UNCLASSIFIED

AD NUMBER

ADB017987

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
only; Test and Eval uation; MAR 1977. O her
requests shall be referred to Ronme Air

Devel opnent Center, Giffiss AFB, NY 13441.

AUTHORITY
RADC Itr 3 Dec 1979

THISPAGE ISUNCLASSIFIED




I.1 i F 1 y | = L
u .- 'I_ .- .I | | h
_e PR B
- - - e N \ I:
T e i
s ¥ a:
'l

W R

i




>
»
m
s O J
> QD  RADC-TR-77-111
o @) Final Technical Report
< \ March 1977
R A
2 1
>»
z Q A RELIABILITY STUDY AND INVESTIGATION OF COMPLEMENTARY
X an) MDS/SOS INTEGRATED-CIRCUIT TECHNOLOGY
2
n o RCA Solid State Technology Center
[ 1]
>
54
o
2
(]
n
(2]
o y
>
v
r
m
4
m
z ).
e
>
»
<
3
Py Distribution limited to U. S. Gov't agencies only;
S 4 test and evaluation; March 1977. Other requests for
% this document must be referred to RADC (RBRP),
_2. Griffiss AFB NY 13441.
o
>
-}
m
Q
' H
0|
»
2 -~
oy ¥
- ks ROME AR DEVELOPMENT CENTER
all & AIR FORCE SYSTEMS COMMAND
fi 1 o GRIFFISS AIR FORCE BASE, NEW YORK 13441
E é [l
<
v v




This report has been reviewed and is approved for publication.

APPROVED: 7 m

R. ALAN BLORE
Project Engineer

. o

JOSEPH J. NARESKY
Chief, Reliability & Compatibility Divisiom

FOR THE mmmz%ﬁ %4
* (]
JOHN P. HUSS

Acting Chief, Plans Office

Do not return this copy. Retain or destroy.



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
READ INSTRUCTIONS
EPORT DOCUMENTATION PAGE BERGRECORELEEING Eanm
7 GOVT ACCESSIONMO] X RECIPIENT'S CATALOG NUMBER

(]

4

EPORT & PERIO VER

Final Technica

Zar 75c-n c‘ﬁ/K l
]4’ PRRL-76-CR-4 "5"°w
\4 BEPR/v)
/.

| F30602-75-C-0163
7=

A RELIABILITY STUDY AND INVESTIGATION OF
COMPLEMENTARY J0S/S0S JNTEGRATED-CIRCUIT
TECHNOLOGY » ' - -

. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::gg AM oERLKES INTTNPU OJECT TASK
RCA Solid State Technology Center |
Somerville NJ 08869 61101F

55190653

1. CONTROLLING OFFICE NAME AND ADDRESS
Rome Air Development Center (RBRP)

Margh 77

Griffiss AFB NY 13441 " (3]
130
14. MONITORING AGENCY NAME.A-ADDRESS(H-dI/ferent from Controlling Ollfice) 1S, SECURITY CLASS, (of this report)
Same . UNCLASSIFIED i

15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDOULE

16. DISTRIBUTION STATEMENT (of this Report)
Distribution limited to U. S. Gov't agencies only; test and evaluation;
March 1977. Other requests for this document must be referred to RADC (RBRP) ,
Griffiss AFB NY 13441.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If different from Report)
Same

l6J552L7] (7) g

18. SUPPLEMENTARY NOTES
RADC Project Engineer: R. Alan Blore (RBRP)

19. KEY WORDS (Continue on reverse side il necessary and identlly by block number)

CMOS/S0S Silicon gate transistor

Enhancement-mode MOS transistors Aluminum gate transistor ,
Reliability Failure analysis |
Stress tests Screening r;

Edge transistor
2 ABSTRACT (Continue on raveras side Il necessary and identify by block number)

he objective of this study was an evaluation of the reliability and associated
failure mechanisms of complementary MOS integrated circuits using silicon-on-
sapphire technology. The results of this investigation indicate that, with
appropriate screening, the self-aligned Si-gate CMOS/SOS technology can provide
reliability equivalent to that of the Al-gate, bulk-silicon CMOS technology.

The tests were conducted on CD4007 type inverter circuits processed in two\ "”QL

FORM
DD | jan 7 1473  EOITION OF 1 NOV 65 15 OBSOLETE UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

S05 93L I




UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) .

Sohifférent CMOS/S0S technologies: Al-gate and self-aligned Si-gate. The test
program consisted of various combinationg of electrical, thermal, and mechani-
cal stresses designed to accelerate failure mechanisms. Extensive analysis was
performed on the failed arrays, and predominant failure modes were determined.
Activation energies for the predominant failure mechanisms were obtained, and
results used for reliability predictions for both the Al-gate and the self-

aligned Si-gate technologies. Recommendations for screening procedures for
CMOS/SOS devices are also included.

It must be pointed out that the statistics resulting from this investigation
apply only to the processes used by the manufacturers, A & B, whose parts were
used for the stress-testing program. There is no intent/to imply that the sta-

tistical results of this program apply to devices made by other manufacturers 3
with similar technologies. 4

hrd

j UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

i
|




PREFACE

This Final Technical Report was prepared by RCA Solid State Technology
Center, Somerville, New Jersey, under Air Force Contract F30602-75-C-0163.
The contract was administered under the technical direction of Mr. R, A.
Blore of the Rome Air Development Center, Griffiss Air Force Base, New York.

This report covers the work performed from 1 April 1975 to 30 May 1976,
S. Cohen, Engineering Leader, Custom Monolithics Department, RCA Solid State
Technology Center, had overall technical responsibility, under the direction
of H, Borkan, Manager of Custom Monolithics, RCA Solid State Technology Cen-

ter,

The authors wish to thank J. J. Fabula, D. S. Woo, and W. Ham for many
helpful technical discussions; the RCA/SSTC Design Automation group, espe- |
ciall& C. Lewin and H, Lambert for computer programming assistance; K. Long
and H., Riehman for the electrical testing; and D. Brown, C. Grieff, and D.
Woronka for their invaluable assistance throughout the entire program. The

technical guidance of R. A. Blore and C. Salvo of the Rome Air Development

Center is also gratefully acknowledged.




TABLE OF CONTENTS

Section Page
I. DEVICE SELECTION AND RATIONALE . v & o « o « o o o o o o o o o 1

II. INITIAL SCREENING e o o o o ® e ® e ® ¢ 8 ° ©* o o o e = . 2

A. Incoming Electrical Inspection . « ¢« o & o « o o o o o & & 2
B. MIL_STD-883A Screening e ® o e o 5 o o & o o s S+ 2 s o e o 2

III. STRESS TEST PROGRAM s e = L] @ o o @ s 8 ¢ & s s o s e o L] e o @ 7

A. Static Bias-Temperature Stress TeSt « « « ¢ o ¢ s ¢ ¢ o o & 7
B. Bias Power Temperature Stress TeSt . o« « ¢ ¢ o » ¢ o o o o 7
C. Temperature Cycling with Intermittent Bias . . . « « . . . 11
D. Operation Life . « &« o & o« o o ¢ o o o o o o s o o o o o o 11
E. Thermal SWoek 5 5 o w o o & 5 ola s s 6/e o o s 5@ oo s s =22
F. High-Temperature Storage Stress (Stepped) . + « « o « o o o 12

IV, TCS010 TEST INSERT CHIP o ¢ o o o o o o o o o s s s o o o« o o o 13

V. DEVICE CHARACTERISTICS « & & ¢ o o o o o o o o ¢ s o o o o o o 17

A L] Packaging * . . L] . L ] L ] L ] L] * L ] * [ * L] L] 1 ] . L] 1 ] L] L ] L] L] L] 17
B. Protective NetwoIrkS « ¢« o o ¢ o o ¢ ¢ ¢ o ¢ s o o o o o o o 24

VI . TEST RESULTS L] . L] L ] L ] L L [ ] . . L] . L] . L] L] L] - . L L] L] L] L] L 29
A. Static Bias Temperature Stress Test . o+ o+ ¢« o ¢ o o o o o & 29

B. Bias-Power Temperature Stress TeSt . « « o « ¢ o o o o o & 30

C. Operational Life Test at 125°C . . . « ¢ + o o ¢ o o « » o 30

D. High-Temperature Storage Stress . . . « & 32

E. Thermal Shock and Temperature Cycling with
Intermittent Bias L] . L] * L] . - L) . L] L] L] . L] L] L] L] L] L] e . 33

VII L] PACKAGE GAS ANALYSIS L] . . . . . L] L] . L] L] L ] - L] . L ] . . . . » 38
VIII. SCANNING ELECTRON MICROSCOPE INSPECTION . & & v o ¢ o o« o s o & 40
IX. HIGH- AND LOW-TEMPERATURE TEST RESULTS & & « ¢ o o o o o o o » 46
x. HERMETICITY L] L] L] - L] . L] . L] L] L] L] * L [ ] L[] . . [ ] L L L] L) . L] L[] 50

