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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 1250C.     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. ALAN BLORE 
Project Engineer 
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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 

4007S 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 CA1- 

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 V  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 Sl-gate arrays. The In- 

spection results are summarized In Table 1. 

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

Total tested 

Total accepted* 

Total failed 

Leakage (1^) 

Noise Immunity (30%) 

Functional 

702 

447 

255 

238 

12 

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-STD- 

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 1258C caused several additional failures for exces- 

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

levels were all ^10 V. 
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TABLE 2.  SCREENING PROCEDURE:  MIL-STD-883A, METHOD 5004.2, CLASS B 

Screen 

Internal Visual 

Stabilization Bake 

Temperature Cycling 

Constant Acceleration 

Hermeticity 

Burn-in 

Post-Burn-In Electrical Test** 

Method 

2010.2 

1008.1C  (24 h minimum) 

1010.1C  (10 cycles) 
-65° to +150oC 

2001.IE (Yl-plane) 

1014.1  (A      C  ,  and C2) 

1015.1A (168 h at 1250C with 
bias) 

Per TCS056 test program 

Requirement 

100%* 

100%* 

100% 

100% 

100% 

100% 

100% 

*Not perfomed on 4007S. 
**250C data only. Separate pre-stress electrical tests were performed 

at 25°, -55°, and 1250C to establish the initial (0 hour) data base. 

TABLE 3.  SCREENING RESULTS 

Type Vendor 
Received Incoming 
Electrical Test 

Passed 
coming 
trical 

In- 
Elec- 

Passed Post 
Screen Elec- 
trical 

Used for 
Program 

4007S B 702 447 309 300 

TC1092 A 209 206 204 150 

TCS056 A 226 224 222 150 

*17-V functional test deleted. 
This test was destructive for the Al-gate type. 
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TABLE 4.  POST-SCREEN ELECTRICAL TESTS, 
VENDOR B, TYPE 4007S 

Acceptable 

Noise Immunity 

Catastrophic Leakage (I DBS >1 mA) 

309 

10 

128 

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. The Datatron test program simply reverses the source and drain 

for measuring threshold voltages. This mode of testing can cause measurement 

error if source-drain interchangeability is not possible. 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).  In all cases the threshold data obtained 

from either procedure checked within ±0.1 V. 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 V D) protective 

network was not tested. 

A 168-h bias burn-in at 1250C was performed on all devices as part of 

the initial screening procedure. The circuit is the standard RCA high- 

reliability bias-life test configuration established for the bulk COS/MOS 

CD4007 type. This circuit biases one "p" device and two "n" devices ON with 

a V  level of +10 V. Figure 1 is the schematic for the burn-in. 
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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 -550C 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 250oC in 250C 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 Arrhenlus 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 2250C 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 energies 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 1750C. Each 

device was configured as a 3-lnput NOR gate with a 25-mW output load.  This 

load was selected because it is the typical load specified for bulk C0S/M0S 

at 250C.  The circuit used for this test is shown in Fig. 3.  These subgroups 

were also tested to median failure. 
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V- 

R«47.000ß 
VDD«+IOV 

Half of the test sockets connect all three inputs toVoD * 
the other half connect an the three inputs to GND. 

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

Figure 2. Static bias-temperature stress test circuit. 
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A o-wv f 

B o—vvv»-t 

C o—vvv-»-t 

Rs 47,000 fl 
R|=4,000fl 

vDD«-»-iov 

CURRENT DRAWN  PER PACKAGE a 2.5 mA 

ONE-HALF OF THE TEST SOCKETS CONNECTED WITH 
ALL INPUTS AND THE OUTPUT CONNECTED TO V0o, 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. 
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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 

1250C.    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. 

OVDD 

o——VW-» WV—o 
VDD 

R*47t000Ä 
CLOCK PULSE = IOV amplitude 

50-kHz repetition rate 
50% duty cycle 

VDD *-HOV 

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 

+150oC (liquid-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 300oC. The results of this test were used to 

suggest an effective storage screen. Package gas analysis results were also 

closely monitored as the 300oC cell was above the epoxy cure temperature for 

the Si-gate array types. 

