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MANAGEMENT SUMMARY

The objective of this study was to update and revise the failure rate
prediction models for discrete semiconductor devices currently in Saction
5.1.3 of MIL-HOBK-217E, "Reliability Prediction of Electronic Equipment."

In addition, new failure rate prediction models were developed for the
following devices:

GaAs Power FETs

Transient Suppressor Diodes
Infrared LEDs

Diode Array Displays
Current Regulator Diodes

o O O O ©o

The proposed prediction models provide the ability to predict total
device failure rate (both catastrophic and drift}; for all military
environments for both operating and nonoperating mcdes. The updated
models are formatted to be compatible with MIL-HDBK-217E and are included
as an appendix to this Final Technical Report.

Significant factors found to influence failure rate were device
construction, semiconductor materiai, junction temperature, electrical
stress, circuit application, application environment, package type and
screen class.

As a result of this effort, the efficiency and usability of the
discrete semiconductor section was greatly improved by:

o Consolidation of redundant quality factor tables
o Consolidation of redundant environmental factor tables

o Definition of a separate (from the base failure rate) temperature
factor

iv
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o Junction temperature estimation based on package thermal
resistances

o Elimination of insignificant model factors

As a result of this study, all discrete semiconductor models were
revised. No device types or models were deleted. Consideration was given
to eliminating Germanium devices from MIL-HDBK-217E because they are 1in
the process of becoming obsolete. However, it was decided to retain these
devices since they continue to be used in small quantitites.
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1.0 INTROOUCTION
1.1 OBJECTIVE

The objective of this study was to update and revise the discrete
semiconductor device failure rate prediction models for inclusion into
MIL-HDBK-217E, "Reljability Prediction of Electronic Equipment." The
proposed models provide the ability to predict total device failure rate
(both catastrophic and drift) for all military environments for both
operating and nonoperating modes.

The proposed prediction models predict component failure rates as a
function of the characteristics of the device, the technology employed in
producing the device, and the external factors such as operational and
environmental stresses which have a statistically significant effect on
device failure rate. The prediction models are presented in a form
compatible with MIL-HDBK-217E in Aprenudix A.

The study objectives were met by defining and implementing a four-
phase study approach. The four phases are as follows:

o Evaluation of existing MIL-HDBK-217E discrete semiconductor models
o Data/information collection
o Data analysis/model development

o Final technical report preparation

These study phases are described in detail in the major sections of this
technical report.

1.2 BACKGROUND

Accurate reliability prediction models are essential tools in the
develonment, design, manufacture, and maintenance of military electronic

1-1
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equipments and systems. Prior to this study, the MIL-HDBK-217E failure
rate prediction models for discrete semiconductors had not formally been
investigated since 1978. Since that time, many of the reference tables
for discrete semiconductors have become inadequate in regard to the full
range of values, such as electrical ratings and frequency ranges. In
addition, there are many new devices that are not properly addressed in
MIL-HDBK-217E, such as GaAs power FETs. Additionally, models were updated
to reflect advances in design and processing technology.

1.3 ABBREVIATIONS/ACRONYMS

The following abbreviations and acronyms are used throughout the
report:

AF Air Force

AFWAL Air Force Wright Aeronautical ) aboratory
AIA Aerospace Industries Association

AIA Airborne Inhabited Attack

AIB Airborne Inhabited Bomber

AIC Airborne Inhabited Cargo

AIF Airborne Inhabited Fighter

AIT Airborne Inhabited Trainer

ARW Airborne Rotory Wing

AUA Airborne Uninhabited Attack

AUB Airborne Uninhabitaed Bomber

AUC Airborne Uninhabited Cargo

AUF Airborne Uninhabited Fighter

AUT Airborne Uninhabited Trainer

CL Cannon Launch

CW Continuous Wave

OF Duty Factor

DH Double Heterostructure

DSCS Defense Satellite Communications Systems
DTIC Defense Technical Information Center

EIA Electronic Industries Association

FET Field Effect Transistor

GB Ground Benign

GF Ground Fixed

GIDEP Government Industry Data Exchange Program
GM Ground Mobile

GP General Purpose

HEMT High Electron Mobility Transistor

IMPATT Impact Avalanche Transit Time

IRED Infrared Emmitting Diode

—— e
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JFET
JPL
JTIDS
LASER
LED
MOC
MFA
MFF

MMIC
MOS
MOV
MP
MTBF
MTTF
NASA

NRL
NS
NSIA
NSB

NUU
PIN
PPAC

RAC
RADC

RF
RIW

SCR

TED
TRAPATT
usL
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Junction Field Effect Transistor

Jet Propulsion Laboratory

Joint Tactical Information Distribution System
Light Ampiification by Stimulated Emission of Radiation
Lignt Emiting Dioda

Maintenance Data Collection

Airbreathing idisstle, Flight

Missile, Free Flight

Missile, Launch

Monolithic Microwave Integrated Circuits
Metal-Oxide-Semiconductor

Metal Oxide Varistor

Manpack

Mean Time Between Failure

Mean Time To Failure

National Aeronautics «nd Space Administration
Naval, Hydrofoil

Naval Rescarch Laboratories

Naval, Sheltered

National Security Industrial Association
Naval, Submarine

Naval, Unsheltered

Naval, Undersea, Unsheitered

P-type, Intrinsic, N-Type

Product Performance Agreement Center

Pulse Width

Reliability Analysis Center

Rome Air Development Center

Radio Frequency

Reliability Improvement Warranty

Silicon Controlled Rectifier

Transferred El~ctron Device

Trapped Plasma Avalanche Triggered Transit
Undersea, Launch
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2.0 DATA/INFORMATION COLLECTION

The basis for reliability prediction model development is the
establishment of a comprehensive knowledge-base consisting of empirical
failure data, together with qualitative reliability assessments of
discrete semiconductor part types. IITRI conducted an exhaustive
data/information collection task to obtain the requisite information.
This was accomplished with two distinct subtasks: a literature search and
empirical data collection. Additionally, potential deficiencies with the
collected data were studied to further understand the implications of the
data analysis tasks.

2.1 LITERATURE SEARCH

A thorough literature review was performed to identify alil current
published information relevant to the reliability of discrete
semiconductors. Results from the literature search were used to identify
additional data sources, to develop theoretical failure rate prediction
models, to evaluate proposed models and to complement the data analyses
for nart families where only 1limited data resources were available.
Aduitionally, discrete semiconductor reliability prediction references
were examinad to aid in determining deficiencies (where there were any) in
current prediction methods.

The following technical areas warranted particular emphasis during the
1iterature search:

(1) Reliability and device characterization of high frequency discrete
semiconductor devices (GaAs FETs, Bipolar Microwave Transistors,
Detector/Mixer Diodes, Schottky Detector Diodes, IMPATT Diodes,
PIN Diodes, Gunn Diodes, Varactors, Tunnel Diodes and Step
Recovery Diodes)

(2) Documented temperature relationships

(3) Time-to-failure test data

2-1
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(4) Comparisons of predicted to observed failure rates

(5) References to field reliability data reporting systems

To ensure an efficient and effective literature search, an organized

search methodology was followed.

Hundreds of documents or technical

articles were identified and critiqued to determine applicability to this
study. Important literature resources are presented in Table 2.1-1. Over
100 relevant document or technical articles were found; these are listed
in the References and Bibliography sections of this final report.

TABLE 2.1-1. LITERATURE REVIEW RESOURCES

Resource

Defense Technical Information
Center

Reliability Analysis Center (RAC)

Government Industry Data Exchange

Published Authors

Description

DTIC maintains a large computerized
database of technical documents
produced by government sponsored
efforts.

RAC is a DoD Information Analysis
Center primarily concerned with
electronic component and system
reliability. The center has an
automated library and database with
numerous hardware reliability
references,

The GIDEP database contains four
separate databanks. Of these, the
Engineering Databanks, the
Reliability-Maintainability Data-
bank, and the Failure Experience
Databank were most relevant to this
study.

Published authors identified in the
literature as being experts in the
field were contacted for further
data and information relevant to
the reliability of discrete
semiconductor devices, particularly
state-of-the-art device types.
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Government organizations that perform or fund research in relevant
technical areas were queried to identify ongcing cr completed studies.
Technical reports from the following organizations were particularly
£ helpful.

N SRR

. USAF RADC
2 USAF Spaca Division

B Air Force Wright Aeronautical Laboratories (AFWAL)

5 Jet Propulsion Laboratories (JPL)

¥ Naval Research Laboratories (NRL) -
! NASA Marshall Space Flight Center

AL

-,

The information gathered from the 1literature search was particularly

important to the development of failure rate prediction models for GaAs o
power FETs and other state-of-the-art and/or 1low-popuiation, low-usage -
part types. Such part types have not usually been exposed to enough field '
usage to hase a failure rate prediction model entirely on statistical
analyses. Therefore, test data, knowledge of failura mechanisms, o]
accelerating stresses and activation energies from the literature are '_“!
particularly important for these devices. Included in this category of
parts are microwave devices and high power devices.

i
2.2 EMPIRICAL DATA COLLECTION "”%

IITRI conducted a highly successful data collection effort to identify
?' data sources and to collect empirical discrete semiconductor failure data.

The data collection effort provides the required baseline used for
3 subsequent data analyses. A preferred data collection approach was
determined in the early stages of this study to facilitate planning, to
E! provide direction to data collection activities, and to ensure that 4

. adequate time was available for reacting to unforeseen difficulties or
data deficiencies. A detailed listing of the collected data is presented
in Appendix B of this report. The data is summarized in Table 2.2-1.
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TABLE 2.2-1. ODISCRETE SEMICONDUCTOR FIELD FAILURE DATA SUMMARY

Part Hgurs
Part Cluss Failures (x_109)

Switching Diode 86 916.91
Rectifier Diode 471 7745.48
Voltage Regulator Diode 228 1154.84
Voitage Reference Diode 282 2951.22
Current Regulator Diode 2 13.54
Transient Suppressor Diode 7 6.58
PNP Transistor, <5W 2330 24706.61
NPN Transistor, <5W 246 1845.3%
PNP Transistor, > SW 52 75.10
NPN Transistor, > SW 89 112.24
Dual Transistor 1 7.05
Darlington Transistor 57 76.58
JFET 878 5177.81
MOSFET 209 431.77
Unijunction Device 19 68.23
Thyristor 245 1013.18
Schottky Microwave Diode 18 129.39
Tunnel Diode 72 234.45
Varactor 30 173.29
PIN Diode 1857 13413.37
Microwave Power Transistor 2612 1138.70
LED 22 4827.08
Infrared Emitting Diode (IRED) 0 39.19
Alphanumeric Dispiay (Segment) 144 636689.67
Alphanumeric Display (Diode Array) 4 646.09
Photodetector 7 47.02
Opto-isolator 170 595.96

Table 2.2-1 presents a complete summary of ail collected field data.
In several categories there was insufficient data to determine
statistically relevant failure rates. The precision with which failure
rates can be estimated is dependent on the quantity of observed failures.
Failure rate estimation precision is suspect for part categories where
there were a small (i.e., less than five) number of failures. Part types
with less than five failures are current regulator diodes, dual transistor
devices, infrared emitting diodes and diode array alphanumeric displays.
For these part types the best estimate failure rates were used by dividing
the number of failures by the part hours. It is recommended that more
data be collected and the proposed prediction models checked ~+ validity
for these parts.

2-4
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Four specific data collection tasks were defined. The first task was
a system/equipment identification process. A survey of numerous military
equipments was ccnducted to  identify  system/equipments meeting
predetermined criteria established to ensure plentiful and accurate data.
The second task was an extensive survey of aiscrete semicorductor
manufacturers and users. The survey was conducted by mail and over the
telephone. The third task was in-person visits to organizations where
data could not be accessed by other means. The final data collection task
was the compilation of data referenced in the literature and documented
technical studies. Also as part of this task, additional contact was made
to the authors and/or study sponsors to determine whether more data were
available. Results of the four specific data collection tasks were
described in the following sections.

System/Equipment Identification

Discrete semiconductors, in one or more of a multitude of different
design options, are used 1in essentially all military electronic
equipments. The sheer magnitude of the available equipments, each a
potential candidate for discrete semiconductor data collection, presented
a problem to IITRI data collectors. It would be terribly inefficient to
arbitrarily choose equipments with discrete semiconductors &nd pursue
relevant failure data. Instead, the system/equipment identification task
was specifically defined to review numerous potential equipments, using a
predetermined set of evaluation criteria. After reviewing many
candidates, an optimal group of equipments was selected which would result
in accurate, meaningful data and represent diverse application and
environmental conditions.

Five minimum criteria were established to define an acceptable data
source. Each potential equipment selection was evaluated with these
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criteria before proceeding with data surmarization. These five criteria
are:

(1) Data availahle to the part level
(2) Primary failures can be separated from total maintenance actions

(3) Sufficient detail, #ncluding stress levels, can be identified for
the components

(4) Part hours can be precisely determined
(5) Sufficient equipment hours to expect discrete semiconductor
failures

In addition to this criteria, the following factors were considered:

Number of different discrete semiconductor part types
Existence of iow population and state-of-the-art parts
Application environment

Age of data

o O o0 o

Since varified part failures are essential to develop meaningful
fatlure rate prediction models, a major area of interest was Reliability
Improvement Warranty (RIW) program data. Equipments procured under RIW
contract are subjected tu more thorough failure diagnosis. Also, failure
documertation is mucn more complete than the data available through the
automated milita-y data retrieval systems. IITRI established contact at
the Product Performance Agreement Center (PPAC), Wright Patterson AFB, to
aid in tie equivment selection process. PPAC monitors RIW programs for
the Air Force. Anplicable RIW eguipments used for this study are the
AN/ARN-118, the F-16 heads-up-display and the F-16 flight control
computer.