XI. DATA ANALYSIS & o o o o o o o o o o s o o o o « o o o o o o oo 2

A, Histogram . « « « « o o o o o o s ¢ o o o o o 6 6 s o o o o 52
Be MAtTIX o v o o o o o o o o o o o o o s o o s o a0 0 o 0. 2
{ C. Stress Test TrendS . o « o o o o o o o o o o o o s o o o o 3
D. TCSO10 Life Test ReSULES « v o v o o o o o o o o o o o o o O




TABLE OF CONTENTS (Continued)

‘ Section Page

XII . FAILURE ANALYSIS . o e o 8 o o s 0o o & o e @ & @ 8 & ¢ 9o 80

A, Process Related Fallures .« « « o o o o ¢ o o o o o s o o o 80
B. "End—of—Life" Failures P ) » . Y . . . 3 . 3 . . . . . . . 84

XIII, PREDOMINANT FAILURE MODES AND MECHANISMS, . ¢« o« ¢ ¢ o & o « o & 86
XIV. CONCLUSIONS AND DISCUSSION & ¢ o ¢ o ¢ o o ¢ s o o o o o » o 91

XV [ RECOmENDAT ION S L4 L] . L] . [ ] . L] . L ] . L] . L ] L] L] - L] L] L] . L] . L] 9 2

BIBLIOGRAPHY

APPENDICES

A, Failure Data for Stress Prograr « « « « o+ « o ¢ o o o & o« o 95 :
B. Physical Structure of the Edge Region . « « o ¢ ¢« + ¢ « « & 99 '
C. Test Techniques « « o + o o o + o s s s o o o o s ¢ o+ o o« 102
D, Liquid Crystal Failure Analysis Technique . . + « ¢« « o« . . 109

e

iii

H

R
|
|
3




e A e

Ny

Figure

1.
2.
3I

8.

9.
10.
11.
12.
13.
14.
15.
le6.
17.
18.
19.
20.

21,

22,
23.
24,
25.

26.

LIST OF ILLUSTRATIONS

Schematic of burn-in circuit . . . . . . ¢« « ¢« « +« .« &
Static bias-temperature stress test circuit . . . . . . . . .

Bias power temperature stress test circuit connected as a
3-input NOR gate « & s & s o . e 6 8 e s s 8 o+ e 8 e 0 » .

Operational life test circuit . . . . &+ ¢ ¢ 4 ¢ ¢ v o o & o o
TCSO010, test dnsert chip . . + ¢ « « ¢ ¢ ¢ ¢ ¢ ¢ ¢ o v o v o &
Pin connections for TCS010 life test at 125°C . . . . . « « .

Cross-sectional view of CMOS/SOS Si-gate process
(Self—aligned) . L] . . . . . L] . L) L] . . . - L] . . . L) . . - . -

Cross-sectional view of CMOS/SOS Al-gate process . . . « « « &
CMOS/SOS Si-gate process flow chart . . ¢« « ¢« « ¢ ¢ ¢ o o« & &
CMOS/SOS Al-gate process flow chart . . ¢« + v v ¢ o ¢ o o o o &
Si-gate CMOS/SOS CD4007 type (TCS056) . « « v ¢ ¢+ ¢« ¢ ¢ o « &

Si-gate CMOS/S0S CD4007 type (TC1092) . . v v v v ¢ o o o o &
Al-gate CMOS/SOS CD4007 type (4007S) + ¢ v ¢« ¢« v v v ¢ o o o
Typical package cross-sectional view . . .« . ¢« + &+ ¢« + ¢« ¢« o o &

Input protection device (4007S) . ¢ v ¢« v ¢« v ¢ ¢ ¢ o o o o o .
Input protection device (TCS056 and TC1l092) . . + « « + &« & & &
Typical protective network characteristics at 25°C . . . . . .
Arrhenius plot, static bias-temperature stress . . . + + « « .
Si-gate TC1092 15% and 50% failure points . . & ¢ ¢« ¢ « « &« « .
Weibull Probability Chart plot operational life for 4007S,

TCS056, and TC1092 . . . & v ¢ ¢ ¢ o « o s « o s s s s o s o o o
Weibull Probability Chart plot of high-temperature storage
stress (stepped) + « « ¢ ¢« 4 4 4 s s e s s e s e s e e e e e e

Pre-stress SEM photographs of TCS056, (a) 800X and (b) 200X . .
Pre-stress SEM photographs of TC1092, (a) 1000X and (b) 5000X .
Pre-stress SEM photographs of 4007S, (a) 800X and (b) 5000X .
Al-gate 4007S (#115) after high-temperature storage stress

(looox) L] L] » L] . L] L] L] L] . L] L] L] . . . . . L] . L] L] . . . L] L] L]
Si-gate TCS056 (#85) after temperature cycling with intermittent
bias stress test (3000X) . . « & ¢ ¢ ¢ 4 ¢ 4 e b e e e e e e s

iv

b

Page

10
11
14
15

18
18
19
20
21
22
23
24
25
26
27
29
19

32

33
41
42
43

44

44



Figure

27.
28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

LIST OF ILLUSTRATIONS (Continued)

Si-gate TCS056 (#62) after operational life at 125°C (1000X) .

Si-gate TC1092 (#113) after temperature cycling with inter-
mittent bias (3000X) . + & v ¢ v ¢ 4 4 e v e e e e e e e e

Typical histogram plot for p-threshold data . . . . . . « . .
Matrix used to determine failure parameters and trends . . . .

Threshold voltage in temperature cycling intermittent bias
test: (a) 4007S, n = 50; (b) TCS056, n = 25; (c) TC1092,
=25, Xt 1lsigmadata .« « « + o ¢ o o o o o o 0 o 0 . 0 s

Output drive current in temperature cycling intermittent bias
test: (a) 4007S, n = 50; (b) TCS056, n = 25; (c) TC1l092,
n=25 X+t1sigmadata . . « ¢+ ¢+ ¢ o st ¢ o 0 0 o 0 0 e s

Leakage current in temperature cycling intermittent bias
test: (a) 40078, n = 50; (b) TCS056, n = 25; (c) TC1092,
ne 25, %t ) slgma data i sle o i o i s 6 e sl & 56 R e

Threshold voltage in operational life test at 125°C: (a)
4007s, n = 50; (b) ICS056, n = 25, (e) TC1092, n = 25,
Xt 1sigmadata . « « o o ¢ ¢ o o o o v o o D o g

Output drive current in operational life test at 125°C:
(a) 4007s, n = 50; (b) TCS056, n = 25, (c) TC1092, n = 25.
X% 1 sdgma data « . o & o o o ol s 4 6 0 s e s o8 b s s e

Leakage current (IS‘, test 28) in operational life test at
125°C: (a) 4007S,°R = 50; (b) TCS056, n = 25, (c) TC1092,
n=25 X+1sigmadata . . « ¢ ¢ v v o s 0 b 0 w0 e e e

Threshold voltage in thermal shock test: _ﬂa) 40078, n = 25;
(b) TCS056, n = 13; (c) TC1092, n = 12, X *+ 1 sigma data . .

Output drive current in thermal shock test: (a) 4007S,
n = 25; (b) T€S056, n = 13; (c) TCL092, n = 12. X + 1 sigma
GEICEl =m0 Wl Mo B o o obEE oW oklo okl d G

Leakage current in thermal shock test: (a) 40075, n = 25;
(b) TCS056, n = 13; (c) TC1092, n = 12, X * 1 sigma data . .

Threshold voltage in high-temperature storage stepped test:
(a) 40078, n = 50, (b) TCS056, n = 25, (c) TCl092, n = 25.
¥t 1 sigma dAtR . . . - 5 4 4 b s e s e e s 8 a5 Bs sile e

Output drive current in high-tempcrature storage stepped
test: (a) 4007S, n = ; (b) TCS056, n = 25, (c) TC1092,
= 25, X+ 1 sigma data g B o 5™ o0 0o oo o olag o %

Leakage current in high-temperature storage stepped test: (a)
4007S, n = 50, (b) TC5056, n = 25; (c) TC1092, n = 25. X =+ 1
sigma data . . . . . D T T T

Page
45

45
53
54

57

58

59

60

61

62

63

64

65

66

67

68




el T i B i R i e Sk
. L TE SRR Py Sty

Figure

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

LIST OF ILLUSTRATIONS (Continued)

Page

Bias life test at 125°C, showing X * 1 sigma trends, for TCS010
Si-gate CMOS/SOS test array resistance (9/00) of (a) pt- doped
polysilicon vs time and (b) nt-doped polysilicon vs time . « o 69

Bias life test at 125°C, showing'X + 1 sigma trends, for
TCS010 Si-gate CMOS/SOS test array resistance (/) of (a) p+-
doped n-epitaxial gilicon vs time and (b) nt-doped p-epitaxal

silicon vs time ¢ « « o o o e o0 0t 000 F T S 70

Bias life test at 125°C, showing X + 1 sigma trends, for
TCS010 Si-gate CMOS/SOS test array for 10-pA BVgg vs time:
(a) N3 transistor and (b) P3 transistor .« . o o o o o @ =0 71

Bias 1life test at 125°C, showing X * 1 sigma trends, for
TCS010 Si-gate CMOS/SOS test array for 10-pA BV4qg vs time:
(a) N1 and Pl transistors and (b) N2 and P2 transistors . . . 72