12 
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IV.  TCS010 TEST INSERT CHIP 

In addition to the units subjected to the stress test program, 25 TCS010 

test-insert chips were subjected to a 1250C 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 Conditions 

n-Channel 

^SS 

Vth 

BVSD 

p-Channel 

n+ (p-epi) Diffusion 

p+ (n-epi) Diffusion 

n+ (Polysilicon) 

p+ (Polysilicon) 

Metallization Continuity 
(100 x R 44 metal steps) 

Contact + Polysilicon 
(66 contacts + 56 poly) 

BV, Zener 

Ring Oscillator 
Frequency,   Stage Delay 

V^ = 10 V 
DD 

I - 10, 40, 100 pA 

Same as 1^ test, IDSS = 10 pA 

Identical to n-channel, with 
voltages reversed 

Resistance measurement 

Resistance measurement 

Resistance measurement 

Resistance measurement 

Resistance measurement 

Resistance measurement 

I = 10 yA, 100 yA 

V = 10 V 
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10 R 
poly(pf) 

10 Rs 

p-epi (n+ 

'.NABLE 
DISABLE 

GN03 
Slp.n 

100 R5 
44 METAL 
steps 

66RC c 
56n n-epi 

polytp*)        fiolydi-») 

6 I   P-epi 
poly(p+) 

5 ■   p-epKp*) 
METAL 

14 I GND2 
■ ZENER(4 stacks) 

»DO 

I I   I     G(n) 

Dl(p) 03(p) 02(p) Ü3(n) D2(n) 

Figure 5.  TCS010, test Lnsert chip. 
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I 

GND 

6N0 

NC 

6N0 

lOkn 

NC 

NC 

IOV 

NC 

IOV 

NC 

OSC 
ENABLE 

VOUT 

Slp.n) 

G(p) 

Dl(p) 

D3(p) 

D2 (p) 

D3(n) 

D2(n) 

01 (n) 

GATE(n) 

VDD 

vy 
GND I 

IOQ 
P-EPI 

IOQ 
P+POLY 

100 Rg 
4+STEPS 

IOQ 
N+POLY 

ion 
N EPI 
66 Rc 

+ 5eaP0LY 
CAP crroR 

N EPI N + rOLY 

CAPACITOR 
P+EPI   POLY 

CAPACITOR 
P + EPI 

GND 2 
ZENER 

IOV 

24 

23 

22 

21 

20 

16 

15 

14 

13 

NC 

NC 

lOkß 

NC 

NC 

-5V 

IOV 

GND 

GND 

Figure 6.    Pin connections  for TCS010 life test at 1250C 

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 PI  and P3  transistors were subjected  to  1250C storage. 

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

and oxide stress. 

(3) The Nl 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 

1250C  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  1250C. 
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(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 1250C life 

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 St-gate 

arrays also existed on the TCSOlO's but to a lesser degree (A's < 0.5 V). 

BVn(, 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 14-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 

160oC plus 1 h at 260oC. 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: 

Pre-seal vacuum bake 

Nitrogen flow 

Control temperature 

Sealing time 

Belt speed 

2 h at 200oC 

45 ft3/h 

320oC 

8.5 rain at T >_ 280oC 

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. 

17 
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EVEL 

SOSepii    , 

Channel oxide 

Polycrystalline silicon 

Phosphorus-doped glass 

Boron-doped glass 

Aluminum 

THICKNESS LEGEND 

cm 6000 A 

1100 A 

5000 A IXXTSa 
700 A +  700 A Boron-doped glass CAP       Y///\ 

700 A + 5000 A Undoped CAP 

12,000 A 
^3 
mm 

Figure 7.  Cross-sectional view of CMOS/SOS 
Si-gate process (self-aligned). 
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SAPPHIRE 

LEVEL 

SOS   epitaxy 
Channel   oxide 

Aluminum 

THICKNESS 

6000A 
I200A 

I0-I3,000A 

LEGEND 

I 1 
UTTTTTTl 

Figure 8.  Cross-sectional view of CMOS/SOS Al-gate process. 
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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 

TC1092 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 A-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 yA. 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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TYPE = 4007S 
HORIZ.= 5V/div 