2-6

la .




Downloaded from http://www.everyspec.com

The military equipments selected after the evaluation process are as
fcllows:

AN/FPS-115 PAVE PAWS
AN/FPS-117 SEEK IGLOO
AN/TPS-59

JTIDS

F-16 flight control computer
F-16 heads-up-display
AN/ARN-118

AN/ARC-164

AN/BRD-7

IITRI successfully collected data on each of these systems with the
exception of the JTIDS and AN/ARC-164. Data was not available on the
JTIDS despite determined efforts, including written requests and a trip to
the equipment prime contractor. This was unfortunate because this system
was considered a major source of microwave device failure data. The
AN/ARC-164 data consisted of insufficient device hours to be useful for
this study.

The above group of equipments represent diverse application and
enviroanmental conditions. Environmental factors could be properly
evaluated and refined because of the range of environmental stresses
represented by this set of equipments. Applications range from ground to
helicopter. The AN/ARN-118 1is a particularly useful candidate for
evaluating and developing environmental factors because it is installed in
thirteen different aircraft types representing each major category (i.e.,
attack, fighter, cargo, trainer, bomber and helicopter). Additionally,
the AN/BRD-7 was axtremely useful for evaluating naval environmental
factors.

The equipment selection task favored equipments designed with bipolar
microwave transistors and other low population and state-of-the-art part
types since there are a limited number of equipments designed with
microwave transistars. To quantify a failure rate prediction model, it
was necessary to identify candidate equipments and collect data for a

2-7
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range of tae key parameters which affect failure rate, namely frequency,
power, du'y factor and pulse width. For example, the AN/FPS-117 and
AN/FPS-115 ohased array modules are designed with microwave transistors
which operate with different pulse width and at different frequency-power
characteristics. Failures of microwave devices are generally tracked more
accurately by both the government user and the contractor because of the
relatively higher rate of failure and the costs involved. General
Electric, Syracuse, NY, supplied failure data on the AN/FPS-117 and
AN/TPS-59. Raytheon was contacted over the telephore and in-person and
has submitted data on the AN/FPS-115 phased array modules. This data
consists of 521 part failures in 439.84 x 106 part hours for microwave
transistors.

The principal sources of field data used by IITRI were trom recent
data sources. The data collection time domain for the major sou~ces are
as follows:

F-16 HUD 1979 - 1983
F-16 FCC 1979 - 1983
AN/BRD-7 1974 - 1976
Commercial Equipment  Manufacturer Data 1979 - 1986
AN/FPS-115% 1983 - 1986
AN/TPS-59 1983 - 1985
AN/ARN-118 1976 - 1979

No fielded equipments meeting the defined c¢riteria could be identified
which utilize GaAs power FETs. The MILSTAR and Defense Satellite
Communications Systems (DSCS) III were identified as systems with GaAs
power FETs. However, it is too early for the collection of field data.

The system/equipment selection task resulted in selection of a core
group of equipments with known fzilure reporting accuracy. The successful
completion of this task ensures that engineering and data summarization
time is spent wisely and that excessive effort was not spent summarizing
equipments in one application at the expense of others.

2-8
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Selection of this core group of equipments did not mean that other
data sources were not sought after. In fact, as the study progressed,
data was collected from other equipments including the B3D radar and the
ITT Vortac system and a variety of commercial electronic equipments.

e s S——.
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Discrete Semiconductor User/Vendor Survey

A thorough discrete semiconductor reliability survey was conducted to:

$1) Identify additional sources of data

2) Expand the scope of the data collection effort
(3) Obtain objective outside opinions and assistance
(4) Assist the MIL-HDBK-217E evaluation task

More than 160 discrete semiconductor vendors and 160 user
organizations were queried. Survey participants were asked to critique q
the existing MIL-HDBK-217€ failure rate prediction methodology and to '
determine whether failure data were available. Survey participants were
selected using GIDEP ALERTs, part manufacturer catalogs (i.e., Goldbook,

EEM) and IITRI's extensive collection of contacts developed through the - 4
successful completion of other reliability modeling efforts. A portion of
this task was also subcontracted to the Reliability Analysis Center (RAC). j
A copy of the survey for discrete semiconductor users is presented in
Figure 2.2-1. Organizations who have participated in the survey are -. 9.
listed in Table 2.2-2.

T

e

-

L Results from the user/vendor <urvey were used to complement the

equipment selection task and corresponding data summarization. The .
user/vendor survey is a flexible data collection tool because they are
inexpensive to distribute and have proven to be invaluable in identifying
h new sources of data and new approaches to collect data. Surveys were sent

to a wide variety of government and commercial industries representing - !‘

! many different applications. Upon receipt of a completed survey, the 1

organization was contacted to determine the availability of data and/or 1

h the identification of potential sources. |
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MIL-HDBK-217€ DISCRETE SEMICONDUCTOR SURVEY
Name:_
Title:
Organization:
Address:

Telephone No.:

(1) What discrete semiconductor part types are bdbeing used in equipment
designs but are not included in MIL-HOBK-2170?

(2) What discrete semiconductor part types included in MIL-HDBK-217D0 do
not have adequate parameter table ranges? Which specific tables are
inadequate?

(3) What factors included in the MIL-HDBK-217D discrete semiconductor
failure rate prediction models do not have a significant effect on
reliability in your opinion?

(4) What factors are not inciuded in the MIL-HDBK-217D models that you
feel do have a significant effect on reliability?

(5) What other problems or comments do you have with the MIL-HDBK-2170
discrete semiconductor section?

(6) Does your organization have discrete semiconductor field, test or
fatlure analysis data to support your opinions?

(7) Please return the completed survey to the following address:

IIT Research Institute
P.0. Box 180
Turin Road, North
Rome, NY 13440

Figure 2.2-1. MIL-HDBK-217E Discrete Semiconductor Survey




TABLE 2.2-2. MIL-HOBK-217E DISCRETE SEMICONDUCTOR SURVEY RESPONDEES

! ACDC Electronics Magnovox Electronic Systems Company
. Ocernsije, CA Ft. Wayne, IN
f Aluert Hayes & Associates Naval Ordinance Station
: Yucca Valley, CA Louisville, KY
l Boeing Miilitary Airplane Company Northrop Precision Products Division
! Wichita, KS Norwood, MA
E‘ Eaton Corporation, AIL Division Raytheon Equipment Division
4 Hauppauge, NY Mariboro, MA
! Fisher Controls Rockwell International
' Marshalltown, IA Albuguerque, NM
GEC Avionics LTD Rohm Corporation
Rochester, Kent, England Irvine, CA
F General Electric Ordinance Sperry Flight Systems
Systems Division Phoenix, AZ
Pittsfield, MA
General Semiconductor Sprague Electric Company
Concord, NH
. . —9
Intersil Westinghouse Electric Corporation o
Cupertino, CA Baltimore, MD

Lorain Products
Lorain, OH ]

Data Collection Trips

THE™

visits because of the proprietary nature of many internal databases, the
need to specifically describe required data characteristics and the need
to "sell" the study program to organizations who provide data without
i charge. The data collection trips performed to support the discrete
semiconductor r2liability study were carefully planned to maximize the
probability of obtaining relevant data.

Many sources of failure data can only be accessed through in-person ﬁ
L
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Table 2.2-3 presents a summary of the organizations visited by IITRI
engineers to collect discrete semiconductor failure data. Most
organizations who routinely perform reliability predictions were
enthusiastic to the revision of the MIL-HDBK-217E discrete semiconductor
section and were receptive to the data collection request. As a direct
result of the data collection trips, 521 failures in 439.84 x 106 part
hours were collected from Raytheon, and 60 failures in 299 x 106 part
hours of life test data was collected from Unitrode.

TABLE 2.2-3. DATA COLLECTION TRIPS

USER/

ORGANIZATION LOCATION VENDOR DATE OF VISIT
Magnavox Torrance, CA User 3 October 1985
Hughes Aircraft Co. Fullerton, CA User 21 January 1986
Northrup Corp. Hawthorne, CA User 22 January 1986
Sanders Associates Nashua, NH User 10 February 1986
Silicon Transistor Corp. Chelmsford, MA Vendor 10 February 1986
Raytheon Co. Wayland, MA User 11 February 1986
Semicon Inc. Burlington, MA Vendor 12 February 1986
M/A COM Burlington, MA Vendor 12 February 1986
Unitrode Watertown, MA Vendor 13 February 1986

Life Test Data

The data collection efforts for this study were concentrated on the
collection of field experience data; however, life test and other forms of
test data have not been ignored. Life test data was the only source of
quantitative reliability data for GaAs power FETs. Additionally, test
data is an excellent source of time-to-failure, failure mode/mechanism and
temperature dependence data. Test data was pursued by making telephone
contact with manufacturers and testing facilities, and by identifying
documented sources of life test data.

A high priority was placed on the collection of 1life test data for
GaAs power FETs. Although several systems (i.e., MILSTAR, DSCS III) are

2-12
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designed with GaAs power FETs, no field data was avatlable; thus,
collection of quality 1ife test data was imperative.

In general GaAs FET 1ife testing is performed for one of two reasons:
either (1) testing is done in support of an existing equipment development
program as part of a design trade-off or as part of reliability
qualification, or (2) testing 1is only one aspect of a technology
development program designed to develop devices at unique frequency and/or
power ranges.

Air Force Space Division (AFSC) has sponsored several programs which
involve life testing of GaAs FETs. In one Space Division program, Jet
Propulsion Laboratories (JPL) has tested GaAs FETs at 7.5 GHz and 2 watts,
and at 7.5 GHz and 6 watts. In another Space Division program, 20 GHz
FETs and IMPATT diodes are being tested and the results compared.. This
testing, performed by RCA David Sarnoff Laboratories, is anticipated to be
completed by the end of 1987.

Air Force Wright Aeronautical Laboratories (AFWAL) has also been
active in the development of GaAs power FETs and have sponsored programs
which have included 1ife testing. In one AFWAL program, "GaAs Power FET
Technology Improvement" performed by Hughes Aircraft Co., life testing and
development activities were performed to support a goal of 10 watt GaAs
power FETs operating in the 9 to 10 GHz frequency range. Observed failure
mechanisms were gold electromigration and tin diffusion through via holes.
AFWAL has also sponsored technology development work in the 5 GHz range
and other related technical areas.

Other organizations contacted by IITRI who are sponsoring GaAs power
FET life testing are NASA Goddard Space Flight Center, Naval Research
Laboratories (NRL) and RCA David Sarnoff Laboratories. Additionally,
nuinerous part vendors (i.e., Avantek. Microwave Associates, etc.) were
contacted to identify sources of life test data.

2-13
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Table 2.2-4 presents a summary of the discrete semiconductor data
identified in the 1literature. Table 2.2-5 presents a 1listing of all
collected 1ife test data. After identifying a potential data source in
the literature, [ITRI contacted the author and/or the sponsoring agency to
determine:

(1) More specific information regarding the testing

(2) Whether there has been additional testing since the publication
date :

(3) Whether there bhas been similar testing or other discrete
semiconductor part types

TABLE 2.2-4. DISCRETE SEMICONDUCTOR LIFE TEST DATA
EXTRACTED FROM LITERATURE

Number Part ngrs
Part Type Tested Failures (x109)
Bipolar Transistor 219 21 0.494
FET 851 224 9122.691
Microwave Transistor 101 26 1.099
Schottky Barrier Diode 150 52 62.313
PIN Diode (1) 1326 8438.136
varactor (1) 0 38.715%
GUNN Diode (1) 40 4,727
IMPATT Diode 290 90 0.640
LED 60 39 1.023
LED Array 352 237 0.447
Laser Diode 874 442 4.646
Photodiode i 0 0.077
Photocoupler 669 337 2.152

>35682 2834 17677.160

NOTES: (1) The total number of devices tested could not be determined
because of the format of the suomitted data.