Bias life test at 125°C, showing'i + 1 sigma trends, for
TCS010 Si-gate CMOS/S0S test array K' as a function of time
for n- and p-transistor . . « ¢ e e e eo0 0 T e s e s v e 73

Bias 1ife test at 125°C, showing X * 1 sigma trends for
TCSO10 Si-gate CMOS/S0S test array threshold vs time of (a)
N1 transistor, (b) N2 transistor, and (c) N3 transistor . . . 74

Bias life test at 125°C, showing X + 1 sigma trends for

TCS010 Si-gate CMOS/SOS test array resistance of (a) 66

contacts + 56 squares poly vs time and (b) 44 aluminum steps

vs time. (¢) X £ 1 sigma trend for 3-stack Zener diode in

TCS010 Si-gate CMOS/SOS test array . « o « o+ ¢ = & °° PR G 75

Bias life test at 125°C, showing'i + 1 sigma trends,! for
TCS010 Si-gate CMOS/SOS test array Ipss at 10 V vs time: (a)
N1 transistor, (b) N2 transistor, and (c) N3 transistor . . . 76

Bias life test at 125°C, showing X + 1 sigma trends, for
TCSO10 Si-gate CMOS/SOS test arxay threshold vs time of (a)

Pl transistor, (b) P2 transistor, and (c) P3 transistor . . 77

Bias life test at 125°C, showing'i + 1 sigma trends, for
TCS010 Si-gate CMOS/SOS test array Ipgs at 10 V vs time:
(a) P1 transistor, (b) P2 transistor, and (c) P3 transistor . 78

Bias life test at 125°C, showing X + 1 sigma trends, for
TCS010 Si-gate CMOS/S0S test array ring oscillator frequency
as a function of time . « o o o o e e om0t 00 DGl P e ® 79

SEM voltage contrast mode (c1062. #51). Pin 1 - drain termi-
mal, Open at epi"island edge e o . ° o . e ¢ o 8 s s » & o O . 81




LIST OF ILLUSTRATIONS (Continued)

Figure Page

55. SEM photograph of metal diécontinuity at defect site (TC1092,
{’51) L ] . L] L] L] . L] . . L - L) L] . . . . * L] [ ] L] L] . L] * L] L] . . 81

56. SEM-induced current mode with bias. Gate-to-source micro-

plasma breakdown site . ¢ « & ¢« 4 4 4 6 b s s e w6 s e 46 82
57. Liquid-crystal technique -~ thermal mode. Pl transistor
breakdown at 0.3 V . . & ¢ & ¢ & & ¢ ¢ ¢ s s o o o o o o o o » 83
58. Short-circuit from gate to source metal . . . « &+ & o o« & o 83
: 59. SEM photograph showing subsurface defect where gate-to-source
short-circuit occurred . . & ¢ ¢ ¢« ¢ o ¢ o ¢ ¢ s ¢ o o o o o 84

60. Gate-to-source breakdown N1 transistor liquid-crystal
technique (4007S, #230) . . . ¢ ¢ ¢ v ¢« ¢ s o o b o s e 0w . 85

61. Edge-related gate-to-source breakdown in transistor (TCS056
{}33) L] . L] . 1 ] L] L ] . . L] L] L L . L . L] L4 L] L . L] L] L ] . L . L] L 85

62. (a) Degradation of island-edge sapphire interface and (b)
schematic diagram of edge transistor . « . « o s o ¢ o « o o & 88

63. Log-picoammeter plot of good Al-gate tramsistor prior to
stress-test program and after 4000-h operational life test
at 125°C . . . . [ ] L) L] o L] L . . - L] L . » L] L] L) . L] L] L] L L] L] 89

B-1. Diagram that shows tendency for void creation at top of
silicon edge « v v ¢ ¢ ¢ o ¢ + ¢ 6 e @ ¢ 8 s s s s e a2 e e e s 100

B-2. Diagram that shows tendency for void creation at bottom of
Sllicon edge o« « « ¢ o ¢ ¢ o s 4 e e o 0 4 s s s e 0 s s 8 e s 101

C-1. Transfer characteristics, CD4007 . . . ¢ ¢ ¢ & ¢ &« ¢ « o o o & 105
C-2, Block diagram of current analyzer . . . « ¢« ¢ o ¢ o s o o o o 105

C-3. Typical plots of failure analysis with current analyzer; (a)
Unit failed afcer 500 h at 300°C and (b) unit failed after
4000 h at 125°C ] [ ] L] - - - . L . L * [ ] 1 ] L] * . L L) . . L] L] L] 106

C-4. Typical "log-picoammeter" plots; (a) Unit failed after 4000 h
of 125°C operational life, (b) Not subjected to stress test
program (TCS056), (c) Unit completed 5000-h lifetest success- %
fully (TCS056) and (d) Unit failed for edge-~transistor leakage
after high-temperature storage (4007S) . . + ¢« ¢« ¢« ¢ « &« & « « 107

e

sl i v

e

D-1. Nematic liquid-crystal technique . . . +« & ¢ ¢ o o & ¢ o o o & 111
D-2, Liquid-crystal ocular display system . + « o « o o s o o s & o 112 ?

vii




e s~

Table

1.
2.
3.
b
5.
6.
7.
8.
9.
10.

11.
12,
13.
14.
15.

LIST OF TABLES

Incoming Electrical Tests, Vendor B, Type 40078 o o o o o o ¢
MIL-STD-883A, Method 5004.2, Class B .

Screening Procedure:

Screening Results e 8 o @ o 8 o o o o o 0@

Post-Screen Electrical Tests, Vendor B, Type 4007S .

Complete Test Program with Pinning Configuration . .

Stress Program Summary e« o o o ¢ ¢ ° °

TCSolO Tests * L] L] L] L . L] . [ ] L] L L L]

gtatic Bias-Temperature Stress o« o o o

Bias Power Temperature STress . o o

Temperature Cycling with Intermittent
Thermal Shock, and High-Temperature Storage St

Bias, Operational
ress Tests

Life,

Pre- and Post-Stress Test = Gas Analysis Results o ¢ o o o ¢

Pre- and Post-Stress
Leak~Rate Analysis

Typical Matrix Program Printout « « o o o

Failure Mode Summary

Test - High- and Low-Temperature Data

viii

Page

o Un W L

13
35
36

37
39
47
51
55
67

T et




Bt

M s o

EVALUATION

This report covers one of a series of efforts administered by the
Reliability Branch of RADC, both in-house and contractually, to assess the
reliability of the CMOS technology. RADC/RB has in the past and is continuing
to study both bulk and sapphire CMOS approaches.

Silicon-on-sapphire (SOS) construction adds to the benefits of bulk
CMOS in the areas of circuit density and radiation hardness. These are,
of course, of interest to the Air Force and the other branches of the Depart-
ment of Defense. This effort was intended to study the inherent reliability
factors introduced by SOS processing. CD4007 type circuits were used. Three
hundred parts were silicon gate and three hundred parts were aluminum gate.
The silicon gate study was supplemented by the use of test insert chips to
monitor various processing sensitive parameters.

The results of this study indicate that the major weakness in the alu-
minum gate process is the silicon island edge. The silicon gate process
showed significant P-channel threshold drift, but achieved an extrapolated
72,000 hours median time to failure at 125°C. This is similar to bulk CMOS
accelerated test results.

Results also indicate that high temperature storage was not a useful
screen test, and both thermal shock and temperature cycling with intermittent
bias were effective and practical screens.

Processing and design recommendations are presented for overcoming the

weaknesses observed.

RADC/RB is planning continued CMOS reliability studies.

R

R. ALAN BLORE
Project Engineer
ix
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I. DEVICE SELECTION AND RATIONALE

The circuit type selected for this program was the CMOS/SOS equivalent
of the CMOS CD4007. This circuit consists of three n-channel and three
p-channel enhancement-mode MOS transistors. The transistor elements are
accessible through the package terminals and provide a convenient means for
constructing inverters, 3-input NOR and 3-input NAND gates, high-current
drivers, or dual bi-directional transmission gates. The complementary n- and
p-transistor pairs, when connected as inverters, provided a convenient test
vehicle for the stress test program, .

A total of 600 CMOS/SOS arrays were used for this program, distributed

by type and process as follows:

TYPE DATE CODE PROCESS MANUFACTURER QUANTITY
TCS056 7524 Si-gate A 150
TC1092 7518 Si-gate A 150
40078 7349 Al-gate B 300

Vendor A (Si-gate) parts were manufactured in accordance with MIL-STD-
883A Method 5004.2 requirements for Class '"B" devices. The Vendor B (Al-
gate) arrays were ordered with a 100-nA maximum quiescent leakage current
specification. No prior screening to MIL-STD-883A Method 5004.2 requirements
had been performed. All Vendor B devices were subjected to the remaining
applicable Method 5004.2 screening procedures prior to starting the test
program (described in Section II). Due to the vendor withdrawing from the
market, the parts received constituted the vendor's entire remaining inventory.
Because of the quality difference in the procured parts, statistical comparison
of the two technologies cannot be made. However, the failure mode and mech-

anisms are considered indicative of their respective technologies at the time

of manufacture,
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II. INITIAL SCREENING

A. INCOMING ELECTRICAL INSPECTION

The Al-gate arrays purchased from Vendor B exhibited a high failure rate
during the incoming electrical tests. The predominant failure mode was high
leakage current caused by low (<10 V) source-drain voltage breakdown levels.
The 17-V VDD test level was reduced to 10 V to prevent catastrophic failures
during the test program. Analysis of the arrays passing the reduced level
tests showed typical values for source-drain breakdown of 12 to 14 V, as com-
pared with the 20~ to 22-V levels observed on the Si-gate arrays. The in-

spection results are summarized in Table 1.