VERT. -    10iiA/div 

BREAKDOWN»« 19 Vat 10/i.A 

LEAKAGE = < 100 nAat 10V 

TYPE = TCS056 
HORIZ.= 5V/div 

VERT.=   lOuA/div 
BREAKDOWN = 14V at lO/xA 

LEAKAGE2 < lMÄ at l0v 

TYPE = TCI092 
H0RIZ.= 5V/div 

VERT. = lO^aA/div 
BREAKDOWN = II Vat 10/xA 

LEAKAGE = 4^A at IQV 

ure   L7.     Cypica]   protective network characteristics at   2 
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to Vs .  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. 
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VI.  TEST RESULTS 

A.  STATIC BIAS-TEMPERATURE STRESS TEST 

Observations were made during the static-bias step-stress tests to de- 

termine the median-failure points at each test temperature. For the lower 

test temperatures (150°, 1750C), 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 1250C was 72,000 h for the TCS056 Si-gate 

technology and 7500 h for the 4007S Al-gate technology. 

STATIC   BIAS TEMP.  STRESS-H    TO  MEDIAN   FAILURE 

400 
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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 an the TC1092 

cells for the static-bias test.  It shows two parallel sets of data both 

having Jfcl.l-eV activation energies for the 15% data.  The plot shows the 

reduction in time to the 15% failure point at temperatures above 200oC, yet 

the activation energy remained constant.  These results are further confirmed 

by the fact that at the 1250C 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 200oC, 1.6 V at 2250C, and 2.2 V at 250oC), 

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 

200oC, 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 1250C.  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 1750C cell. 

C. OPERATIONAL LIFE TEST AT 1250C 

The failures resulting from the 50-kHz operational life-testing at 1250C 

exhibited characteristics similar to those observed during the static-bias 

and bias-power stress tests.  However, the median failure time of A000 h for 

the life 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 
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Figure 19.  Si-gate TC1092 15% and 50% failure points. 
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TC1092 in this test is considerably greater than that projected from the 

static-bias stress test. At the 1250C test temperature the differences in 

the protective network designs of the two Si-gate array 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 300oC) 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 250oC for the 

Al-gate or the Si-gate devices. All but one of the Si-gate failures noted 

at 300oC 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 H„, CO , 

and moisture constituents that were attributable to additional curing of the 

chip-mounting epoxy. The 300oC storage temperature exceeded the curing tem- 

perature of 260oC used for the chip-mounting operation of the Si-gate devices. 

Figure 21 is a Weibull Probability Chart showing these test results. 

HOURS AT HIGH TEMP. STRESS (STEPPED) 

Figure 21. Weibull Probability Chart plot of high- 
temperature storage 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., 
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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. 
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TABLE 8.     STATIC BIAS-TEMPERATURE STRESS 

CELL 
TEMP     STATUS       QUANTITY 

250oC   Completed   12 4007S 

Completed     6 TC1092 

Completed     7 TCS056 

RESULTS 

1 Failed (§ 6 h 
1 Failed @ 30 h 

TEST CONDITIONS 

9 Depletion mode 
VthN < 0 V 
7 Failed @ 4 h 
1 Failed Q 6 h 
1 Failed @  7 h 

VDD " +io v 
5 arrays Vgs - 
+ 10 V 
4 arrays Vgs - 

0 V 

3 VthP < -2.6 V 
X Failed @ 4 h 
1 Failed @ 4 h 
1 Failed @ 26 h 

vDD - +10 V 
Vgs = 0 V 
Vgs - 10 V 
Vgs - 10 V 

3 VthP < -2.6 V 
1 Failed @ 4 h 

VDD ■ +io v 
Vgs - 0 V 

MEDIAN FAILURE 

4 h 

26 h 

30 h 

225°C Completed    12 4007S 

Completed     6 TC1092 

Completed    7 TCS056 

200^   Completed    12 4007S 

Completed     6 TC1092 

Completed     7 TCS056 

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 Failed @ 32 h 
3 Failed 9  60 h 