2-14
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TABLE 2.2-5. DISCRETE SEMICONDUCTOR HIGH TEMPERATURE LIFE TEST
FAILURE DATA

Part Failure Ratg
} Junction/Channel Hours (failure/10
i Part Type Temprrature(9C) Failures  (x 106) hours)
Transient 100 - - 63
Suppressor 125 - - 158
, Diode 145 - - 631.0
{ (varistor) 150 - - 562.0
| : 125 - - 56
| 100 - - 18
: 125 - - 126
| 100 - - 13
f S{ FET, <5W 191 24 .44 -
\ Si FET, >5W 200 9 .12 -
? S1 FET, 90W 200 3 .12 -
§ Si FET, 125 200 2 .12 -
: S{ FET, 150W 200 5 .25 -
| S{ FET, 6W 200 5 .13 -
] Si FET, 12.5W 200 6 .13 -
: S{ FET, SW 200 1 .13 -
] Bipolar Trans. 131 1 .17 -
= 191 6 .13 -
291 14 .10 -
Thyristor 373 - - 4800
348 - - 1600
Si Schottky 210 10 .263 -
Microwave 240 16 .263 -
Diode 270 23 .109 -
GaAs Schottky 136 0 .413 -
Microwave 141 3] .019 -
Diode
Si IMPATT Diode 203 1 .031 -
210 0 .163 -
218 0 .031 -
219 2 .019 -
221 0 .143 -
232 2 .028 -
312 32 .064 -
332 32 .015 -
256 5 .01189 -
280 20 .08031 -
300 10 .00017 -
312 7 .00004 -
325 13 .01006 -
350 12 .00224 -
290 8 .00168 -

2-15




[ £ g o AR e I L ST VA R SIS

7" Downloaded from http://www.everyspec.com - -

TABLE 2.2-5. ODISCRETE SEMICONDUCTOR HIGH TEMPERATURE LIFE TEST
FAILURE DATA (CONT'D)

Part Failure Ratg
i Junction/Channel Hours (failure/10
i Part Type Temperature(°C) Failures (x_106) hours)
GaAs IMPATT 220 17 .030 -
Diode 235 1 .006 -
350 14 .076 -
400 14 .014 -
215 1 .070 -
GaAs Gunn 275 9 .00004 -
Diode 300 9 .00002 - ,
325 9 .00003 - ‘
- 0 .118 -
§ - 2 .300 - .
{ - 4 1.114 - .
s - 29 1.809 - 1
! - 4 1.112 - .
- - 1 .247 - :
| GaAs FET 200 27 -037 - ~~j
: (<100mw) 220 40 .029 - S
3 240 29 .028 -~ .
; 260 33 .0l6 -
: 230 - - 610
255 - 3937 d
275 - - 9174 —
GaAs Power FET 150 8 014 - :
: 190 11 .004 - O
! 225 6 .001 - )
180 8 .068 - E
240 8 .027 - o
270 8 .006 - T
5 228 4 .008 -
280 7 .0008 -
218 0 .003 -
265 66 .088 - _
208 8 .032 -
160 4 -146 - —
225 4 .077 - ]
250 10 .105 - |
275 13 .008 -
2600 - - 454
218 - - 555 °
249 - - 1613 —
274 - - 4545 g
274 - - 7407 !
274 - - 2128 o
.9
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TABLE 2.2-5. DISCRETE SEMICONDUCTOR HIGH TEMPERATURE LIFE TEST
FAILURE DATA (CONT'D)

Part Failure Ratg
Junction/Channel Hours (failure/10
Part Type Temperature(°C) Failures  (x 106) hours)
LED, GaAs 10 41 .333 -
70 1 .003 -
130 1 .003 -
170 15 .003 -
190 5 .003 -
LED, Si 210 62 .034 -
250 69 .017 -
170 43 .054 -
Infrared - 39 1.023 -
Emitting
Diode
Opto-isolator, 10 103 0.647 -
Si 130 60 .810 -
190 53 .256 -
230 41 312 -
250 80 .128 -
Laser Diode, 22 13 1.035 -
A1GaAs 70 205 1.402 -
70 0 .3 -
Laser Diode, 22 0 .637 -
GaAs 65 0 .091 -

For some sources of test data; only the resulting failure rate was
available and not the specific number of failures and device hours. In
these instances more detailed information was requested from the data _HJ‘JH
source. In general, the data was not used if the specific number of ‘
failures and hours could not be identified. For part types where data was
scarce or the part type was of particular interest, it was necessary to
use these data entries during'mode1 development. They are presented in ,_mlq
Table 2.2-5 as entries with a failure rate but no corresponding failures
and part hours.

Data Summarization ' __q

Data summarization cunsists of the extraction and compilation of the
desired data elements from the s3source reports and/or supporting
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documentation, and coding the data for computer entry. Data summarization
consisted of the following five tasks for sources of field data:

(1) Identification of discrete semiconductor part types within the
chosen equipment '

(2) Determination of part characterization information
(3) Identification of relevant part failures

(4) Determination of applicable electrical and environmental stress
levels

(5) Determination of equipment operating histories

Each of these tasks is essential to properly summarize the data and
+' . identification of failed parts r gquires the most effort and technical
skill, For example, to identify the quantity of discrete semiconductor
failures for the AN/ARN-118, over 3,500 RIW failure reports were manually
evaluated.

Specific electrical and environmental stress levels can be difficult
to determine. An approach which nas been successfully used by IITRI is to
ob »° the detailed MIL-HDBK-217E part stress reliability prediction
repo. - from the equipment manufacturer or the government project office.
The decailed part stress reports provide the inputs to the reliability
prediction, and thereby include the electrical stress and application
informat..n required to properly characterize the device usage. Detailed
parts . ‘2ss reliability predictions were received for the AN/ARN-118 and
the F-16 HUD. For other systems, part stress information was solicited
from the equipment manufacturers. Applied power and frequency were
obtained for the microwave bipolar transistors in the AN/FPS-117, AN/FPS-
115, ITT Vortac, DME, TACAN and AN/TPS-59.

2.3 DATA DEFICIENCIGS

[t is important to understand the characteristics of available failure
data to fully appreciate the meaning of the resultant failure rate
prediction models. The available data does have limitations, and it is
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necessary to identify and evaluate these limitations so that precautionary
or compensatory measures can be taken. This section explores these
apparent data deficiencies and explains the implications regarding
prediction model accuracy.

The available discrete semiconductor data was generally either high
temperature 1ife test data or field experience data. In genzral, the
field experience data is preferable for model development purposes;
however, both types of data have relative merits for use in this study.

Life test data is generally of a high statistical quality because
there is very little uncertainty regarding estimation of failure quantity,
failure definition, number of parts on test, test time, and test
conditions. Life test data is often the only available source of data for
the determination of component failure rate time dependency and
temperature relationships. Additionally, life test data is available
sooner then field data for emerging technologies such as GaAs power'FETs
and may be the only source for these devices. The major deficiencies with
life test data are (1) the test periods are relatively short, and (2) the
test conditions are not representative of the actual usage environment.
Life test data was only used in this study as a complement to the field
experience data except for GaAs FETs and laser diodes where life test data
was the only type available.

Collection and analysis of field experience data was the major
emphasis in this study. Models based on field data more accurate'y
reflect the actual usage environment. Deficiencies with this type of data
can be categorized into three areas:

(1) Data Reporting System Characteristics
- Availability of reliability data
- Failure definition
Grouped data
(2) Application Characterization

- Operating time estimation
Mission profile categorization

2-19

e e o JORE : = St A 3o 0 -

-
.

:
o
N ",s




R, AATE TLR T AT e e

" Downloaded from http://www.everyspec.com

- Envirommental/electrical stress determination
(3) Effects of Design Practices
Natural correlation of variables

Model availability paradox
High integration/low failure rate trends

Data Reporting System Characteristics

The first group of data deficiencies relate to characteristics of
field data reporting systems. These systems are often constructed as a
means of documenting maintenance activity and not specifically te provide
data to reliability amalysts. Tracing on-equipment maintenance activities
to piece-part component replacements is difficult and often impossibie
because of incomplete reporting at the depot. For this reason (and
others), large automated data collection systems, such as the U.S. Air
Force Maintenance Data Collection (MDC) system or the U.S. Navy 3M, were
not used in this study.

There is a notable lack of dedicated reliability data tracking systems
(i.e., systems whose primary intent is to measure field reliability as
opposed to documenting maintenance activity). A good example of a system
more oriented toward reliability concerns is the COS system dedicated to
the F-16 Falcon. More emphasis 1in the development of vreliability
dedicated systems is highly recommended and would facilitate reliability
modeling efforts such as the one described here.

Anoither deficiency with automated data reporting systems 1is the
ability with which failures can be separated from non-failure part
replacements. Parts are often replaced as a result of secondary failures
or shoddy mairtenance. It is not unusual for several components to be
replaced in a single repair action; however, the primary failures must be
segregated from the non-failure part replacements for a meaningful data
set. This can be a difficult process with even the most detailed
reporting format and is an inexact practice, using existing automated
databases. For this reason, IITRI focused on RIW data sources, where the
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maintenance activity can be traced and more detailed failure analysis is
performed.

A third data deficiency 1s the failure definition, For many
intermittent or drift failures, the definition of failure may vary based
on the particular equipment function and application, or may be dependent
on the tolerance of the equipment user. It {is therefore important to
collect data from a cross-section of equipment types and applications so
the data represents average failure conditions.

Blind usage of automated data tracking systems can lead to invalid
analyses. IITRI carefully chose data sources in this study to ensure high

integrity of the collected data set.

Application Definition

Additional problems are introduced by the requirement to characterize
the usage application. Observed failure rates are mathematically related
to failure-accelerating stresses as an integral part of the model
development process. The ability to accurately model the device failure
rate is directly related to the ability to define those stresses. It is
often impossible to precisely define all application stresses because of
the diversity of mission scenarios, the failure of equipment operaters to
track all essential information and the inaccessibility of some key
information.

Generally, airborne equipments either (1) do not have elapsed time
meters, or (2) the operating time is not recorded as part of maintenance
reporting. As a result, it 1is necessary to estimate the equipment
operating time based on the flight hours. Research by Hughes (Ref. 1)
presents a methodology to compute operating hours based on flight hours,
pre-fl1ight and post-flight checkout times, mission duration and duty
cycle. An example of an equipment where the operating time was faithfully
recorded was the AN/ARN-118. Unfortunately, this example represents an
exception and not the standard practice.
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For ground equipments, precise readings of the operating times are not
available. For this reason, IITRI pursued data from large ground based
radar units (e.g., PAVE PAWS) which operate 24 hours per day (23 hours was
assumed, to account for downtimes associated with maintenance).

Another product of the operating time estimation process 1is the
existence of "window" style data. In this data format, data is available
in the form of X failures in Y part hours. The part hours represent a
cumulative count of hours accrued from the individual components. The
issue of "window" data and its implications have been studied by IITRI
(Ref. 2). One result of this data deficiency is that only the exponential
time-to-failure distribution with its underlying constant failure rate
could be assumed. To check the validity of this assumption, test data was
coliected and analyzed to identify trends with time. This analysis is
described in greater detail in Section 4.7 of this report. It was
concluded that the exponential distribution could not be rejected, and it
was therefore recommended for use in this study.

Another deficiency relates to the grouping of mission profiles into
environment categories (e.g., ground fixed, airborne uninhabited fighter).
Specific missions can deviate significantly from the norm. Unfortunately,
this deviation usually cannot be extracted from the data source or be
predicted in the equipment design phase (where these models will
ultimately be used). Since discrete semiconductor failure rate is
dependent on temperature cycling and other environmental stresses, the
extent which these stresses deviate from the norm impacts the model
accuracy.

Similarly, the determination of electrical stress levels for fielded
equipments can be difficuit to obtain. The equipment designers are
reluctant to compile this information because of the effort required.
IITRI solved this problem by obtaining the detailed part stress
reliability prediction (if performed). The Air Force maintains no central
1ibrary for the storage of this material, and therefore the predicted data
was requested from the equipment manufacturer. When the detailed
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predictions could not be found, the manufacturer's derating design
guidelines were assumed to be applicable.

Effects of Design Practices

The nature of equipment design can distort the collected data set and
can create some difficulties for discrete semiconductor data anmalysis.

Potential variables often have undesirable (from a statistical
viewpoint) natural correlations. A good example is in the design of
microwave bipolar transistors where design trade-offs are performed by
altering frequency, power, duty factor and pulse width to achieve desired
output characteristics. These trade-offs create natural correlations in
the data set (i.e., frequency 1is negatively correlated with power).
Another example 1is in more stressful environments where equipment
designers use highly screened components. This makes good sense from a
design perspective; however, it creates a correlation between environment
and screen class variables, thereby preventing independent evaluation and
quantification of the respective effects on failure rate.

Other trends 1in equipment design are to use higher integration
devices, and to improve manufacturing processes and design practices,
thereby decreasing failure rate. As a result, equipments include fewer
devices with lower failure rates. Therefore, it becomes more difficult to
accumulate the large quantities of observed failures required for
statisticai analysis of failure rate. These trends also lead to the

presence of “zero" failure data records; the standard method of dividing

the number of observed failures by the part hours resulted in a failure
rate value of zero. Zero failures can be the result of (1) a low inherent
failure rate, or (2) insufficient part hours recorded. It is desirable
but often difficult to separate the "zero" failure data records into one
of these categories.

Finally, development of timely reliability prediction models presents
an interesting paradox to the reliability analyst. Applicable and
accurate reliability prediction models are required when an emerging
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technology initially sees widespread usage, and yet the data to develop
the required models will not be available for some time (i.e., several
years) after the new technology 1s widely used. Within the context of
tinis study, this paradox is particularly true for GaAs power FETS where
there is an urgent need for an accurate failure rate prediction mudel, but
the requisite field data to develop the model does not exist.

Conclusions

Several deficiencies with data collection systems and other factors
have been identified. By properly identifying and studying these effects,
I[ITRI was able to select a data collection plan to minimize the
deleterious effects. IITRI is confident that the data collected for this
study is of high statistical quality and that it accurately reflects the
field reliability of discrete semiconductors.
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3.0 CRITIQUE OF EXISTING MIL-HDBK-217E DISCRETE SEMICONDUCTOR MODELS

Prior to formal model development activities, IITRI completed an in-
depth review and evaluation of MIL-HDBK-217E, Section 5.1.3, "Discrete
Semiconductors," to identify potential deficiencies with the existing
fatlure rate prediction methodclogy. Several emerging technologies were
identified which were not currently addressed. Additionally, many of the
power rating and application tables were determinad to be inadequate
because of limited parameter ranges. This section presents a complete
description of the evaluation process and the resulting conclusions.