TABLE 1. INCOMING ELECTRICAL TESTS,
VENDOR B, TYPE 4007S

Total tested 702
Total accepted® 447
Total failed 255
Leakage (IDSS) 238
Noise immunity (30%) 12
Functional 5

*VDD reduced to 10 V for this test

B. MIL-STD-883A SCREENING

All devices used for the stress~test program were subjected to MIL-SID-
883A, Method 5004.2, Class B screening. The tests and their respective MIL-
STD-883A methods are listed in Table 2. The results of the tests are shown
in Table 3.

Of the 447 4007S arrays subjected to the screening only 309 survived.

The reasons for failure are shown in Table 4. ' :
The bias burn-in at 125°C caused several additional failures for exces-

sive current. These units were analyzed and the source-drain breakdown

3y levels were all Y10 V. ﬂ




TABLE 2. SCREENING PROCEDURE: MIL-STD-883A, METHOD 5004.2, CLASS B

Screen Method Requirement
é Internal Visual 2010.2 100%*
Stabilization Bake 1008.1C (24 h minimum) 100%"
Temperature Cycling 1010.1C (10 cycles) 100%
-65° to +150°C
Constant Acceleration 2001.1E (Yl-plane) 100%
Hermeticity 1014.1 (A, C;, and C,) 100%
Burn-in 1015.1A (168 h at 125°C with 100%
bias)
Post=Burn-In Electrical Test** Per TCS056 test program 1007

*Not perfomed on 4007S.
*%25°C data only. Separate pre-stress electrical tests were performed
at 25°, =55°, and 125°C to establish the initial (O hour) data base.

TABLE 3. SCREENING RESULTS

e Passed In- Passed Post
! Received Incoming coming Elec- Screen Elec~ Used for
Type Vendor Electrical Test trical trical Program
*
4007S B 702 447 309 300 a
|
; TC1092 A 209 206 204 150 :
TCS056 A 226 224 222 150 i

*17-V functional test deleted. s
This test was destructive for the Al-gate type.

'
|




TABLE 4,

POST-SCREEN ELECTRICAL TESTS,

VENDOR B, TYPE 4007S

Acceptable
Noise Immunity

Catastrophic Leakage (I

309
10

>1 mA) 128

DSS

Incoming inspection electrical testing and post-screen electrical test-

ing were performed on a Datatron Hustler 44 Test System,

A program was

created to analyze completely several key test parameters and 'datalog' the

results for statistical analysis on an IBM=370 system,

The complete test

program with the pinning configurations used for each test is shown in

Table 5.

To simplify Datatron programming, the threshold voltage measurement pro-—

cedure was modified.

Normally, threshold voltages are measured by forcing

the test current into the source while short-circuiting the gate and drain

electrodes.

for measuring threshold voltages.

error if source-drain interchangeability is not possible.

The Datatron test program simply reverses the source and drain

This mode of testing can cause measurement

For this program,

threshold voltages were obtained from "Square Rooter" (see Appendix C) plots

on numerous units before and after stress—~testing and compared with Datatron

readings (for the same currents).

from either procedure checked within #0.1 V,

In all cases the threshold data obtained
It should also be noted that

both the TC1092 and TCS056 input protection networks were not fully charac-

terized by this test program. Specifically, the upper (to VDD) protective

network was not tested.

A 168-h bias burn-in at 125°C was performed on all devices as part of
The circuit is the standard RCA high-
reliability bias-1ife test configuration established for the bulk COS/MOS
CD4007 type.
a VDD level of +10 V. Figure 1 is the schematic for the burn-in.

the initial screening procedure.

This circuit biases one "p" device and two "n" devices ON with
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R=47,000Q
VDD =4+ |0V

Figure 1. Schematicwof burn-in circuit,
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III. STRESS TEST PROGRAM

After the screening tests, 600 units (300 from each technology) were
tested and data-logged at 25°, +125°, and -55°C on the Datatron test system,
The data obtained were used as the "0 hour" base-line comparison with post-
stress test data, The arrays were then separated into six subgroups for the
stress test program (see Table 6). The stress tests were selected so that
failure mechanisms associated with either mechanical or electrical problems

would be quickly detected.

A. STATIC BIAS-TEMPERATURE STRESS TEST

For this test 125 arrays were divided into five temperature subgroups
from 150° to 250°C in 25°C increments. Each subgroup remained on test until
median failure was achieved, for each of the three circuit types. These
median failure points were then used for the generation of an Arrhenius plot
for reliability predictions. The test circuit designed for this test is
shown in Fig. 2. One-half of the sockets had the gates connected high and
one-half low. This allowed for optimum stress to be applied to an equal num-
ber of n-and p-transistors. Testing was initiated on the 250° and 225°C sub-
groups and monitored at 2-h intervals until median failure was reached.

These median failure points were then used to project median failure in the
lower temperature cells and to calculate the activation energles for the

various failure mechanisms.

B. BIAS-POWER TEMPERATURE STRESS TEST

For this test, 125 arrays were subdivided in the same manner as for the
static bias-temperature test. The temperature range was 85° to 175°C. Each
device was configured as a 3-input NOR gate with a 25-mW output load. This
load was selected because it is the typical load specified for bulk COS5/MO0S
at 25°C. The circuit used for this test is shown in Fig. 3. These subgroups

were also tested to median failure.




e

4 0001 = 00€¢

o Yy 0001 - 0s? (paddaig)
g 4 000T - 002 8e1035
4 0001 - (0191 00T 174 Y4 (019 = aanjezadual-y3TH
saT242 00§ = 0ST 03 G9- 0s (A €T ST - jooys Temaayy
A20T°> ZzHA-0S
4 000S A 0T+ = @0y TAS 00T 174 174 0s - 3311 TeuoraeIadp
P setd
} 3Jjo urm G jualjTmiajul
] sa1242 0001 ‘uo urw GT yata 3urT24D
4 A 0T+ GZT 031 66— 001 s¢ 174 0s = aanjexadmag] -
Aeixe z9d SOt (p=2peOo1)
2InTye3 UEIpAW O] VW G 7 = peO] SZT SS313§
A o1 = 994 0ST aanieaadmay
SLT LA ¢ 9 L [A S 1amod-setrd
0S¢
aa 144 (PeoT ON)
E 2anJIEy UEBTpAW O] AOTI = A 002 §S313§
LT aanlexaduay
4 0s1 1 YA 9 L 1 S -SeT1d 9T3E]S
. SWTL 38e310A (0.) Z60TOL 9S0SOI SLO0%
] aaniexadmay
ST2A?T 389] SS211§ A1) Hﬂuo\ucmam STT®D 31S91
Te3l0L 3o #

AIVIHNS WvYD0dd SSTYLS "9 JT4VL

A ki




Vop

2 14 I |

P2 Pl P3 3

I3 10 3

3 ; - 12 1
5 8 4

N2 | |

4 7 3

M 3

R=47,00080
Vpp = +I10V .

Half of the test sockets connect all three inputs to Vpp ;
the other half connect all the three inputs to GND.

* This is the same circuit used tor the temperature
cycling with intermittent bias.

Figure 2. Static bias~temperature stress test circuit.




R=47,000 9
R|= 4,000 %
CURRENT DRAWN PER PACKAGE = 2.5 mA

ONE-HALF OF THE TEST SOCKETS CONNECTED WITH
ALL INPUTS AND THE OUTPUT CONNECTED TO Vpp, AND
ONE-HALF OF THE TEST SOCKETS CONNECTED WITH
ALL INPUTS AND THE OUTPUT CONNECTED TO GND.

Figure 3. Bias power temperature stress test circuit
connected as a 3-input NOR gate.




C. TEMPERATURE CYCLING WITH INTERMITTENT BIAS

For this stress test, 100 units were selected; the circuit was the same
as the static bias-temperature test. The units were stressed for 1000 one~
hour cycles with the bias on for 15 minutes, then off for 15 minutes at each

temperature extreme.

D. OPERATION LIFE

A total of 100 units were subjected to the operational life test at
125°C. The test frequency, as shown in Fig. 4, was 50 kHz with a 50% duty
cycle. This test was continued for 5000 h because no failures occurred
during the first 2000 h. The results of this test were used to suggest an

effective burn-in schedule and an estimation of failure rates.

S 13 11 Ls Vob
o AAN-—4 AN—0
2
5
-l N2
Voo
R=47,0008)

CLOCK PULSE =10V amplitude
50-kHz repetition rate
50°, duty cycle

Vop =+I10V

Figure 4. Operational life test circuit.
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E. THERMAL SHOCK

To obtain thermal shock data 50 units were subjected to the -65° to
+150°C (1iquid-liquid) stress test. The major purpose of this test was to
evaluate failure mechanisms associated with thermal expansion mismatch char-
acteristics. The test was continued to 500 cycles to test device durability

and to determine any end-of-life mechanisms.