3 VthP < -2.6 V 
1 Failed @ 40 h 
2 Failed 9 100 h 

4 VthP < -2.6 V 
1 Failed @ 150 h 
3 Failed @ 400 h 

VDD - +10 V 
6 arrays Vgs 
+10 V 
1 array Vgs • 

0 V 

VDD 
Vgs 
Vgs 

+10 V 
10 V 
0 V 

VDD - +10 V 
Vgs - 0 V 

VDD - +1° v 
6 arrays Vgs 
+10 V 
1 array Vgs ■ 

0 V 

VnD - +10 V 
Vgs •= 10 V 
Vgs = 0 V 

VDD - +10 V 
Vgs ' 0 V 

10 h 

65 h 

105 h 

60 h 

100 h 

400 h 

1750C   Completed    12 4007S 

Terminated 
@ 1000 h 

Terminated 
@ 1000 h 

150°C   Completed 

Terminated 
@ 2250 h 

Terminated 
(9 2250 h 

6 TC1092 

7 TCS056 

12 4007S 

6 TC1092 

7 TCS056 

6 Depletion mode 
VthN _< 0 V 
4 Failed 9  168 h 
2 Failed @ 200 h 

1 VthP < -2.6V 
Failed @ 500 h 

0 Failures 

6 Depletion mode 
VthN £ 0 V 
All 6 failed @ 
168 h 

1 VthP < -2.6 V 
1 Input Terminal 
Leakage > 10 uA 
Both failed @ 2250 h 

0 Failures 

VDD ' +1° v 
Vgs - +10 V 

VDD - +io v 
Vgs - o v 

VDD - +1° v 
Vgs - +10 v 

200 h 

VDD 
Vgs 

+10 v 
0 V 

168 h 
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TABLE 9.  BIAS POWER TEMPERATURE STRESS 

CELL 
TEMP STATUS QUANTITY RESULTS TEST CONDITIONS 

1750C Completed 12 4007S 6 Depletion mode 
VthN < 0 V 
3 Failed @ 35 h 
3 Failed @ 100 h 

VDD = +10 V 
Inputs - high 

Completed 6 TC1092 3 VthP < -2.6 V 
1 Failed @ 200 h 
2 Failed @ 300 h 

VDD - +10 V 
Inputs - low 

Completed 7 TCS056 4 VthP < -2.6 V 
1 Failed @ 1250 h 
3 Failed @ 2168 

VDD = +10 V 
Inputs - low 

150^ Completed 12 4007S 6 Depletion mode 
VthN < 0 V 
3 Failed @ 75 h 
3 Failed @ 125 h 

VDD » +10 V 
Inputs - high 

/ 

Terminated 
0 1000 h 

6 TC1092 1 VthP < -2.6 V 
@ 750 h 

VDD = +10 V 

Terminated 
@ 1000 h 

7 TCS056 No failures 

1250C Completed 12 4007S 6 Depletion mode 
VthN < 0 V 
All 6 failures 
@ 168 h 

VDD = +10 V 
Inputs - high 

Terminated 
@ 2250 h 

6 TC1092 
and 

7 TCS056 
No failures 

105oC Terminated 
@ 2000 h 
All types 

12 4007S 1 Catastrophic 
failure at 750 h 
Nj transistor-gate 
to source breakdown 

VDD = +10 V 
Inputs - high 

6 TC1092 1 Leakage failure 
at 336 h 

VDD = +10 V 
Inputs - high 

7 TCS056 No failures 

850C Terminated 
0 2000 h 
All types 

12 4007S 1 Failure @ 168 h 
Input 6 "P" device 
failure 

VDD = +10 V 
Inputs - high 

6 TC1092 1 Failure VthP 
< -2.6 V 
@ 1000 h 

VDD = +10 V 
Inputs - low 

7 TCS056 1 Failure - 
high leakage 
current N3 
transistor 
@ 336 h 

VDD = +10 V 
Inputs - high 

MEDIAN  FAILURE 

100 h 

300 h 

2168  h 

125  h 

168 h 
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TABLE 10.  TEMPERATURE CYCLING WITH INTERMITTENT BIAS, OPERATIONAL LIFE, 
THERMAL SHOCK, AND HIGH-TEMPERATURE STORAGE STRESS TESTS 

TEMPERATURE CYCLING WITH INTERMITTENT BIAS 

4007S completed 
1000 cycles 

TC1092 & TCS056 
completed 1000 
cycles 

Quantity Result» 

50 - 4007S     After 50 cycles the 

following 4 failures 
were noted:  1 mech. - pin 
8 broken 3 elec, 

a) Nl + PI transistors 
gate-to-source breakdown 

b) PI gate-to-source breakdown 
Ac) Nl gate-to-source breakdown 

25 - TC1092    No TCS056 failures 
25 - TCS056     3 TC1092 elect, failures 

(2 at 10 cycles) 
(1 at 50 cycles) 
a) PI transistor gate-to- 

drain breakdown 
b) PI transistor lOO-pA leakage 
c) Nl transistor gate-to- 

source breakdown 

Teat Condition» 

VDD - + 10 V 

3 failures - Vg 
1 failure - V. 