The review of the MIL-HDBK-217E failure rate prediction models was
completed with four distinct tasks. The first task was a review of the
existing failure rate prediction models and corresponding modifying
factors. The existing factors were investigated to determine whether the
range of available parameter values was sufficient in regard to all
discrete semiconductor design options currently used in equipment designs.
Additionally, the magnitudes of the modifying factors were investigated to
determine their relative effect on the resultant failure rate prediction.
Secondly, an intensive investigation of state-of-the-art part types and
technologies was conducted to identify part types not currently addressed
by MIL-HDBK-217E. The third task was to scrutinize the existing caction
to determine which models, if any, are obsolete and should be deleted from
MIL-HDBK-217E. An objective evaluation of the model groupings was the
fourth task. The intent of this task was to determine whether a more
logical part grouping could be determined to improve the usability of the
discrete semiconductor section.

3.1 EXAMINATION OF PRESENT MODEL PARAMETERS

Analysis of the MIL-HDBK-217E models yielded & number of
inconsistencies and shortcomings. Table 3.1-1 summarizes for each group
of devices the ranges of Pi factors for each reliability model modifying
factor. Since there are many factors influencing the reliability of a
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device (many more than can possibly be accounted for in the models), it
was the intent of this study to identify those factors having the most
influence on reliability and which are accessible to engineers in che
design phase. It can be seen from Table 3.1-1 that some Pi factors have a
very small range, insignificant relative to the expected precision of the
models. It 1is doubtful that finclusion of such a factor improves
prediction accuracy. For example, the application factors for
zener/avalanche diodes (Table 5.1.3.5.2 in MIL-HDBK-217E) ranges from a
value of 1.0 to 1.5. Inclusion of iny variable with such a narrow range
of values has two effects on a prediction model:

(1) Indicates a high level of precision in the models which in reality
does not (and cannot) exist because of data limitations and
natural variability.

(2) Adds to the complexity of the models without adding additional ’ .
information. ”!1
Special emphasis was placed on inspection of the RF diode and ‘
transistor sections. Examination of these sections illustrates how S
rapidly the technology in these areas has been expanding. The models in —
these sections have serious deficiencies in relation to state-of-the-art
technology. First, GaAs power FETs are not included in Group IX,
Microwave Transistors, and GaAs technology is not included in Group VII,
Microwave Diodes. Second, the operating frequency and power values in “’““Jﬂ
MIL-HDBK-217E Table 5.1.3.9-3 for Group IX transistors fall well below
current levels, Third, advances in device design and construction within
the last eight years are expected to have had a significant effect on
inherent device failure rates. One report (Ref. 39) states that failure ”*‘*ﬁ
rates for state-of-the-art Si bipolar microwave 9ower transistors are 20 |
times lower than those reported ten years ago.
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The primary failure mechanism of earlier devices was electromigration
of the Al metalization. The more recent Au metalization systems are less
susceptible to electromigration. These systems employ a refractory metal
barrier layer that inhibits alloying of Au and the semiconductor. The
electromigration problem remains, though less pronounced, as a result of
such processing problems as thin spots or pin holes in the refractory
layer. Although the newer metalization systems have improved reliability,
this has necessarily been a trade-off with more complex processing
techniques.

Another observation regarding the present models is that the models
have a relatively complex equation for the base failure rate as a function
of temperature, electrical stress, and various shaping parameter
constants. A more usable model form will consist of a constant base
failure rate for each part type with a separate multiplicative factor for
temperature, normalized to unity at a default temperature (of possibly
259C) and stress (of possibly .5). This method will yield results
mathematically similar to that of the current models, although possibly
increasing its utility.

Those factors identified in both the model review effort and the
industry survey (described in Section 2.2), needing tables with higher
electrical stress rating or similar expansion, are given in Table 3.1-2.
Additionally IITRI personnel attended the MIL-HDBK-217E coordination
meeting dealing with discrete semiconductors. The meeting took place in
December 1985. This provided additional information into the limitations
of the existing models and model parameters. Table 3.1-3 provides a
summary of relevant comments from the MIL-HDBK-217E coordination meeting.

Other general comments/opinions from the user/vendor survey, although
not necessarily endorsed by IITRI, are presented as a faithful recording
of opinions expressed by the survey participants. A1l comments were given
due consideration. Asterisks indicate those comments which significantly
impacted study results.
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TABLE 3.1-2.

TRANSISTORS
- Group I -

~ Group II

- Group II

- Group II

- Group II

DIODES

-  Greup IV
- Group IV

-  Group VI

- Group VIII -

MICROWAVE TRANSISTORS

Group IX -

LTSI Downloaded from http//www.everyspec.com - - -

DEVICES WITH INADEQUATE PARAMETER TABLE RANGES

Table 5.1.3.1-4 needs expanded power ratings ard
associated =g factor

separate consideration of power FETs

Table 5.1.3.2-2 needs application categories for
GaAs devices >100mW and associated =p factors

Table 5.1.3.2-2 existing driver (<100mW) =p factor
(50.0) should be reevaluated

Table 5.1.3.2.4 quality factor for GaAs FETs needs
expanding

separate consideration for power diodes
Table 5.1.3.4-3 increase current ratings to 500A
Table 5.1.3.6-3 increase current ratings to 500A

Table 5.1.3.8-3 increase power rating

Table 5.1.3.9-3 needs expanded peak operating power
(watts) and frequency (GHz) and associated =f
factors

OPTO-ELECTRONIC DEVICES

- Group X -

increase the number of characters for alphanumeric
displays

3-5




TABLE 3.1-3.

Source
1. EIA
2. AIA
3. AIA
4a. EIA
4b, EIA
5. EIA
6. EIA
7. AIA
8a. EIA
8b. EIA
9. NSIA
10. EIA
11. AIA

+" " Downloaded from http:/Awww.everyspec.com

MIL-HDOBK-217& COORDINATION MEETING COMMENTS

Cemments

Change failure rate temperature dependency to an
approach based on power dissipation and thermal
resistance.

Power ratings for the Group I power rating
factor should be increased to include 2000 and
3000 watt devices.

The FET model should be expanded to include GaAs
driver devices with power ratings greater than
100mW.

The FET model should be expanded to include GaAs
driver devices with power greater than 100mW.

Failure rate model s required for Power
Schottky diodes used in power supplies.

Change upper power level constraint for analog
circuit diodes to avoid confusion with power
‘ectifier.

Consider redundancy for HV  stack power
rectifiers.

Increase the current ratings for Group IV diodes
to include devices rated between 50 to 80 amps.

Include Triacs in the handbook.
Increase the current ratings for thyristors.

Ralabel the thyristor model to include both
thyristors and SCRs.

Expand coverage of the microwave diode model to
include silicon Schottky mixers. The failure
rate should be similar to silicon Schottky
detectors.

The Microwave transistor model needs to be

revised because technology in this area has been
rapidly expanding.
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TABLE 3.1-3. MIL-HDBK-217E COORDINATION MEETING COMMENTS

Source Comments

12, EIA Quality factor for microwave transistors should
be expanded to include nonhermetic parts.

13a. AIA Change failure rate dependency for microwave
transistors from peak operating power to average
operating power.

13b. AIA Expand table for microwave transistors to
include devices operating at frequencies above
4.0 GHz.
14, EIA Group semiconductor laser devices with lasers
instead of discrete semiconductor devices.
15.  AF(RADC) Simplify the laser diode model. Failure rates . :
seem too high. _q
16.  AF(RADC) Simplify the laser diode model.
17. AIA Change the range of temperature factor values to
provide compatibility between text and table. :
18. AIA In Example 6, change peak power to average .
; power,
.. .9
j
°
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Factors found not to have a signiiicant effect on reliability:

*

The difference between 'lower' and ‘'JAN' quality factors is
too large

Power/current rating - High power/current devices are only
less reliability as a group because they tend to be more
highly stressed in use

The difference between NPN vs PNP transistors is no longer
significant

The difference between hermetically sealed packages and those
encapsulated in organic materials is smaller

Factors not found in the discrete semiconductor section that have
a significant :ffect on reliability:

Beam lead construction and surface mount construction

A ground commercial environment between present ground benign
and ground fixed

Voltage stress and voltage rating for FETs

Quality factor for SCD parts between JAN and JANTX
Power rating of FETs

Hot/cold starts - power cycling

Junction temperatures

Comptlexity factor for series combinations of zener diodes in a
single package

General comments:

Environmental factor should have a vibration range, number of
power on's and life thermal cycles

Table 5.1.3.1-2, Si low noise factor seems high
Tar .- 5.1,3.7 ., aaAs driver seems high

Commercial transistors (Group I) show higher failure rates
than given

Diodes (Group ) and Transistors (Group IX) shkould be
reviewed for r.  ism
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3.2 NEW PART IDENTIFICATION

The review of the MIL-HDBK-217E models included an analys's of part
types not addressed or insufficiently addressed. The parts identified are
listed in Table 3.2-1. The 1ist was determined from telephone records
(both from IITRI and RADC) and information from the survey used to solicit
information from device manufacturers and users.

TABLE 3.2-1. PART TYPES TO BE ADDRESSED

GaAs Power FETs
Transient Suppressors
MOV's

Powar Schottky Diodes
Varistors

GaAs Diodes
Variations on MOSFET's
Current Regulators
Laser Diodes
Photothyristors
Photovoltaic Cells
Diode Arrays

3.3 OBSOLETE PART IDENTIFICATION

IITRI also conducted a review of the MIL-HDBK-217E discrete
semiconductor section to identify part types which are presently included
in the document but are no longer used in electronic equipment designs.
The intent of this study task was to identify and remove obsolete part
types to improve the organization, clarity and consistency of the section.
This study task was accomplished by surveying reliability engineers at the
largest equipment manufacturers,

At this point there are no part types for which it can be absolutely
stated that they will never be included in any forthcoming electronic
equipment design. Therefore, the result of this task was to recommend
that no part types be removed from MIL-HDBK-217E. Several part categories
including Germanium devices are seeing declining usage for general
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applications, although specialized applications persist. The
corresponding models may become ohsolete at some future time; however, to
maintain the present utility of the discrete semiconductor section, no
part types are recommended for deletion at this time.

3.4 MODEL GROUPING

Table 3.4-1 lists the ten groups of device types in the current MIL-
HDBK-217E Discrete Semiconductor section. A more logical grouping scheme
would be advantageous to improve the organization and clarity of the
overall failure rate prediction process. Consideration of alternate
groupings was accomplished as part of the MIL-HDBK-217E review process.

The following discrete semiconductor device grouping factors were
considered:

o Generic part type (transistor, diode, etc.)
o Construction (FET, bipolar, etc.)

o Semiconductor Material (Si, Ge, GaAs)

0 Device function

0 Frequency

o Power

]

Combinations of the above

As an example, microwave diode groupings by function and by
construction are presented in Table 3.4-2. The examples indicate
variations between possible grouping options.

Each of the seven factors above were examined qualitatively with
respect to their relative importance in a device grouping schema.
Criteria which were considered desirable for a grouping schema were:

1. logical/easy to use

2. physically correct (with regard to both physics of failure and
construction)

3. supports statistical findings

3-10
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TABLE 3.4-1., PRESENT DISCRETE SEMI1CONDUCTOR GENERIC GROUPS

Part Type Group
A. Transistors

Silicon NPN [

Si1icon PNP

Germanium PNP

Germanium NPN

Field Effect Transistors II

Unijunction [1I
B. Diodes and Rectifiers

Silicon (General) v

Germanium (General)

Voltage Regulator (Zener, Avalanche) v

Voltage Reference (Temp. Comp. Zener, Avalanche)

Thyristors VI
C. Microwave Semiconductors and Special Devices

Detectors VII

Mixers

Varactors, IMPATT, Gunn, PIN VIII

Step Recovery, Tunnel

Microwave Transistors IX
D. CQpto-electronic Devices X

3-11
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TABLE 3.4-2. MICROWAVE DIODES GROUPED BY FUNCTION AND CONSTRUCTIONN«MA R

1. Microwave Diodes Grouped by Function

"Microwave" Power Generation

0

0

0

o]

Power Multiplication: Varactor, Step Recovery

Power Amplification, Oscillator: Gunn, Avalanche (IMPATT,
TRAPATT) Tunnel, Back, Varactor, Step Recovery

Receiving, Detection, Mixing

getecting and Mixing: Schottky Barrier Point Contact, Tunnel,
ack

Rectifying: Schottky Barrier

Control of "Microwave" Power

0

T N e ey~ e

0

I ars

o

0

T T R e — Tarv

0

TRV

Tuning: Varactor

Attenuation and Limiting, Switching and Phase Shifter: PIN

2. Microwave Diodes Grouped by Construction

Schottky Barrier, Point Contact
PIN

Varactor, Step Recovery

Gunn (TED, Bulk effect)

IMPATT, TRAPATT, BARITT

Tunnel, Back, Mixer, Detector

3-12
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It was quickly determined that a device grouping schema based on any
one of the sevan factors would be overly simplified and that some logical
combination of the above was necessary. A number of prioritized cuts
would have to be made before a suftable schema resulted.