F. HIGH-TEMPERATURE STORAGE STRESS (STEPPED)

Finally, 100 units were subjected to sequential storage tests of 1000
hours at 150°, 200°, 250° and 300°C. The results of this test were used to
suggest an effective storage screen. Package gas analysis results were also
closely monitored as the 300°C cell was above the epoXxy cure temperature for

the Si-gate”array types.
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IV, TCS010 TEST INSERT CHIP

In addition to the units subjected to the stress test program, 25 TCS01l0
test-insert chips were subjected to a 125°C operational life test for 3000

hours. These units were from wafers processed concurrently with the TCS056
and TC1092 runs used for this program. This test chip is used as a process
control monitor and is on every CMOS/SOS wafer made by Manufacturer A, A
photomicrograph of the test chip is shown in Fig. 5. The parameters moni-
tored and the test conditions are given in Table 7. The TCS010 life test
bias configuration is shown in Fig. 6.

TABLE 7., TCS010 TESTS

Test Conditicns
n-Channel
v =10V
IDSS DD
Vth ID = 10, 40, 100 uA
' BVgp Same as I . test, I . = 10 uA
‘ p-Channel Identical to n-channel, with
; voltages reversed
n+ (p-epi) Diffusion Resistance measurement
p+ (n-epi) Diffusion Resistance measurement :
; n+ (Polysilicon) Resistance measurement :
I
pt (Polysilicon) Resistance measurement A

Metallization Continuity

istance measurement

(100 x Rs 44 metal steps) Reutata
Contact + Polysilicon

Resistance measurement

(66 contacts + 56 poly)

} : BV, Zener ID = 10 pA, 100 pA l
{ Ring Oscillator

v=10V
Frequency, Stage Delay

13
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100 R e
44 METAL iRy
steps polyin+) n-gplp e

66R, C
560 n-epl
poly(p+) polyine)

10 Rg Ce i
poly(p*) pgly(g*)
: F1id
10 Ry - e -
p-epi (n+] Lnniant METAL
s GND2
GNDI ZENER(4 stacks)
“NABLE
DISABLE
Vs Voo
g?l;)?‘ '. G{n)

Gipl

Diip) 03(p}

C3(n) 02(n} Oitnd

Figure 5. TCS010, test insert chip.
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GND[ 1 gﬁgBLE GND 1[24]i0V
0o
GND[ 3 [s(p,n) P+P(')°L$ 22]NC
GND 100 Rg =~f—ana—e= GND
loka R8P s4¢steps2Y 0000
Nc[E] o1 (p) N+Poo o [ZOINC
nc[6]o3(p) N'gpu' i9]ne
ov[7]o2 (p) +56D6P605$ 8 |NC
CAP CITOR - AAA—
NCle o3ty gpi N+roLY [T okn oD
tov[sjoaim  SRRACITOR Tenc
NC[10]D!1 (n) CAPACITOR T8 NC
| OV —-—ran— GND 2 "
T GATE (n) SN2 21Ta]-5v
10V —-—AAA— 121V
o 0D ov[i3liov
Figure 6. Pin connections for TCS010 life test at 125°C

Several different test conditions were established by the bias configu-
ration shown in Fig. 6, permitting the process monitors (resistors, transis-

tors, capacitors) to be stressed:

(1) The P1 and P3 transistors were subjected to 125°C storage.

(2) The P2 and N2 transistors experienced maximum channel current
and oxide stress.

(3) The N1 and N3 transistors experienced just oxide stress (no
current flow).

(4) Grounding pin 1 "enabled" the ring oscillator.

(5) 15 V was applied to the 4-stack Zener.

(6) The p-epi and p-epi + poly capacitors were subjected to
125°C storage

(7) 5 V was applied to the n-epi + n+ poly capacitor.

(8) All process monitor resistors (pins 18, 19, 20, 22, 23)

subjected to a storage test at 125°C.

15




(9) 10 mA was drawn through the 44-aluminum-steps path to test
metal integrity.

The purpose of this test was to compare the results with those obtained
from the operational life test of the TCS056 and TC1092 arrays. There were
no device (ring oscillator, transistor) failures or significant parametric
drift observed in the 25 TCS010 arrays subjected to the 3000-h 125°C 1life

test.

The process monitors (resistors, capacitors, metallization, and Zener

diodes) all remained stable during the 3000-h test. The "p=  transistor
threshold increase phenomenon observed on the TCS056 and TC1052 Si-gate
arrays also existed on the TCS010's but to a lesser degree (A's < 0.5 V). ﬁ‘

BVDS measurements taken on the six test transistors also remained stable

(> 20 V), as did the ring oscillator speed (3.3 MHz).
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V. DEVICE CHARACTERISTICS

A complete mechanical and electrical device characterization was per-
formed on the arrays. This information created the necessary initial data
base for comparison with post-stress test data. Representative samples of
each array type were subjected to scanning-electron microscopy, hermeticity
test (leak rate), and package dimensioning. Cross-sectional views of a
typical complementary pair for each technology are shown in Figs. 7 and 8,
with typical thicknesses defined. The process flow-charts for each technology
are shown in Figs. 9 and 10. (In Figs. 7 through 10, the silane overcoat is
not shown.) Schematic diagrams and photographs of the three circuit types
are shown in Figs. 11, 12, and 13.

A. PACKAGING

The package configuration used by both manufacturers was a 1l4-lead side-
brazed ceramic package. Figure 14 is a cross—sectional view representative
- of the assembly, Both manufacturers used epoxy to attach the chip. Manufac-
turer A used Dupont 5504 epoxy for this purpose. The cure cycle was 1 h at
160°C plus 1 h at 260°C. Manufacturer B's epoxy type and cure cycle were
not determined.

A braze-sealing technique was used by both manufacturers. Manufacturer

A used a three-zone belt sealer with the following characteristics:

2 h at 200°C

Pre-seal vacuum bake

Nitrogen flow = 45 ft3/h

Control temperature = 320°C

Sealing time = 8.5 min at T > 280°C
Belt speed = 2,5 in,/min

Manufacturer B's sealing cycle was not determined.

During the entire stress test program only one mechanical failure was
encountered (one Kovar lead was damaged). This was attributed to a handling
problem. No other failure mechanisms observed were attributed to a package

defect,
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Figure 7. Cross-sectional view of CMOS/SOS
Si-gate process (self-aligned).
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Figure 8. Cross-sectional view of CMOS/SOS Al-gate process.
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Figure 9. CM0OS/SOS Si-gate process flow chart.
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INPUT PROTECTIVE
NETWORK

i INPUT PROTECTIVE
NETWORK

Figure 11. Si-gate CMOS/SOS CD4007 tvpe (TCS056).
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Figure 12. Si-gate CMOS/S0S CD4007 type (1€1092).
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Figuze 13. Al-gate CMOS/S0S
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NOTE: KOVAR SURFACES ARE GOLD-PLATED.

Figure 14, Typical package cross-sectional view.

B. PROTECTIVE NETWORKS

The arrays in the test program had three different input protective cir-
cuits. The Al-gate transistor protection network is shown in Fig. 15. The
Si-gate configuration for the TC1092 and TCS056 is shown in Fig. 16. The
TC109z Si-gate array uses two 3-stack Zener networks instead of the one
4-stack incorporated in the TSC056 design. The trend plots in the analysis
section of this report show that both the 4-stack and transistor configura-
tions have input leakage levels, with the gate biased high, in the nanoampere
region, while the 3-stack diode structure had typical input leakage levels
around 10 pA., Figure 17 shows photographs of the typical curves obtained
on one input protection network for the three array types. The 4007S type
exhibited the lowest leakage levels of the three. The difference between the
two Si-gate types is the addition of one more Zener (to increase the break-

down level) and the elimination of the stack Zener connected from the input
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Figure 15. Input protection device (4007S).
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TYPE = 4007S

HORIZ .= 5V/div

VERT. = 10uA/div
BREAKDOWN == 19V at I0pA
LEAKAGE = <100 nAatiOV

TYPE=TCS056
HORIZ.=5V/div
VERT.= 10uA/div
BREAKDOWN =14V at lOuA

LEAKAGE = <IuA at 10V

TYPE= TC 1092
HORIZ.= 5V/div

VERT. = IOpA/div
BREAKDOWN = (| V at I0uA
LEAKAGE = 4 mA at IOV
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to vSS' The soft knee observed on both Si-gate types can be caused by high ;'
{ dislocation density at the epitaxial Si-sapphire interface or at the surface
! field-oxide interface.

No failures attributable to static discharge were observed during the

stress test program on any of the array types.




VI. TEST RESULTS

A. STATIC BIAS-TEMPERATURE STRESS TEST

Observations were made during the static-bilas step-stress tests to de-
termine the median-failure points at each test temperature. For the lower
test temperatures (150°, 175°C), time to median failure was not achieved
during the program. The Arrhenius plot (Fig. 18) of the median failure
points obtained during the static-bias test shows activation energies of 1.1
eV for both Al-gate and TCS056 self-aligned Si-gate failure mechanisms. The
projected median life expectancy at 125°C was 72,000 h for the TCS056 Si-gate
technology and 7500 h for the 4007S Al~gate technology. '
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Figure 18. Arrhenius plot, static bias-~temperature stress.

