/23/67 

2SÍmtÍÍA?.12’ ««»INTUI.J - 1,101,1» , RATIO 
PniNTfir?» . -17 179 969 194 
00 1*6 J > 1, 1*1 , 1 

TFIPCINT ( JI »NF'POI NT! JM ) .ANO. ROI NT U^D.FQ .(-17 179 869 1841) 
1 RO TO 157 

POINTCJ» . -3? 
RO TO 156 

157 POINTU) • 25 * 1 073 741 829 
156 CONTINUF 

THIS PUTS THF SCALE MARKS INTO PC.INT TO LINE UP WITH THE LABELS 
Jl ■ 0 
POINTU) « 17 179 869 184 
POINT 1102 1 • -17 997 958 192 
IF I Ml .NE. I ) POINT!102) ■ 24 27* 94R *79 ♦ CHARIK) * 64 

164 WR ITF(6,2*2) Jl , (PntNT(J),J ■ 1,1*2,1) 
00 167 K « 1 , N , 1 

167 IF I TABS!CHARfK)) ,6F. 32 ) CHARfK) » CHARIK) / 32 • 32 - CHAR(K) 
RF TUR N 

2*2 FORMAT 
2*6 FORMAT 
210 FORMAT 

ALL AT , 
712 FORMAT 

FNO 

* »H *15 , IX , 101A1 , 1AR , 12AI ) 
I 46H THF VALUES OF *M* ANO 'Ml* 00 NOT COMPARE AT 
1 24H THE VALUE GIVEN FOR THF , 13 , 25HTH SCAL* IS 
1F10.3 , 76H.A VALUE OF l* IS ASSIIMFO. , IX) 

< 1« *15 , IX , 101A1 , 1 PIER.1 ) 

,213 ) 
TOO SMALL 

H-15/16 
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