The first cut was made based upon generic part type. This factor
w satisfied all three criteria 1isted above and resuilted in:

Group I Diodes

Group II Transistors

Group III Unijunction Devices - b
Group IV Thyristors q
Group V Optoelectronics

The second cut was based upon operating frequency range, since this
variable has a profound effect on the physical aspects of the device, and
was supported in the statistical findings of the study. This resulted in: 9

Group I Low Frequency Diodes
Group II High Frequency (Microwave/RF) Diodes . i
Group III Low Frequency Transistors - .
| Group IV High Frequency (Microwave/RF) Transistors
! Group V Unijunction Devices
; Group VI Thyristors
2 Group VII Optoelectronics

The third and final cut was based upon device construction (FET vs.
bipolar) since this factor 1is 1logical, physically correct and was
significant based on the study findings. Thus, the final grouping schema

was:

Group I Low Frequency Diodes
Group [I High Frequency (Microwave, RF) Diodes
Group III Low Frequency Bipolar Transistors j
Group IV Low Frequency FETs _!
Group V Unijunction Devices T
Group VI High Frequency (Microwave, RF) Bipolar *

Transistors 1
Group VII High Frequency (Microwave, RF) FETs i
Group VIII Thyristors :
Group IX Optoelectronics

3-13
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The remaining factors: function, power, and semiconductor material
were accounted for within the individual device groups by either separate
! models (1.e., semiconductor material) or pt factors within the same mode)
' (such as function and rated power).
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4.0 FAILURE RATE MODELING CONCEPTS
!! 4.1 FAILURE RATE MODELING APPROACH

A gereral failure rate modeling approach was defined to provide the
basic structure for the discrete semiconductor failure rate prediction
model development process. The use of a general modeling approach for all
device types resulted in models which are consistent and complementary.
Figure 4.1-1 presents the model development approach graphically. The
following paragraphs brierly describe the general modeling approach.

Identify Potential Varianles 1

The first step of the modul development process was to identify }
variables which could potentially have an effect on discrete semiconductor 1
failure rates. These variables were limited to information that would be
readily available to engineers during the equipment &esign phase.
Determination of these variables was based on a thorough literature search
and on information obtained through the discrete semiconductor user and —
vendor surveys. Tables 4.1-1, 4.1-2 and 4.1-3 1list the potential model
input parameters identified for transistors, diodes, and optoelectronic
devices, respectively. Parameters are either a result of device
construction/design, circuit application, application environment, or a ‘-—%
combination of these. The identificatiorn of these parameters serves to A
focus the data collection efforts and refine the theoretical models.

T T T T

Theoretical Model Development

1 A  series of theoretical failure rate bprediction models was
F hypothesized to provide the resultant models with & sound
3 theoretical/engineering backing. Basically, theoretical model development
vnvolved evaluation of the effects of the parameters identified in the
previous phase. In addition, the optimal model form (i.e., additive,

S W, A

(
{
lo.
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TABLE 4.1-1. POTENTIAL MODEL INPUT VARIABLES FOR TRANSISTORS (1)

Device Style $C) Quality Level (C)

Power Rating (C) Duty Cycle (A)

Package Type (C) Operating Frequency (A)

Semiconductor Material (C) Junction Temperature (A,C,E)

Structure (NPN, PNP) (C) Application Environment (E)

Electrical Stress (A) Complexity (C)

Circuit Application (A) Power Cycling (A)

TABLE 4.1-2. POTENTIAL MODEL INPUT VARIABLES FOR DIODES (1) . ii

Device Style (C) Quality Level (C)

Current Rating (C) Duty Cycle (A) ,

Package Type (C) Operating Frequency (A) '

Contact Construction (C) Junction Temperature (A,C,E) R

Semiconductor Material (C) Application Environment (E) o
; Electrical Stress (A) Complexity (C) - :
! Circuit Application (A) Power Cycling (A) A 1

TABLE 4.1-3. POTENTIAL MODEL INPUT VARIABLES FOR OPTOELECTRONICS (1)

Device Style (C) Duty Cycle (A)

Package Type (C) Junction Temperature (A,C,E) S
Semiconductor Material (C) Application Environment (E) N
Electrical Stress (A) Complexity (C)

Circuit Application (A) Power Cycling (A)

Quality Level (C)

W TIT YT T R VR TRY [TW T T Tom

Note 1: (C) = construction/design variable B

(A) = circuit application variable j

:

(E) = application environment variable ‘

E ?

E 1
4-3

- e
S o s — _




v ot s b ENEENE... . S

T T

e T T T e e e e e T e e e amr e oy e ey e e mme e /m o mnrm—me e r o

" "Downloaded from http://www.everyspec.com

multiplicative, combination) was determined and the time denendency of
discrete semiconductor failure rate was studied.

Development of the theoretical models relied heavily on published
1iterature. The literature included many instances of mathematical models
relating failure rate (or mean-time-to-failure) to temperature, power,
derating and other factors. Many other technical articles or documents
provided a qualitative assessment of reliability influences. These were
useful to define the relative effect of numerous variables. In very
general terms, the theoretical models were of the following form.

n
At = Ap T 7 ©Q 1I=Il LE

where
At = theoretical failure rate prediction

Ap = base failure rate, dependent on device style

nT = temperature factor (presented in Section 4.4)

exp(-A(lfj- - %—r-))

where
A = constant
T4 = junction temperature
Ty = reference temperature

environment factor based upon device application environment

TE
(presented in Section 4.6)

nQ = quality factor based upon device screen level and hermiticity
n
n, ny = the product of Pi factors based upon variables from the 1ist
i=1 of potential model input variables found to have a

significant effect on discrete semiconductor failure rate

The development of theoretical device failure rate prediction models
was an integral part of the overall model development process.
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Information collected through tne 1iterature search and discrete
semiconductor user and vendor surveys was reviewed and evaluated to aid in
the development of theoretical models for each discrete semiconductor
device group. The theoretical models serve the following functions:

0 Assure prediction models conform to physical and chemical
principles

0o Select variables when not possible by purely statistical
techniques

Data Analysis

The next phase of the modeling approach was data analysis using the
failure rate data collected through an intensive data collection effort
(described in Section 2.0). Techniques used were correlation coefficient
analysis, regression analysis, goodness-of-fit testing and others. These
are described in the following paragraphs.

The first data analysis task was correlation coefficient analysis.
The objective of this analysis was to identify highly correlated
variables. As part of this task, correlation coefficients were computed
for each pair of independent variables. The correlation coefficient is a
measure of the relation between two variables and varies between -1 and 1
(from perfect negative to perfect positive correlation). Regression
analysis requires that all independent variables are uncorrelated;
therefore, the effects of correlated variables could not be simultaneously
gquantified. If the variables were correlated inherently (e.g., junction
temperature and power), a decision was made to include only the most
significant variable in the regression analysis. If the variables were
correlated due to chance (e.g., quality vs. temperature), then several
options were considered. If a valid theoretical or empirical relationship
was found for one of the correlated vaiiables, then the effect of that
variable was removed from the data by assuming the relationship to be

4-5
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correct. If this assumption was correct, then the effect of the remaining
correlated variable could be accurately assessed by data analysis.

The next step in the model development process was to apply stepwise
multiple regression analysis. Regression analysis is described in detail
in Draper and Smith (Ref. 61). This technique was used to compute the
coefficients of an assumed model form in a least squares fit to the data.

i Regression solutions were found for decreasing confidence limits beginning
with 90¥. In addition, standard error statistics were computed for each
significant variable to obtain an indication of the accuracy of
coefficient estimates. Additionally, upper and lower 90% confidence
interval values were determined for each coefficient. In general,
variables were not included in the proposed model if they did not
significantly affect failure rate with at least 70% confidence. However,
if a variable such as device screening was known to influence failure rate
from an engineering perspective, then coefficients were computed with less
than 70% confidence and a corresponding factor was proposed. In these
instances, the resultant factor should be considered approximate. This
was necessary only occasionally, and no factors were proposed with less
than 50% confidence.

Generally, transformations were performed on the data to give
multiplicative model forms. For example, the effect of Jjunction
temperature is often modeled by use of the equivalent Arrhenius
relationship, which takes the form,

A = A exp(-B/T)

where T is the independent variable, » is the dependent variable and A and
B are constants. By taking the natural logarithm of each side, the
equation becomes

Tnx = TnA -

4|0
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which can be solved by regression amalysis with 1/T the independent
variable and 1na the dependent variable.

In addition to quantitative regression that was used to relate failure
rate to variables such as temperature and rated power, qualitative
regression techniques were also employed. Qualitative regression (often
termed covariance analysis) is used to model the effect of variables which
cannot be measured on a numerical scale (e.g., screen class). A matrix of
indicator variables (0 or 1) is defined and used as the independent
variables to represent the qualitative variable.

The F-ratio and Critical F are parameters which are wused in
conjunction with regression analysis to determine significance of
independent variables. The Critical F value corresponds to the degrees of
freedom of the model (equal to the number of data points minus the number
of by coefficients minus one) and a specified confidence limit. This
number may be used to test the significance of each variable as it is
considered for addition to or deletion from the model. The F-ratio value
for a regression is the quotient of the mean square due to regression and
the mean square due to residual variation. If the F-ratio value for any
independent variable is greater than the Critical F value, then it was
considered a significant factor influencing failure rate and was included
in the regression solution.

Model Evaluation

The goodness-of-fit of the regression solution was then measured using
the R-squared statistic. The RZ coefficient or multiple coefficient of
determination is equal to the ratio of the sum of squares of the
deviations explained by the regression to the sum of the squares of the
deviations of the obsei'ved data. The RZ value was used as a means to
determine the ability of the regression model to predict the observed
results. The coefficient ranges from 0 to 1.0. A coefficient value of
1.0 indicates a perfect fit between the model and the observed datai.

4-7
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No absolute acceptable 1imit was defined to determine what constituted
a "good fit" because of the relative variability between part classes and
because of different sample sizes. For example, the acceptable R-squared
value for microwave transistors would have been unacceptable for general
purpose diodes because of the smaller lot-to-lot variability and more
standardized design and marufacturing processes.

The next phase of the general model development process was to perform
an extreme case analysis. Predictions were made using the proposed model
for parameters beyond the ranges found in the data. The intent of the
extreme case analysis was two-foid: (1) to identify any set of conditions
which cause the proposed model to numerically "blow up," (2) to identify
any set of conditions which predict a failure rate which is intuitively
incorrect. For instance, a model that predicted an urscreened device with
a lower failure rate than a similar screened device or that predicted a
negative failure rate would be examples of an intuitively incorrect model.
Reasons for failing the extreme case analysis primarily involve an
incorrect choice of model form. If the extreme case analysis indicated
that the proposed model was unacceptable, then the entire model
development process was begun again.

The final phase of the model evaluation task consisted of an
engineering peer review. Engineers who were not directly involved with
the model development process, yet who are cognizant in the areas of
component reliability and prediction models, critically evaluated the
resultant failure rate prediction models to determine whether the model
properly addressed known failure modes/mechanisms and activating stresses.

4.2 TEMPERATURE EFFECTS

An investigation into the effects of temperature was a crucial part of
the discrete semiconductor device failure rate modeling effort. Based on
the pubiished literature, the impact of device temperature was determined
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to be one of the most important variables affecting discrete semiconductor
device failure rates.

Based on historical data, the Arrhenius relationship adequately models
the reaction rate of discrete semiconductor failure mecharisms within a
specific temperature range. The Arrhenius model is based on empirical
data and predicts that the rate of a given chemical or physical reaction,
in this case a failure mechanism, will be exponential with the inverse of
temperature. Conceptually, the Arrhenius model is given by:

Reaction Rate = exp(-Ea/KT)

where
Ea = activation energy (eV)
K = Boltzman's constant
= 8.63 x 10-9 (eV/9K)
T = temperature (9K)

Every chemical reaction has a unique activation energy associated with
it. During the life of discrete semiconductor components there may be
several such reactions proceeding simulianeously, each capable either
individually and/or jointly of causing a part failure. However,
consideration of cach reaction separately would be too complex to analyze
with the available data. It has been found, however, that for general
classes of components with similar failure mechanism distributions the
cumulative effects of the various reactions can be approximated by an
Arrhenius model for a specified temperature range. This relationship has
been designated as the "equivalent Arrhenius relationship." Because of
the documented accuracy of this approach and the 1limitations of the
available data, it was decided to investigate the effects of temperature
using the equivalent Arrhenius relationship. It must be emphasized that
beyond the range of normal usage temperatures, this relationship will no
longer be applicable.

4-9
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The form of the temperature factor for the discrete semiconductor
theoretical failure rate prediction models is thus based on the equivalent
Arrhenius relationship and is given by

= exp(-AlE; - 1)

where
Tj = Junction temperature (%)
Ty = reference temperature ]
A = equivalent activation energy divided by Boltzman's constant L___NJ!

It was decided to include a reference temperature for two reasons:

(1) A proposed model with the reference temperature term provides more
information. The base failure rate would be equal to the device
failure rate at the reference temperature. Thus, inspection of
the base failvre rate value provides meaningful information for
quick analyses.

9
(2) A proposed model with the reference temperature term would L.___QJ

minimize the need for exponential numbers (e.q. 7 X 1034) and

would therefore rosult in models which are easier to use. The
temperature factor would be equal to one when the ambient
temperature equals the reference temperature, and would generally

be bzlow 100 for even the highest possibie temperatures found in i
operating applications. | SUS

The value of 2980K (259C) wac chosen as a reference since this is
most often the point at which derating beains for discrete semiconductors.
When the junction temperature approaches the reference temperature, the L~—~—‘1
value of multiplicative temperature factor approaches unity.

]

]

|
Mathematically, adding the reference temperature term to the proposed {
model will have no effect on the resultant failure rate prediction. L @
Relative differences caused by sciection of the reference temperature will
be compensated by corresponding cranges in the base failure rate.