The TC1092 Si-gate arrays had a lower median failure time than the
TCS056 arrays during the static-bias stress test, Both Si-gate types had
identical processing. The higher failure rate of the TC1092 arrays was at-

tributed to the leakage current through the protective networks at the
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200° to 250°C test temperatures, causing the gate of the P3 transistor (pin 10)
to be positively biased with respect to the p source (pin 11) on units whose
inputs were biased high. Units with inputs biased low had the expected p

transistor stress. Both conditions produced p transistor threshold shifts.

Figure 19 shows the 15% and 50% failure points observed on the TC1092
cells for the static-bias test, It shows two parallel sets of data both
having A 1l.1-eV activation energies for the 15% data. The plot shows the
reduction in time to the 15% failure point at temperatures above 200°C, yet
the activation energy remained constant. These results are further confirmed
by the fact that at the 125°C operational life test temperature both the
TC1092 and TCS056 types had similar test results, -

The 50% data shows the effect of additional time at elevated temperature.
Since inverter three for each array exhibited different leakage and bias
characteristics (typically 1.0 V at 200°C, 1.6 V at 225°C, and 2.2 V at 250°C),
the inconsistent bias conditions for each cell did not permit reliability

predictions for the silicon gate TC1092 to be generated.
The point that should be made is that at test temperatures in excess of
200°C, one must be extremely careful that the bias levels on the devices are

what they were originally designed to be.

B. BIAS-POWER TEMPERATURE STRESS TEST

The results of the bias~power step-stress tests for the Al-gate array
show the median failure to be 168 h at 125°C., The projected median failure
time for the TCS056 Si-gate was 70,000 h, which was determined by taking the
1.1-eV activation energy result from the static-bias test and applying it to
the 2,168-h median failure point obtained in the 175°C cell,

C. OPERATIONAL LIFE TEST AT 125°C

The failures resulting from the 50-kHz operational life-testing at 125°C
exhibited characteristics similar to those observed during the static-bias
and bias~power stress tests. However, the median failure time of 4000 h for

the 1life test is lower for the Al-gate devices than that predicted by the

static stresses. The Si-gate devices had no failures prior to the 3000-h

test point, and 8% failed during the next 2000h, The reliability of the %
30 ‘
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Figure 19, Si-gate TC1092 15% and 507% failure points.
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TC1092 in this test is considerably greater than that projected from the

static-bias stress test. At the 125°C test temperature the differences in
the protective network designs of the two Si-gate eray types had no effect
on the device reliability. The Weibull Probability Chart shown in Fig. 20

plots the results obtained for this test. Since no failures occurred during
the initial 2000h of test, the 168-h bias burn-in performed during the screen-

ing procedure appears to be an effective screen for eliminating "early life"

failures.
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Figure 20. Weibull Probability Chart plot of operational
life for 4007S, TCS056, and TC1092.

D. HIGH-TEMPERATURE STORAGE STRESS

The results of the high-temperature storage test (50 units from each
technology, sequentially subjected to 1000 h at each of four temperatures:
150°, 200°, 250°, and 300°C) indicate that this stress is ineffective as a
screen for eliminating potential early-life failures. However, as the test

temperature was increased, the edge-leakage failure rate for the Al-gate
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arrays was greatly accelerated. No failures occurred below 250°C for the
Al-gate or the Si-gate devices. All but one of the Si-gate failures noted

at 300°C were caused by a failure mechanism (e.g., depletion mode operation
of the N-transistor) different from that associated with the previous stress-
es. Gas analysis of the Si-gate failures indicated an increase in Hz, C02,
and moisture constituents that were attributable to additional curing of the
chip-mounting epoxy. The 300°C storage temperature exceeded the curing tem-
perature of 260°C used for the chip-mounting operation of the Si-gate devices.

Figure 21 is a Weibull Probability Chart showing these test results,
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Figure 21. Weibull Probability Chart plot of high-
temperature s:orage stress (stepped).

E; THERMAL SHOCK AND TEMPERATURE CYCLING WITH INTERMITTENT BIAS

All failures encountered during the temperature cycling stress test
occurred during the first 50 of the total 1000 cycles. All failures were

catastrophic in nature and were the result of process-related defects (e.g.,




oxide pinholes, epitaxial silicon defects). The 500-cycle thermal shock test
had two process-related failures in the initial 10 cycles (e.g., oxide pin-
holes, metal discontinuity) and no other failures to 300 cycles. Beyond 300
cycles seven edge-related gate-to-source breakdowns were observed, indicating
an "end-of-life" characteristic related to excessive thermal-mechanical
stressing of the Si-~sapphire interface.

Detailed results for the six stress tests are shuwn in Tables 8 to 10,




CELL
TEMP

TABLE 8.

STATUS

QUANTITY

RESULTS

250°C

225°C

200°C

175°C

150°¢

Completed

Completed

Comp leted

Completed

Completed

Completed

Completed

Completed

Completed

Completed

Terminated
@ 1000 h

Terminated
@ 1000 h

Completed

Terminated
@ 2250 h

Terminated
@ 2250 h

12 4007s

6 TC1092

7 TCS056

12 4007s

6 TC1092

7 TCS056

12 40078

6 TC1092

-~

TCS056

12 4007s

6 TC1092

7 TCS056

12 4007s

6 TC1092

7 TCS056

9 Depletion mode
VthN < 0 v

Failed
Failed
Failed

VthP < =2,6 V
Failed @ 4 h
Failed @ 4 h
Failed @ 26 h

VthP < -2,6 V
Failed @ 4 h
Failed @ 6 h
Failed @ 30 h

e
-~ O
TF=o

e e 0 e

7 Depletion mode
VthN < 0 V

3 Failed @ 5 h

4 Failed @ 10 h

3 VthP < =2,6V
1 Failed @ 10 h
2 Failed @ 65 h

4 VthP < =2,6 V
all at 105 h

7 Depletion mode
VthN < 0 V

4 Falled @ 32 h
3 Failed @ 60 h

VthP < =2,6 V
Failed @ 40 h
Failed @ 100 h

VethP < -2.6 V
Failed @ 150 h
Failed @ 400 h

W™ NP W

6 Depletion mode
VEhN < 0 V

4 Failed @ 168 h
2 Failed @ 200 h

1 VthP < =2.6V
Failed @ 500 h

0 Failures

6 Depletion mode
VEhN < J V

All 6 failed @
168 h

1 vthp < -2.6 V
1 Input Terminal
Leakage > 10 pA

Both failed @ 2250 h

0 Failures

TEST CONDITIONS

STATIC BIAS-TEMPERATURE STRESS

MEDIAN FAILURE

Vpp = +10 V

5 arrays Vgs =

+ 10V

4 arrays Vgs =

ov

VoD
Vgs
Vgs
Vgs

Vpp

Vgs =

+10 v
ov
10 v
10 v

+10 v
ov

Vpp = +10 V

6 arrays Vgs =

+10

1 array Vgs =

v

ov

VoD
Vgs

Vgs

Vbp
Vgs

+10 V
10V
ov

+10 v
ov

Vpp = +10 V

6 arrays Vgs =

+10

1 array Vgs =

0

VDD
Vgs
Vgs

VD
Vgs

VoD
Vgs

Vpp
vgs

VDD
vgs

v

v

+10 Vv
10V
oV

+10 V
ov

= +10 V
= 410 V

Vpp =

Vgs

+10 V
+10 v

4 h

26 h

30 h

10 h

65 h

105 h

60 h

100 h

400 h

200 h

168 h




CELL
TEMP STATUS

175°C Completed

Completed

Completed

150°C Completed

Terminated
@ 1000 h

Terminated
@ 1000 h

125°C Completed

Terminated
@ 2250 h

105°C Terminated
@ 2000 h
All types

85°C Terminated
@ 2000 h
All types

TABLE 9.

QUANTITY

RESULTS

12 4007s

6 TC1092

7 TCS056

12 4007s

6 TC1092

7 TCS056

12 4007s

6 TC1092
and
7 TCS056

12 4007s

6 TC1092

7 TCS056

12 4007s

6 TC1092

7 TCS056

6 Depletion mode
VthN < 0 V

Failed @ 35 h
Failed @ 100 h

VthP < =2,6 V
Failed @ 200 h
Failed @ 300 h

VthP < -2.6 V
Failed @ 1250 h
Failed @ 2168

W N W W W

6 Depletion mode
VthN < O V

3 Failed @ 75 h
3 Failed @ 125 h

1 VthP < -2.6 V
@ 750 h

No failures

6 Depletion mode
VEhN < 0 V

All 6 failures

@ 168 h

No failures

1 Catastrophic
failure at 750 h

N; transistor-gate
to source breakdown

1 Leakage failure
at 336 h

No failures

1 Failure @ 168 h

Input 6 "P" device

failure

1 Failure VthP
< =2,6V
@ 1000 h

1 Failure -
high leakage
current N3
transistor

@ 336 h
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BIAS POWER TEMPERATURE STRESS

TEST CONDITIONS

MEDIAN FAILURE

Vpp = +10 V
Inputs - high

Vpp = +10 V
Inputs - low

Vpp = +10 V
Inputs - low

VDD = +10 V
Inputs - high

/
Vpp = +10 V

Vpp = +10 Vv
Inputs - high

Vpp = +10 V
Inputs - high

Vpp = +10 V
Inputs - high

Vpp = +10 V

Inputs - high

Vpp = +10 V
Inputs - low

Vpp = +10 Vv
Inputs - high

100 h

300 h

2168 h

125 h

168 h




TABLE 10, TEMPERATURE CYCLING WITH INTERMITTENT BIAS, OPERATIONAL 1‘.IFE,

THERMAL SHOCK, AND HIGH-TEMPERATURE STORAGE STRESS TESTS

Status

4007S completed
1000 cycles

TC1092 & TCS056
completed 1000
cycles

5000 hours
completed

500 cycles
completed

1000 h at 150°C
completed

1000 h at 200°C
completed

1000 h at 250°C
completed

1000 h at 300°C
comp leted

Quantity

50 - 4007s

25 - TC1092
25 ~ TCS056

50 - 4007s
25 - TC1092
25 - TCS056

25 -

4007s

12 - TC1092
13 - TCs056

D.

50 - 40075
25 - TCl092
25 - TCS056

same

same

same

TEMPERATURE CYCLING WITH INTERMITTENT .

Results

After 50 cycles the
following 4 failures
were noted: 1 mech. - pin
8 broken 3 elec.
a) N1 + P1 transistors
gate-to-source breakdown
b) Pl gate-to-source breakdown
*¢) Nl gate-to-source breakdown

No 1C5056 failures
3 TC1092 elect. fallures
(2 at 10 cycles)
(1 at 50 cycles)
a) Pl transistor gate-to-
drain breakdown
b) P1 transistor 100-uA leakage
c) Nl transistor gate-to-
source breakdown

B. OPERATIONAL LIFE

—

TCS056 at 3000 h

Y1l - Pl inverter failure

(gate to source leakage)

TCS056 at 4000 h

Nl transistor, high current

failure

TC1092 at 3000 h

Vep "P" < -2.6 v

TC1092 at 4000 h

Vth "pn :_"2.6 v

38 4007S at 4000 h
1 N1 - P1 inverter failure (gate
to-source=breakdown) N1 transistor
8 units with Vepg < OV .
29 units with edge transistor
leakage > 50 pA

8 4007s at 5000 h edge

transistor leakage

-

—

-

C. THERMAL SHOCK

1 TC1092 failure at 10 cycles
P3 transistor, open-drain-
metal over epi-island

1 4007S failure at 10 cycles,
Nl transistor gate-to-source
breakdown (Non edge-related)

4 TCS056 fallures

1 TC1092 failure

1 40075 failure

All edge-related gate-to-source

breakdown, at 300 cycles

1 TCS056 edge-related gate-to-
source breakdown at 400 cycles

B1AS

Test Conditions
Vpp =+ 10V

3 failures - Vgg = 0 V
1 fallure - Vgg = 10 v*

<

Vpp = + 10

3 failures - Vgs =0V

Vpp = +10V
T = 125°C
f = 50 kHz

-65°C to +150°C
liquid to liquid

HIGH-TEMPERATURE STORAGE STRESS (STEPPED)

No fatflures

No failures

All parts subjected sequentially
to 150°, 200°, 250°, and 300°C
storage tests, no bias, all
terminals floating.

2 'rc1092) | each type failed after 24 h

(gate-to-source breakdown)

\ (1 edge related)
2 4007S | and 1 each again after 500
(gate-to-source breakdown)

(1 edge related).

h

8 TCSOSbl Depletion mode N transistors

1 TC1092{ (Vepn < O V)

26 4007s  Edge transistor leakage - 50 LA
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VII. PACKAGE GAS ANALYSIS

Particular attention was pald to the evaluation of the effects of the
high-temperature stress testing on the ambient gas in the package cavity.
Previous experience after normal 1000-h, 125°C, bias and operating life tests
indicated no significant changes in the normal (NZ’ trace 02, trace COZ) gas
content, However, units subjected to the high-temperature storage tests
during this program were exposed to temperatures up to 300°C for periods up
to 1000 h. It should be noted that this temperature exceeds the epoxy cure
(260°C) and the braze eutectic (285°C) temperatures used in the chip-mounting
and package sealing operations. (The 260°C cure temperature is for Vendor A
parts.)

Table 11 summarizes the data obtained initially and on post-stress test
measurements., Measurements on the Si-gate arrays subjected to high-tempera-
ture storage (300°C) indicate a typical decrease in the N2 level of 107% with
substantial increase in the HZ’ C02, and 02 levels. These changes are at-
tributed to additional curing of the epoxy used for chip mounting and the
melting (and recrystallizing) of the braze material.
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VIII. SCANNING ELECTRON MICROSCOPE INSPECTION

Initial scanning electron microscope (SEM) photographs were taken on

typical units of each device type. The SEM was employed primarily for ob-

serving changes in metallization continuity that could occur due to the ther-

mal and intermittent power stress tests. The control of metallization cover-
age over the polysilicon, epitaxial Si island, and contact edges is difficult
because of the different etching rates of the polysilicon gates and the epi-
taxial Si islands. These photographs (Figs. 22, 23, and 24) are typical
photographs of metallization coverage prior to the start of the stress test
program. The silane overcoat was removed prior to SEM analysis. The pic-
tures show that the TCS056 type exhibited good metallization coverage over
the epitaxial islands, polysilicon, and contacts. Both the Si-gate TC1092
and the Al-gate 4007S types show a sharp slope to the epi-island, causing

a thinning down of the metallization at those points in the circuit. Strict
attention was paid to the units failing the stress tests to see if there was
any correlation between the device reliability and the metal and polysilicon
quality. Figures 25 through 28 are typical SEM photographs of devices that
completed the stress test program. No evidence of degradation was observed
in the polysilicon or metallization coverage over the epitaxial island edges
and contacts as a result of the stress tests with the exception of one TC1092

metallization open noted in the thermal shock test,
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(a) 800X and (b) 2000X.

Figure 22,




(a)

(b)

Figure 23. Pre-stress SEM photographs of TC1092,
(a) 1000X and (b) 5000X.
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(a)

(b)

Figure 24, Pre-stress SIM photographs of 40075, (a) 800X
and (b) 5000x.,
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Figure 25.

Figure 26.

Al-gate 4007S (#115) after high-temperature
storage stress (1000X).

2 ?%3;:
.].’I":'l
o

Si-gate TCS056 (#85) after temperature cycling
with intermittent bias stress test (3000X).
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Si-gate TCS056 (#62) after operational

Figure 27.
life at 125°C (1000X).
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Si-gate TC1092 (#113) after temperature

Figure 28.
cycling with intermittent bias (3000X).
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IX. HIGH- AND LOW-TEMPERATURE TEST RESULTS

Pre~ and post-stress testing was performed on all subgroups at 25°, -55°,
and 125°C. The 25°C data are shown in the trend analysis plots. The high-
and low-temperature data are summarized in Table 12,

The data indicate that if end-point testing had been performed at 125°C
at each test interval, instead of at the end of the test, potential failures
may have been spotted prior to the time of failure (as determined by the room
temperature measurements).

Typical examples (data from Table 12) of parametric changes that may be

precursors of failure are:

(1) decreasing n-transistor thresholds for the TCS056 and TC1092 de-

vices under very high (300°C) temperature storage conditions. .?
(2) increasing leakage currents (ISS) for the 4007S devices under all

stress conditions.
(3) degradation of the output drive current for the 40075 arrays (most

evident on the p transistors).
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X. HERMETICITY

Helium leak rate measurements were recorded on five units of each device

type prior to the start of the stress test program and also on representative

samples at the completion of each stress test. The data are summarized in

Table 13. There were no significant changes in leak rates resulting from the

various stresses.
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XI. DATA ANALYSIS

A major requirement of this program was the collection and analysis of

variables data recorded during the stress test period. The variables data

were analyzed after several programs were generated to create computer/

e P PN Sk

language compatibility. Key parameters such as output drive current, leak~
age current, and threshold voltages were closely monitored so that imminent
device failure could be detected. These data were also used to assist in
devising effective screens for the elimination of "maverick" failures, both
catastrophic and parametric.

All test data were stored on Cartrifiles (magnetic tape). The data were
then recompiled using a PDP-11 system and reformatted onto IBM magnetic tape
reels., All statistical analysis was performed using the RAMIS (Rapid Access
Management Information System) programs in the IBM-370 system., RAMIS is a
general-purpose information processing system. It permits files to be cre-
ated; data to be entered and maintained with any necessary changes, deletions,
or additions; and comprehensive reports to be prepared upon request. The
primary purpose of the RAMIS programs is to allow information to be organized
easily and quickly and to be retrieved for presentation.

Key RAMIS programs utilized for both a fast data overview and in~depch

statistical analysis are described below.