4-10
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The proposed temperature factor 1is based on the device Jjunction
temperature (TJ). Generally, the junction temperature cannot be determined
directly but must be estimated bised on the case temperature, electrical
applicaticn parameters and construction characteristics of the device.

There are two primary methods used to compute the junction
temperature, each with a certain degree of precedence and relative merits.
The first method is based on electrical stress ratios. This method is
utilized in the current discrete semiconductor mode! where junction
temperature is estimated by,

Ty =273 + T + SaT
where
T3 = junction temperature in oK

T = operating temperature in 9C (ambient or case)

[Ve)

= stress ratio (equal to operating stress divided by rated stress)

AT = difference between typical maximum allowable temperature with no
current or power (total derating) and the typical maximum
allowable temperature with full rated junction current or power.

The (AT)S term is an estimation of the rise in junction temperature
because of applied stress and is based upon device derating curves. A
typical device derating curve is shown in Figure 4.2-1. The slope of the
derating curve is theoretically based upon the device thermal resistance;
that 1is, the derating curve indicates the amount applied power must be
Towered ror a given application temperature. This is necessary since the
device junction temperature must not exceed a manufacturer-specified
1imit. The rate at which this trade-off occurs is determined by the
device thermal resistance, which 1is proportional to the rise in
temperature corresponding to a particular rise in applied power.

4-11
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| NOTE: Ts Ta R Tc Thax |
i (1) Tg = temperature at which derating begins ]
: TMAX = maximum rated junction temperature :
P Ta = ambient temperature - . 9
{ T¢c = case temperature s
g Pop = actual power dissipated
g Pmax = maximum rated power at Tg
: (2) Maximum Jjunction temperature (Tmax) s normally 175 or 200°C for .
I silicon and 1000C for germanium devices. Tg is usually 259C, but it __qiq

can be higher.

: Figure 4.2-1. Conventional Derating Curve

The second option for representing junction temperature is:

Ty =273+ T + 0P J
) where — 4
}
Ty = Jjunction temperature (°K) }
T = temperature ambient or case as appropriate (°C) .i
8 = junction to case or ambient thermal resistance of the device ‘i
(OC/watt or 3C/Amp) i
P = device power (current for some diodes when the thermal resistance

is given in OC/Amp)

|
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In this case, the rise in junction temperature due to applied power is
given directly by the oP term., This method 1s used in MIL-HDBK-217E to
compute junction temperature for microcircuits.

The benefit of the "(aT)S" method is that it demonstrates the effects
of electrical stress levels outright, encouraging the use of derating
principles. However, the benefits of the "eP method" outweigh this,
First, the use of the o8P method for discrete semiconductors will be
consistent with the other microelectronic failure rate prediction models
in MIL-HDBK-217E. Secondly, it is a more direct and intuitively correct
approach since it is based on physical principles--the 8 values are based
upon measurable thermal properties of the device materials and
construction. The derating curves used in the current method are then
derived based upon the observed thermal resistance values. Finally, with
the increased development and usage of power devices, the presence of a
heat sink becomes increasingly important to part failure rate. Although
derating curves do not exist or make sense for heat sinks, the heat sink
thermal resistances are often available. Thus, to keep consistency within
the model when taking into account the effects of a heat sink, the oP
method is preferable and was selected to be included in the proposed
discrete semiconductor models.

The proposed temperature factor form is markedly different from the
existing MIL-HDBK-217t temperature Factor form. The temperature factor in
the MYL-HDBK-217E discrete semiconductor failure rate prediction models is
built into the base failure rate and is given by:

Tm

N
\p = expl(m+%+ ens) *¢

where

Ab base failure rate

Nts Tms P

shaping parameters

4-13
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T = operating temperature in °C (ambient or case)

AT = difference between typical maximum allowable temperature
with no junction current or power (total derating) and the
typical maximum allowable temperature with full rated
Junction current or power

S = stress ratio of operating electrical stress to rated
electrical stress

There are two obvious differences between the proposed temperature
factor and the existing temperature relationship. The first difference is
the method to determine junction temperature, which has already been
described. The second major difference relates to model complexity. The
existing model includes factors (i.e., Tp, P) which are not addressed in
the proposed model form, and the present model also includes several
parameters twice. IITRI determined that the streamlined model format was
preferable after an intensive exercising of the existing models for
different appliications and different junction temperatures.

Intuitively the Tp and P constant values are justified. From a
physical perspective, the Ty constant is the temperature (in OK) where the
predicted failure rate begins to deviate from the equivalent Arrhenius
relationship. The P constant is indicative of the rate of deviation.
This 1s seemingly satisfactory because the equivalent Arrhenius
relationship is only expected to be accurate over a limited temperature
range.

Despite the apparent physical correctness of the complex temperature
factor format, it is needlessly complex from a pragmatic viewpoint. Over
the range of junction temperatures found during normal usage, the extra
temperature factor term (following the plus sign in the base failure rate
equation) rarely resulted in a meaningful difference.

As an initial step into the investigation of temperature effects, ail
available temperature data and information for the various part categories

was gathered and compiled. As the study progressed, it was quickly
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determined that it would be necessary to examine and make use of all
available data and information. Activation energy information was sought
for each part type in the following forms:

1. Current MIL-HDBK-217E equivalent activation energies
2. Life test data

3. Activation energies from the literature

4, Field data

5. Any of the above on similar part types where necessary

Current MIL-HDBK-217E activation energies were considered tc hold
precedence for parts where either the technology has not changed
significantly, or 1little to no new (since the preceeding modeling study)
information was available. To obtain the current activation energy, a
simple transformation was performed on the MIL-HDBK-217E N1 constant due
to the dJifferences between the current and the proposed temperature factor
forms described abov, In all cases, the current values were checked
against all new data and information for consistency.

High temperature life test data and activation energies were gathered
from the literature, Data was available for test temperatures ranging
from 559C to 400°C.

Test data was particulariy useful for the determination of
temperature effects. The range of temperatures found during field usage
is often insufficient to confidently model temperature effects. The life
test data (at elevated temperatures) compliements the field data in these
instances. This data was previously presented in Tables 2.2-4 and 2.2-5.
It must be emphasized, however, that no data was used where the test
temperature exceeded design limits or where the range of test temperatures
was small.
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Table 4.2-1 shows activation energies reported in the literature for
the various discrete semiconductor devices. In some cases only the
l activation energies were reported and in some cases, the raw data
supporting the activation energies were available.

é An estimate of activation energy was calculated from field data for
' part types where (1) sufficient information was available to make a
: estimate of junction temperatures for a majority of data points and (2) a
broad range of junction temperatures was available., This estimate was
used primarily for comparison purposes against current MIL-HDBK-217E
values. A11 requisite information was available to calculate =7 for
approximately 75% of the data points since device thermal resistance (s),
applied power, rated power, applied current, rated current, and ambient
temperature were tracked for each device in the database. 0f the i ,
remaining 25%, an estimate of junction temperature was computed by 7~~j!
assuming typical thermal resistances and/ur power derating (for the
specific part class and application). For approximately 5% of the data
records insufficient information was available to estimate junction
temperature and these records were deleted from subsequent analyses. -

It was difficult to distinguish from the available data whether a
given component was accompanied by a heat sink or not. The assumption was i
made that high power devices were accompanied by a heat sink and low power "_‘4'
devices were not. Although, specific instances can be found where this
assumption is invalid, these cases do not severely impact the analysis
because of the magnitude of the collected data set. In the case of heat

sinks, the total device thermal resistance is given by: - o
8JA = 98JC + BCA

where -n”_i
8Ja = total junction-to-ambient thermal resistance i

4-16
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TABLE 4.2-1, ODISCRETE SEMICONDUCTOR REPORTED ACTIVATION ENERGIES

Device Type
$* IMPATT Diode

GaAs IMPATT Diode

Si Schottky Barrier

Gunn Diode

GaAs FET

Si, GP Transistor

Diode, GP

Avalanche Photo-
Diode

'"""wanbadedﬁ0n1huaﬂwmmmevewspéacoh e

Test
Reference Temgeratures(°€)(1)

3 210,220 (A)
4 256 - 312 (J)
5 280 - 350 (J)
6 <300 (J)
6 <300 (3)
5 350 - 400 (J)
7 180 - 260 (J)
8 238 - 298 (C)
9 210 - 270 (A)
10 275 - 325 (J)
11 218 - 280 (J)
12 175 - 250 (J)
13 160 - 265 (J)
14 ——

15 -—-

16 ---

17 227 - 295 (A)
18 230 - 275 (J)
18 230 - 275 (J)
19 200 - 231 (A)
20 185 - 215 (A)
21 170 - 220 (J)
22 85 - 240 (J)
23 -—-

24 -

25 55 - 150 (A)
26 -——-

4-17

Activation
Energy (eV)

>1.07
3.50
1.60

.2-.4
1.60
1.8
1.36

1.6
.62

2.03
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j TABLE 4.2-1. DISCRETE SEMICONDUCTOR REPORTED ACTIVATION ENERGIES (CONT'D)

|

I Test Activation

: Device Type Reference Temperatures (9C)(1) Energy (eV)

‘

!Z GaAs LED 27 65 - 185 (J) .65 - .75 s

,: 28 88 - 167 (J) .3 -

i 29 --- .8 o

! GaP LED 29 —-- .93 — !

S1 LED 26 - .7

30 1100 - 200 (A) .6 - .75 _

GaAs Laser 31 25 -90 (A) .8 . d

l 29 — .75 T
32 50 - 70 (A) .62 |
33 70  (A) o7 :
34 60 - 100 (A) 9 - 1.3 o
35 40 - 70 (C) .34

NOTE (1): gé) = Ambient

= Case :

(J) = Junction -

--- = Not reported o
| ~—
, .8
; }
! -
: i
;_
i —4
g —o
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8Jc = device junction-to-case thermal resistance
8CA = thermal resistance of the heat sink to ambient

Thermal resistances for heat sink types were found in the literature

(Ref. 36). The mean of the values for high power (>5W) device heat sinks ﬂ
was 2.40C/W. The mean of all low power device (<5W) heat sinks was i
7.59C/W. These values include the washer and heat sink compound. *7541
R
Where values for power or current were not available, it was assumed _
devices were derated according to MIL-HDBK-338 and RADC-TR-84-254 (Ref. ;;héj
37) as follows: ~ lf‘ﬂ
Derating Factors .
Transistors Power Current L
FETS and ' ‘-
Microwave Transistors .50 -—
Others .50 .75
E
Diodes S
_ﬁ{g!
High Frequency Diodes .50 .50
Switching, Signal .50 .50 :
Rectifiers .65 .75
Voltage Reference .65 .50
Voltage Regulator .50 .50
Opto Electronics —f"Jﬁ
Al .50 .50 |
In the few cases where ambient temperatures were not available, .“;«l
temperature values corresponding to the application environment of the data }
point were taken from MIL-HDBK-217tE, Table 5.2-34, Ambient Temperature For ?
A1l Parts. The table is reproduced here as Table 4.2-2. These values were _}
chosen as a best estimate because of their precedence. ,_ﬂ_j
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TABLE 4.2-2. TYPICAL AMBIENT TEMPERATURE FOR ALL ENVIRONMENTS

’ Environment TA (OC) Environment TA(OC)
Ala 55 Gf 40
Al 55 GM 55
Arc 55 MFA 45
Alf 55 MrF 45
ArT 85 ML 55
ARw 55 Mp 35
Aya 71 Ny 40
Ay 7% Ns :0
Auc 7 Nsg 0
AyF 71 Ny 75
Ayt 71 Nuy 20
CL 40 SF 30
Gp 30 UsL 35

Individual device thermal resistances were generally available from
the manufacturer's specification sheet either directly or by virtue of the
derating curve. When they were not given, values were either (1) taken
from the Electronics Engineer's Handbook (Ref. 36) as follows:

Thermal Resistance in 9C/W in Still Air

Package Type 8JA 8Jc
T0-3 40 1.85
T0-5 200 60.00
TO-18 450 200.00
T0-66 40 5.75
T0-99, T0-100 197 -—

or (2) typical values for & were extracted from the database for similar
devices in similar packages.

A table of default values for device and heat sink thermal resistances
are given with the prediction models in Appendix A. These values are a
result of taking the geometric mean of values for similar devices in
similar packages from the data collected for this effort, plus values from
the Electronic Engineer's Handbook (Ref. 36).
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It should be mentioned that Jjunction temperatures calculated based
upon such thermal resistances are simply best estimates of the true
Junction temperature. Several references (Ref. 38,39) point out
discrepancies between manufacturer's published thernial resistances and
actual test-measured thermal resistances. The fact that different
manufacturers use difference measurement techniques also confounds results.
(Ref. 40,41). In fact, the accurate measurement of device thermal
resistance is not a trivial task (Ref. 40). In addition, it has been
reported that device thermal resistance is not actually a constant as the ,
values infer, but rather a function of temperature (Ref. 20,42). For 5 r’f
example, the thermal conductivity of GaAs decreases with increasing ~w‘m!‘
temperature at a rate of about .3%/°C. Additionally, the use of generic
device thermal resistances may add error since device thermal resistance
is a function of the individual device materials and the thermal

conductivities of these materials at specific temperatures, heat flow 7-f41

pliens P ARS R X R

ST T T

area, and material thicknesses. Despite these deficiencies, the oP method
provides an accurate measure of the rise in junction temperature on

average.