A, HISTOGRAM d

Figure 29 shows a typical histogram plot for the p-threshold data for
the TC1092 type after 10 cycles of thermal shock. The plot yields various

pieces of data, including mean and standard deviation measurements and total

e ot Ry Rt

population distribution. Superimposing these plots can quickly tell whether
or not the cell population is stable or is shifting as each subsequent meas-

urement is taken,

B. MATRIX

The matrix program was generated to create a quick overview of failing

parameters and trends. The plot obtained (Fig. 30) graphs the test number vs é




OATE PPINTED : 09/23/7% TIME PRINTED ¢ 1%,16.07
HISINGRAM FOR TYPE =]002

10T =710 (THERMAL SHOCK AFTER 10 CYCLES)

TEST =35 NR 36 OR 37 IF SUBTEST 1S V

UL IM==T7,5 LLIM==1C.0
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. 724244049 u
. I3 R FTX X
S 240042
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~1.00E4C]1 =O,50F+C0 —9,00F+0C ~B,50E+CO ~B,00F40C =7,.5Ct N0
v > 0 -0.5 -1.0 1.8 -2.0 -2.5

CeLtP wiIrTH: 5.00F-02 COUNT: EACM & IS 1 UNIT(S)

SAMPLE SI2F: 36 PLNTTED: 35 ARNVYE: 1 FELOW: ¢ CLAMP: 0

SAMPLE MAX VAL: ©,040F-01 MIN VAL: -9.14RF+00 UNITS: UV

SAMPLE MFAN: ~R,6TLE+QOC SIGMA: 1,645E 00 ﬂ'

PLOTTED MEAN: =B,94LE+00 STGMA: 1,046E=-01

Figure 29.

Typical histogram plot for p-threshold data.
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the unit number and indicates a failure with an "F'", Trending, such as the

e

edge-leakage phenomenon noted on the Al-gate arrays, was easily monitored by
observing the changes in the quantity of failures observed.

Table 14 is a typical printout. The listing gives the minimum, average,
maximum, and sigma values obtained for each test. These listings were used
for the generation of the trend graphs, because all of the necessary data

were reported in a very concise manner.

TABLE 14. TYPICAL MATRIX PROGRAM PRINTOUT

wxxsexdss TCSUSE 02728776 #sssssssns
VALUES ARE BY TEST 1F LIMIT 1S NOT ‘gt l
SUBTEST 1S v

;
|
i
!

MINIMUM AVERAGE MAX ITMUM
LoT TEST # VALUE VALUE VALUE R v S1GMA |
HT2502Cu 1 —4,9%9000 -4,992067 ~44,882000 U v 02550336
2 11.990000 11.99479% 12.000000 U v «00974560 |
3 1VeTTULVO 11928389 129000000 U v 0250456484
4 11.9900600 11.998798 12.000000 U v «00539200
5 ~5.,0045999 ~5.003716 -5,002000 U v + 00949205
6 ~5.014999 -5,002235 -4,997999 U v 00812602
7 389000 «435880 «871000 U v 09041369
€ 9.636999 9.689790 9,712000 ™ v +01798379
9 9 o4 48999 94662632 56705000 ™ v 05311316
1C 9,648000 9.6T74312 9,695990 M v 01389640
11 406000 *434060 «462000 M v 01451038
12 «385000 e423159 «495000 ™ v 02694355
13 Ny «074000 138000 M v « 02336003
14 9,796000 9,822752 9.,639999 U v 011643208
£ 84622999 9.,773791 94863000 U v e23543859
16 9.,801000 9,824912 9.856999 U v «01306850
17 +«019u00 «069960C «10200C U v 02064 4KT
18 «003000 «06324C 102000 VU v 002192251
1v -eUUS000 -.200160 002000 U v 00195305
20 4.,990999 44995390 ©,997999 U v 000660282
21 44417999 4e974472 LeuU02999 U v 011377126
22 ©.993999 4,998031 5.002999 U v +00717181 i
23 -«0070u0 -+005900 -.004000 U v «00072002 :
24 -.011000 ~.001920 »002000 U v 00269696
AL ~.010U00 « 014400 2040000 U A 201329053
26 0040000 «056400 «070000 U A .00889103
27 10000 «114800 130000 A 00854227
26 ~24559999 ~+123200 «14000C U A 051356542
2 -3,509999 ~2328400 050000 U A «96L47274
30 6.900000 8.009%93 8.480000 M A «33400077
3 25,059998 27.237518 29.829987 M A 89550120
32 8.629000 8.809153 8.929000 ™ v 06660700
33 8702000 B.826592 8938000 U v 05387166
34 7.358999 8.760633 8933000 U v 0291354942
3 ~f4738000 -8.583713 -8,208999 U v ellu323¢n
36 ~8,733999 ~-8.538952 ~8,230000 U v 1254195
37 -8.74%000 ~-8.605392 -8.282000 U v 011462390
55 |
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C. STRESS TEST TRENDS

Trend graphs containing the X £ 1 sigma limits for each test cell were
generated from the parametric data collected. The plots presented in
Figs. 31 to 42 are for threshold voltage, output drive current, and ISS
(test 28) and are separated into groups for thermal shock, temperature
cycling with intermittent bias, high-temperature storage, and operational
life. These charts were generated to show changes in parametric data both
during the individual stress tests and between the stress tests. The N
(quantity per test cell) was only reduced if a catastrophic failure occurred.
Parametric changes beyond specification limits (not affecting functionality)
were included in the data for each population,

Al

D. TCS010 TEST INSERT CHIP LIFE TEST RESULTS

A run of TCS010 wafers was processed concurrently with the TCS056 and
TC1092 Si-gate arrays. A total of 25 packaged devices from this run were
then subjected to a 125°C life test under the test conditions described in
Section IV. Process monitors (transistors, resistors, metallization, Zener
diodes) and ring oscillators were measured for comparison with results ob-
tained on the Si-gate TCS056's and TCl092's subjected to the stress test
program. Trend plots for all test parameters are shown in Figs., 43 to 53.
These charts show the same p- transistor threshold increase phenomenon noted
on the other Si-gate arrays, but ¢imultaneously show that all other process
control parameters were not affected. While the TCS0l0 test insert chip is
primarily used for "in-process" control during manufacturing, accelerated
testing of packaged arrays could possibly be used as a supplementary means

of monitoring a high-reliability wafer-processing facility.
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Figure 31. Threshold voltage in temperature cycling intermittent

S e R TR Rt e b i s i s b

bias test: (a) 4007S, n = 50; (b) TCS056, n = 25;
(c) TC1092, n = 25, X + 1 sigma data.
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Figure 32.

Type 4007S
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0 200 400 600 800 1000
CYCLES
Type TC1092
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Output drive current in temperature cycling intermittent bias
(a) 40078, n = 503 (b) TCS056, n = 25; (c) TC1092,
X + 1 sigma data.

test:

n = 25,
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Type 4007S
n=>50

30
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20 ]’ (a)

10 { {
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n=25

o BIE
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(c)

0
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NOTE: Nanoampere data fluctuations are due to the values approaching
the reproduceability limits of the automatic tester.

Figure 33, Leakage current in temperature cycling intermittent bias test:

(a) 40075, n = 50; (b) TCS056, n = 25; (c) TC1092, n = 25
X + 1 sigma data.
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Figure 34, Threshold voltage in operational life test at
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125°C: (a) 40078, n = 50; (b) TCS056, n = 25,
(¢) TC1092, n =25, X + 1 sigma data.
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Figure 35. Output drive current in operational life test at 125°C: i
(a) 4007s, n = 50; (b) TCS056, n = 25, (c) TCl092, n j
X + 1 sigma data.
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NOTE: Nanoampere data fluctuations are due to the values approaching
the reproduceability limits of the automatic tester.

. Figure 36. Leakage current (Igg, test 28) in operational life test at 125°C: 1
% (a2 40075, n = 503 (b) TC5056, n = 25, (¢) TC1092, n = 25. |
? X + 1 sigma data. %
_4 g

62

E
E




4 Type 4007S

n=2b
VTHy
’ aa Y or % " 2 i
0 (a)
:
“ % 3 2 1 ?
3
ViHp i i
- 1 1 T
100 200 30 400 500
CYCLES
4 Type TCS056
n=13
VTHy
2 %
#; T8 4 s z = j
0] (b) :
iy 3 33 I 001 x ?
-2 ;
VTiHp |
-4 T 1 Y T 1 T ;
100 200 300 400 500 é
CYCLES 5
;
;
4 Type TC1092
n=12
VTHy
2
i 3t ¢! * * . m
0 (c) ;
‘f! i & 1 x 5 5
-2
ViHp
-4 T A T ] 1 |
100 200 300 400 500

CYCLES

Figure 37. Threshold voltage in thermal shock test:
(a) 4007S, n = 25; (b) TCS056, n = 13;
(¢) TC1092, n = 12, X + 1 sigma data.
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Figure 38, Output drive current in thermal shock test: (a) 40078, n = 25,
(b) TCS056, n = 13; (c) TC1092, n = 12, X + 1 sigma data.
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Figure 39, Leakage current in thermal shock test: (a) 4007S, n = 25;
. (b) TCS056, n = 13; (c) TC1092, n -~ 12, X + 1 sigma data.
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Figure 40. Threshold voltage in high-temp