In the case of both life test and field data, the individual device
temperature constants were developed as follows. Failure data was entered
into a regression with the natural logarithm of failure rate as the ]
dependent variable and the inverse of temperature as the independent -WA*JQ
variable. The slope of such a regression line is then given by,

e T T T T T T T T R T T

Lo

' c

3 -ta

A b1 =< i

where }

:1

.

% b1 = the slope of the regression 1ine ) |

3 Eaq = equivalent activation erergy __ @

Boltzman's constant
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Table 4.2-3 presents activation energy estimates for all part types
made 1) from life test and field data, 2) those reported in the
1iterature, 3) the current MIL-HDBK-217E values and 4) the resulting

proposed activation energy.

Current MIL-HDBK-217E values were assumed to hold precedence for all
part types with the exception of those technologies which were known to
have evolved significantly since the 1last modeling effort, and/or for
which significant new data was available. These technologies inlcude:

Si IMPATT Diodes

GaAs FETs

LEDs and Alpha-numeric Displays
Photodetectors/Opto-isolators

For each of these part types, the proposed activation energies were
based upon recent life test data.

In the following cases, no current MIL-HDBK-217 activation energy
exists:

Current Regulator Diodes
Transient Suppressor Diodes
Gunn Dicdes

In the case of current reguiator diodes, no new temperature effects
data was available. Since these diodes are essentially FETs with the gate
and source connected, the current MIL-HDBK-217E FET activation energy was
assumed as a best estimate until further data is available.

For varistor/transient suppressor diodes, the proposed E; was based
upon estinates from life test data. However, since the life test point
estimate value was intuitively high and since the data it was based upon
was strictly on the high end of device temperature limits, the Tower 95%
confidence bound value was assumed until further information is available.
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In the case of Gunn diodes, the current MIL-HDBK-217E activation
energy for other high frequency diodes was assumed until further
temperature effects data becomes available.

For the balance of the part types, the current MIL-HDBK-217E
activation energy was compared with the upper and lower 95% confidence
values ahout the value estimated from the life test and field data. In
all cases the MIL-HDBK-217E value compared favorably with these values and
was retained.

4.3 ENVIRONMENTAL FACTOR ANALYSIS

The general modeling approach described in Section 4.1 was applied to
the discrete semiconductor failure data collected to determine the effects
of environment (humidity, temperature cycles, vibration, shock, etc.) on
discrete semiconductor failure rates. Values were developed for all 26
environmental categories presently in MIL-HDBK-217E.

Data was available from 15 environment categories, including all
airborne environments, all ground environments and naval submarine. This
represents a wide range of environmental stress levels which was
sufficient to evaluate and update the environmental factors. For
environmental categories where no data could be collected, the existing
environmental factors were used to scale the updated factors.

Initially, consideration was given to the development of environmental
factor equations as a function of specific environmental stress
measurements (i.e., relative humidity, "g¢" force, etc.). An environmental
factor of this form would provide maximum sensitivity to changes 1in
environmental stress and would increase reliability prediction accuracy
for specific applications. However, after carefully considering this
issue, IITRI decided to maintain the existing method of unique, constant

4-24
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environmental factor values for all missions falling within a defined
environmental category for the following reasons:

(1) For most sources of field data, the specific environmental stress
values are unknown and therefore derivation of environmental
factor equations using empirical techniques would be difficult.

(2) One of the major objectives of tnis study effort was to develop
reliability prediction models that are usable and that include
nodel input parameters which are accessible to the handbook user.
In the design phase of equipment develogment, many specific
environmental stress parameters generally would not be known;
therefore, the anticipated increase in prediction accuracy would
be negated by a decrease in model usability.

The 1investigation of environmental factors began with a thorough
examination of the existing factors. The present MIL-HDBK-217E models
have ten separate environmental series, one for each of the ten device
groups. Table 4.3-1 presents the environmental factors for each device
group and each environment. Additionally, the mean and variance for each
environment class are included in the tabla.

Initial inspection of the environmental factor matrix revealed that
little variation existed for several of the categories. For example,
seven of the ten environmental factors for manpack are the same value
(i.e., 12). In other environmental categories, the calculated variance is
high but this was due to one or two outliers. It is unclear whether the
outliers are due to an increased (or decreased) sensitivity to
environmental stress or are a statistical aberration. It was noticed that
little variation existed between different environmental categories. For
example, the values for Ny, Ny and Nyy are generally indistinguishable
(from a statistical perspective). Based on these observations, it was
necessary to perform an analysis to determine whether the effects of
environmental stress could be adequately modeled with fewer factors,
thereby improving the efficiency of the prediction process without
degrading prediction accuracy.
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There are currently ten unique series of environmental factors and 26
environmental categories for a total of 260 environmental factor options
in the MIL-HDBK-217€ discrete semiconductor section., It was important to
determine whether this high degree of model sensitivity 1s justified or
meaningful. Analysis of variance (ANOVA) and regression analysis were
performed on the failure data from the AN/ARN-118 to further study the
environmental factor issue. The AN/ARN-118 data was selected because (1)
this equipment operates in all avionic environments both inhabited and
uninhabited, (2) the use of one high quality data set eliminates much of
variability associated with factors other than environmental stress, and
(3) the AN/ARN-118 includes a large cross-section of discrete
semiconductor device types. The objective of this analysis was to
determine:

0 Whether the existing 10 series of environmental factors are all
Justified

0 The effect of inhabited vs uninhabited

o The effect of aircraft type

To test the effect of environment, two ANOVAs were performed.
Initially, the data was sorted by aircraft type, inhabited vs.
uninhabited, and part class and ANOVA was performed. The results of this
analysis are presented in Table 4.3-2. This analysis irdicated that
device construction, aircraft type and inhabited vs. uninhabited are all
important variaples influencing failure rate. However, this analysis does
not determine whether the relative effect of environment is dependent on
device construction or whether 10 unique environmental factor series are
justified. The analysis irdiceated that part style and
inhabited/uninhabited are highly significant factors in the pregiction of
field failure rate. Aircraft type was less significant, but was still an
apparent influencing factor.
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TABLE 4.3-2. ANOVA FOR AN/ARN-118 DATA

NSE V. :
"Source of Sum of Mean
vVariation Squares D.F. Square F-Ratio Prob(>F)
Main Effects 45.627619 9 5.0697354  14.503353  .0000
Part Type 36.552728 4 9.1381819 26.142247 .0000
Inhabited 1.844054 1 1.8440543 8.2754174 .0307
Aircraft 2.711760 4 .6779401 1.9394315 .1364
Residual 8.389346 24 3495561
TOTAL (Corr.) 54.016965 33

A second ANOVA was then performed where failure rates for each part
class group (composed of observed data for the ten avionic environments)
were divided by the average failure rate for the group. This action
numerically removed the effect of part class from the analysis to more
closely focus on environmental factor sensitivity. If the results of the
second ANOVA indicated that part class was still a significant variable,
then this would serve as evidence that environmental sensitivity varied
significantly for the different part classes and that different
environmental factor series were justified for each part class. However,
the second analysis indicated that part class did not have a significant
effect on environmental factor determination, and thus a single series of
environmental factors could be proposed without introducing significant
error. The results of the second ANOVA are presented in Table 4.3-3. The
results can be justified physically since (1) environmental stresses
predominately accelerate package related failure mechanisms and (2)
packaging techniques are similar for many of the device types.

~_d
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TASLE 4 3-3. ANOVA FOR NORMALIZED AN/ARN-118 DATA

RESPONSE VARTABLE: LOG (NORMALIZED FAILURE RATE) .

"Source of Sum of Mean
Variation Squares - D.F. Square F-Ratio Prob(>F)
Main Effects  4.5560198 9 .50622494  1.4481922 ,2235
Part Type . 4887523 4 .1221881 .2495521 .8417
Inhabited 1.8440543 1 1.8440543 5.2754174 .0307
Aircraft 2.7117604 q .6779401 1.9394315 . 1364
Residual £.-893464 24 . 3495561

TOTAL (Corp.) 12.945366 33

Another result of the environmental factor analysis was that the ratio
of uninhabited-to-inhakited discrete semiconductor failure rates was
determined to be 1.84. This result is consistent with existing prediction
procedures, aithough slightly Tlower that the commonly believed 2-to-1
ratio. The observed ratio differences between diodes and transistors was
small (i.e., statistically insignificant), and therefore it was assumed
that the ratic of uninhabited-to-inhabited failure rate was the same for
the discrete semiconductor family of devices.

1@ regression solution ror the AN/ARN-118 discrete semiconductor data
analysis is given by the following eguation,

i r- N —
1.0, transistors 1.0, A
1.23, u transistors 0.926,F 1.0, inhabited
AARN-118 = -225 { 0.62, dindes } < 0.578,C} q
0. 31, u diodes 0.770,8 1.84, uninhabited
14.81, thyristors 0.474,T
J L JL _

s

Rearranging this solution into a format which is more famiiiar to MIL-
HDBK-217E users results in the following reiationship ftor environmental
factor. The envir-nmentai factor for airborne inhabited attack was
assumed to be equal to 25 for this demonstration. In practice,
determination of the actual factor values was performed by analyzing the
AN/ARN-118 data mixed together with data from other environments.

4-29
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1.0’ A
¥ = .25 0.926,F 1.0, inhabited
| 0.578,C
; 0.770,B 1.84, uninhabited
0.474,T
g = 46.0, AUA = 25.0, AIA
= 42.6, AUF = 23.2, AIF
| = 26.6, AUC = 14.5, AIC
| = 35.4, AUB = 19.3, AIB
| = 21.8, AUT = 11.9, AIT

As the model development process further proceeded, it became apparent
| that the difference between cargo, bomber and trainer aircrafts was small
| and that in several instances, the ranking of aircraft influences seemed
inconsistent. For example in the AN/ARN-118 data analysis, cargo failure
rate were observed to be higher than trainer failure rates. To remedy
this situation, the same factor was proposed for these three aircraft
types.

As a by-product of this analysis it was noticed that the environmental
sensitivity of microwave diodes and transistors was consistently differert
that other discrete part classes (although not a highly significant
difference). It was determined that the best method to predict
environmental effects is to propose three environmental factor series.
Separate factors were determined for microwave and non-microwave discrete
semiconductors. Additionally, a unique series was proposed for
optoelectronics. This action results in a overall decrease in factor
permutations from 260 to 78. The new factors are presented in Appendix A
and in the appropriate sections of Section 5.0 of this report.

4.4 QUALITY FACTOR ANALYSIS

An important aspect of this study was to investigate the effects on
failure rate caused by device quality. The applicable device quality
level depends upon the type and amount of screening performed on discrete
semiconductors and the package type. MIL-S-19500, "General Specification
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for Semiconductor Devices," is the appropriate military specification for
transistors and diodes and 1includes the specific requirements for a
quality level. Discrete semiconductor quality levels as specified by MIL-
HOBK-217E are:

(1) JANTXV

(2) JANTX

(3) JAN

(4) Lower (Commercial Hermetic)
(5) Plastic (Commercial Plastic)

Initially, the existing MIL-HDBK-217E discrete semiconductor quality
factors were categorized and studied. MIL-HDBK-217E currently includes
ten unique quality factors to model the effects of screening and package
type on discrete semiconductor failure rate. These factors are presented
in Table 4.4-1.

There are eight unique quality factor series. Initially, it was
believed that this indicated different degrees of screening sensitivity
for the various discrete semiconductor part families. The factors can
vary by a factor as large as 100 for a given screen class, depending on
the part category. However, after clcse examination, it was determined
that the factors were not necessarily sensitive but were needlessly
repetitious. Since the models are multiplicative, it is the relative
difference which is dimportant and not the absolute magnitude of the
factors. Table 4.4-2 presents the relative quality factor tables. These
values were computed by dividing each series by the JANTX quality factor
(in effect, normalizing each series to a JANTX quality factor equal to
one). Examination of this table reveals that the factors are very
similar; in fact, eight of the ten are identical.

Based on the previously described findings, it was determined that one
series of quality factors would be sufficient to model the effects of part
quality for all non-RF devices. This assumption is consistent with the
microcircuit failure rate models in MIL-HDBK-217E. For RF devices (Groups

4-31
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TABLE 4.4-1. QUALITY FACTOR MATRIX

JANTXV JANTX JAN Lower Plastic
Transistors
Group I .12 .24 1.2 6.0 12.0
Transistors
Group II (1) .12 .24 1.2 6.0 12.0
Transistors
Group III .5 1.0 5.0 25.0 50.0
Transistors . ji
Group IV .15 .3 1.5 7.5 15.0 o
. Diodes |
- Group V .3 .6 3.0 15.0 30.0
s Diodes " d
! Group VI .5 1.0 5.0 25.0 50.0 S
: Diodes
Group VII 1.0 2.0 3.5 5.0 -- |
Diodes T .
F Group VIII (2) .5 1.0 5.0 25.0 -- DA
Transistors
Group IX (3) 1.0 2.0 4.0 10.0 --
i Opto Semiconductors .
Group X .01 .02 0.1 0.5 1.0
Notes: (1) Factors are for Si devices only
' (2) Factors do not apply to GUNN and IMPATT devices
(3) Factors correspond to equivalent screen classes -
-- Not applicable 4
'P —
! e
|
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TABLE 4.4-2. NORMALIZED QUALITY FACTOR MATRIX

Group X 0.5 1.0 5.0 25 50

i
- JANTXV JANTX JAN Lower Plastic
r:q
& Transistors
i Group 1 0.5 1.0 5.0 25 50
B Transistors
! Group II (1) 0.5 1.0 5.0 25 50
E Transistors
Group III 0.5 1.0 5.0 25 50

Transistors .
Group IV 0.5 1.0 5.0 25 50 u q
Ef Diodes
;f Group V 0.5 1.0 5.0 25 50
= Diodes o
!— Group VI 0.5 1.0 5.0 25 50 -4
ﬁi Diodes B
i Diodes ]
E Transistors , n‘?
; Group IX (3) 0.5 1.0 2.0 5.0 - -
. Opto Semiconductors

Notes: (1) Factors are for Si devices only

3 (2) Factors do not apply to GUNN and IMPATT devices
' (3) Factors correspond to equivalent screen classes
F: -- Not applicable
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viI, VIII, and IX), no changes were made to the existing factors because
there was a lack of empirical data in a wide range of screen classes upon
which to base new factors. [t would be inappropriate to propose new
factors without proper backing data. A cosmetic change consisting of
normalizing the factors to a JANTX value equal to one was made to provide
consistency among the discrete semiconductor sections.

An intuitive evaluation of quality factor trends was also completed to
complement forthcoming statistical investigations. Based on this
evaluation, it was anticipated that advances in manufacturing and
processing will tend to lessen the immediate effects of screening. These
technological advances result in lower percentages of defective or weak
devices. The intended effects of screening are to lower the rate of
failure for the surviving population by removing the defective and weak
devices. Since this segment of the device population is naturaliy
shrinking, it is anticipated that the numerical values for quality factor
will tend to become less sensitive.

Screen class was 1initially introduced into the regression as a
qualitative variable. On average the results were encouraging. However
the individua! values did not consistently conform to the anticipated
ranking (i.e., devices with more screening showed a higher failure rate).
Therefore, to promote smoothing and to ensure an updated quality factor
series with physically correct rankings, the present MIL-HDBK-217t quality
factor was introduced into the regression model as a independent variable
while observed failure rate were the dependent variable. The updated
factors were therefore given by:

p = (7Q,014)"
mQ,updated = (7Q,01d)"
where

Ap = predicted failure rate

4-34
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*Q,01d = existing MIL-HDBK-217E quality factor
7Q,updated = Proposed updated quality factors

e B L i,
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—
3 SR

n = shaping parameter (regression coefficient)

Results of the quality factor analysis for non-RF devices are as
follows:

Quality Level Updated Factor ]

. JANTXV 0.7

JANTX 1.0
JAN 2.4
Lower (Commercial Hermetic) 5.5
Plastic (Commercial Plastic) 8.0

It was also desired to develop factors for JANS screen class. 9
However, a complete lack of observed data for this screen class prevented
the development of updated factors.

rITIey T T e

& T T T

4.5 DETERMINATION OF PREDICTION MODEL FORM - TIME DEPENDENCY *‘“‘

An objective of this study was to develop discrete semiconductor
failure rate prediction models to predict both catastrophic and drift ]
failures as a function of time for inclusion jn MIL-HDBK-217€, Reliability f“”!
Prediction of Electronic Equipment. To establish a uniform failure
criterion for drift component failures, some assumptions regarding failure
criterion had to be made.

The primary purpose of the MIL-HDBK-217E device failure rate
prediction models is to estimate the reliability of military equipment and
systems. ~ With this purpose in mind, the definition of "failure" resulting
from drift in an electronic part must include any drift failure which
causes the equipment employing the failed device to cease to function
satisfactorily. Although this assumption makes the time-to-failure
t! circuit dependent and in some cases a matter of judgement, it is assumed

ek
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that the field usage data collected for this study will be statistically
representative of the total population, and therefore the failure criteria
used by the data sources are assumed to be typical to those throughout the
industry. The drift failures shall be considered jointly with
catastrophic failures. The resulting prediction models will thereby take
! into account the effects of both catastrophic and drift failures on
overall system or equipment reliability. This assumption will simplify
calculation and implementation of the models while allowing for realistic
prediction of electronic equipment reliability.

! With the inclusion of drift failures in the total failure population, - '.!-
T the question of a time-dependent hazard rate arises. Unlike the B
L randomness associated with catastrophic failures (homogenous Poisson A

process), which results in the generally-accepted constant failure rate : ;

assumption, drift failure rates are generally time-dependent.
Furthermore, drift failures are sometimes reversible. For these reasons
the following investigation was conducted te determine the influence of
drift failures on the total device failure population. :

A thorough examination of the application of a time-dependent failure
rate to the MIL-HDBK-217E discrete semiconductor failure rate prediction
models was completed. One reference from the literature indicated that

semiconductor device time-to-failure data fits the exponential
distribution (Ref. 3), indicating a constant failure rate. Conversely,
several other sources showed the log normal failure distribution to be ;
applicable, indicating a time-dependent failure rate (Ref. ;__;;
7,11,12,13,19,28).
|
There are many practical reasons why the assumption of a constant i
failure rate in time is preferred to a time-dependent failure rate for the e
MIL-HDBK-217E discrete semiconductor failure rate prediction models. "7
—a
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o Simplicity

The mean time between failure (MTBF) of a system whose component
parts exhibit constant hazard rates is not time dependent, where
as for a system made up of components having nonconstant failure
rates, the system MTBF will be time-dependent and is therefore
uri‘~fined unless a particular mission time is specified. The
assumption of exponentiality allows for failure rates to be summed
in a series reliability network.

0 Precedent

The exponential assumption is used for the electronic components
currently in MIL-HDBK-217E.

o Data Availability

If any distribution other than an exponential is assumed, the
parameters of the distribution must be determined by anmalysis of
cumulative time-to-failure data. This detailed information is
seldom available for field data sources. The exponential
distribution allows population parameter estimates to be made
based upon total part operating hours and total number of
failures.

0 Accuracy

When developing models such as those employed in MIL-HDBK-217E,
any improvement in model accuracy resulting from the use of a more
complex distribution (than exponential) may be insignificant when
compared to the inherent variability associated with reliability
prediction and the "statistical noise" in the data.

An objective analysis of constant versus time-dependent failure rate
distributions was undertaken, using observed time-to-failure data.
However, for the above merntioned reasons, it was predetermined that if
MIL-HDBK-217E discrete semiconductor failure rate prediction models couid
be established as accurately by assuming an exponential failure
distribution as by a lognormal or other time dependent failure
distribution, the former would be implemented.

The following paragraphs describe the analysis procedure followed.
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A1l time-to-failure data was extracted from the available literature.
This collected data consisted of 1ife test results at high temperatures.
Ideally, 1t would have been preferrable to analyze time-to-failure field
data since such data would more closely approximate the actual usage
environments. However, such data 1is simply not available. High
temperature life test time-to-failure data was available for the following
device types:

Low Noise GaAs FETs

High Power GaAs FETs

General Purpose Transistors (NPN & PNP)
GaAs Laser Diodes

IMPATT Diodes

Schottky Diodes

Weibull analysis was then applied. The Weibull distribution is
particularly useful in analyzing life data since (1) it has repeatedly
bean observed to provide a good fit to the data, and (2) it is a flexible
distribution which can approximate many other statistical distributions,
depending upon the value of g, the shape parameter. Table 4.5-1 gives
some shapes of the Weibull distribution depending upon various values of
8. The two-parameter Weibull distribution was chosen for this analysis.
The form of the Weibull distribution varies between texts, but a common
one is given by the probability density function:

£(t) = & 551 exp (-()#)
where

scale parameter (characteristic 1ife)
shape parameter

”
n
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TABLE 4.5-1. WEIBULL SHAPE PARAMETERS (REFERENCE 43)

3 Shape Parameter, 8 Distribution Type
[‘ 8 <1 Gamma (k < 1)

- 8 =1 Exponential

v B =2 Rayleigh

I 8 = 3.44 Normal (approx.)

Each individual data set (there were 21 in all) was plotted on Weibull

srobability paper, and the value of g was determined. Figures 4.5-1

through 4.5-21 illustrate the Weibull plots of the data. The results of

this step of the analysis were encouraging since, as can be seen from the

k plots, the values of g8 seemed to center around 1.0. Table 4.5-2 presents
of a summary of the best fit Weibull parameters.

-- -
) __:.A ..".; Ly )

Bl

The next step of the analysis was to force the best line with 8 = 1.0
through the observed data points. This 1is also 1llustrated in the
figures. The Kolmogorov-Smirnov (K-S) goodness-of-fit test was then
applied to the forced 1ine. The intent of this step was to determine the |
degree of error resulting from the exponential assumption. None of the
data sets was significantly different from the exponential model at 20%
significance. This implies that the available data does no indicate
deficiencies with the exponential assumption. The results of the -
Kolmogorov-Smirnov test are presented in Table 4.5-3.

) -ﬁmﬂ-" -

: Based on the results of the K-S test, it was assumed that the failure
P— distributions of the semiconductor devices analyzed could be described by --9
a Weibull with a slope of 1.0. Assuming anything other than a constant _' ‘4
failure rate would introduce unnecessary complexity into the models. The i
) observed time-to-failure distributions were accurately represenied by an : 1
F exponential distribution over the range of variables in the data. Time- -9
to-failure data was not available for all discrete semiconductor device :
types under investigation. It was therefore necessary to make the

assumption that the times-to-failure of other discrete semiconductor part
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TABLE 4.5-2. OBSERVED WEIBULL PARAMETERS

Fiqure # Ref # Temperature (°C)(1) [ a
‘ 4,5-1 20 200 (Tc) 1.15 600
: 4.5-2 35 70 (Tc) .69 4,400
! 4,5-3 35 55 (Tc) 1.25 8,000
} 4.5-4 35 70 (Tc) .82 5,200
: 4.5-5 35 70 (Tc) .95 230
4.5-6 35 40 (Tc) .57 10,000
' 4.5-7 19 245 (Ta) 1.10 950
‘ 4.5-8 19 231 (Ta) 1.60 580
] 4.5-9 44 90 (Tc) 220 (TJ) 1.15 1,300
A 4.5-10 44 90 (Tc) 220 (Tj) .75 2,000
? 4.5-11 33 70 (Ta) .87 8,000 ‘4
| 4.5-12 a5 20 (Tc) 1.06 6,000
{ 4.5-13 42 300 (T3) 1.60 4,000
i 4.5-14 1 228 (T3) 1.00 2,700 J
; 4.5-15 22 200 (Ta) 1.20 1,600 —3
| 4.5-16 22 200 (Ta) 73 1,500
i 4.5-17 22 220 (Ta) 1.00 500
i 4.5-18 22 220 (Ta) 1.32 700 :
4.5-19 22 85 (Ta) .85 3,100 9
4.5-20 22 120 (Ta) 1.00 2,100
4.5-21 22 240 (Ta) 1.46 1,200
f NOTES: (1) Tc = case temperature - *
Ta = ambhient temperature
Tj = junction temperature

T
f
e e

4-51

e —— ——— e A b < — - o




-t

s T T

has K56

Jgure ¢

4.5-1
4.5-2
4.5-3
4.5-3
4.5-5
4.5-6
4.5-7
4.5-8
4.5-9
4.5-10
4.5-11
4.5-12
4.5-13
4.5-14
4.5-18
4.5-16
4.5-17
4.5-18
4.5-19
4.5-20
4.5-21

Downloaded from http:/www.everyspec.com

TABLE 4.5-3. K-S TEST RESULTS

# of Max fmum K-S Statistic (0.2
Ref. 4 Fail. [Deviation  Significance Level) Conclusion
20 q .022 .494 Fits 8 = 1.0
35 5 .078 .446 Sits 8 = 1.0
35 5 .054 .446 Fits 8 = 1.0
35 6 .200 A0 Fits 8 = 1.0
35 7 .083 .381 Fits 8 = 1.0
35 4 .116 .494 Fits 8 = 1.0
19 9 .090 .33 Fits 8 = 1.0
19 7 227 .381 Fits 8 = 1.0
44 11 .055 .323 Fits 8 = 1.0
44 15 .231 276 Fits 8 = 1.0
33 74 .118 .124 Fits 8 = 1.0
45 7 .140 .381 Fits g = 1.0
42 13 .025 .297 Fits 8 = 1.0
11 4 .080 .494 Fits 8 = 1.0
22 11 .250 .323 Fits 8 = 1.0
22 13 .040 .297 Fits 8 = 1.0
22 15 .090 .276 Fits 8 = 1.6
22 14 .060 274 Fits 8 = 1.0
22 11 .090 .323 Fits 8 = 1.0
22 16 .190 .258 Fits 8 = 1.0
22 10 .250 .322 Fits 8 = 1.0
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types would follow the same distribution. There was no evidence in the
1iterature that any discrete semiconductor part types should differ from
those with availabie times-to-failure. Furthermore, the part types
analyzed represent a diverse cross-section of all part types, since they
include both FET and Bipolar devices and members from the transistor,
diode, and optoelectronic groups.
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5.0 ANALYSIS RESULTS

This section presents the model development and data analysis results,
The section is divided into seven subsections, each addressing a uniqu2
discrete semiconductor group or application as foliows:

5.1 Low Frequency Diodes

5.2 Low Frequency Transistors
5.3 Thyristors

5.4 High Frequency Diodes

5.5 High Frequency Transistors
5.6 Optoelectronics

5.7 Nonoperating Failure Rates

Within each subsection, the final proposed failure rate prediction
model 1{is presented first, followed by a detaile<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>