VDD - + IO v 
3 failures - 

0 V 
10 V* 

OPERATIONAL LIFE 

5000 hours 
completed 

50 - A007S 1 TCSÜ56 at  3000 h 
25 - TC1092 "1 - PI inverter failure 
25 - TCS056 (gate to source leakage) 

1 TCS056 at A000 h 
Nl  transistor,  high current 
failure 

1 TC1092 at  3000 h 
"th "P" < -2.6 V 

VDD " +10 v 

T - 125°C 
f - 50 kHz 

1 TC1092 at 4000 h 
vth "p" 5-2.6 V 

38 4007S at 4000 h 
1 Nl - PI Inverter failure   (gate 
to-aource-breakdown) Nl  transistor 
8  units with Vthn ^ 0 V 
29 units with edge transistor 
leakage >  50 pA 

8 4007S at  5000 h edge 
translator leakage 

C.     THERMAL SHOCK 

500 cycles 
completed 

25 - 4007S 1 TC1092   failure  at  10 cycles 
12 - TC1092 P3 transistor,  open-drain- 
13 - TCS056 metal over epi-island 

1 4O07S  failure at 10 cycles, 
Nl  transistor  gate-to-source 
breakdown  (Non edge-related) 

4 TCS056 failures 
1 TC1092   failure 
1 4007S  failure 
All edge-related gate-to-source 
breakdown,   at  300 cycles 
1 TCS055 edge-related gate-to- 

source breakdown  at 400 cycles 

-65°C  to +150°C 
liquid  to  liquid 

D.     HIGH-TEMPERATURE  STORAGE  STRESS   (STEPPED) 

1000 h at   I50°C 
completed 

1000 h at   200'C 
completed 

1000 h at  250^ 
completed 

1000 h at   JOO-C 
completed 

50 - 4007S 
25 - TC1092 
25 - TCS056 

No failures 

No failures 

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

2J  1 
f  (gate-to-source  breakdown) 
\  (1 edge   related) 

2 4007S  1  and  1  each again after  500 h 
1  (gate-to-source  breakdown) 

(1 edge  related). 

8 TCS056I Depletion mode N transistors 
1 TC1092)  (Vthn 1 0 V) 

26 4007S       Edge   transistor  leakage  >  50 wA 
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VII. PACKAGE GAS ANALYSIS 

Particular attention was paid 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, 1250C, bias and operating life tests 

indicated no significant changes in the normal (N , trace 0-, trace CO ) gas 

content. However, units subjected to the high-temperature storage tests 

during this program were exposed to temperatures up to 300oC for periods up 

to 1000 h. It should be noted that this temperature exceeds the epoxy cure 

(260oC) and the braze eutectic (2850C) temperatures used in the chip-mounting 

and package sealing operations.  (The 260oC 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 (300oC) indicate a typical decrease in the N- level of 10% with 

substantial increase in the H , C02, and 0- 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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Figure  22.     Pre-stress  SEM photographs  of TCS056, 
(a)  800X and   (b)   200ÜX. 
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(b) 

Figure   2 \.     Pre~8tr( EM pb      graphs oi   TCH 
(a)   lOOOX  and   (b)   5000X. 

A2 



Figure 24.     Pre-streas  SUM photographs of 40Ü7S,   (a)  800X 
and   (h)   50()()X. 
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Figure 25. Al-gate 4007S (//115) after high-temperature 
storage stress (1000X). 

Figure 26.  Si-gate TCS056 (//85) after temperature cycling 
with Lntermittent bias stress test (3000X). 
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Figure  27.     Si-gate TCS056   (//62)   after operational 
life  at  1250C  (1000X). 

Figure  28,     Si-gate TC1092   (#113)  aftei   temperature 
cycling with   Lntermittenl   bias   (3001 
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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 1250C.    The 250C 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 1250C 

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 (300oC)  temperature storage conditions. 

(2) increasing leakage currents  Ugo)  for the 4007S devices under all 

stress conditions. 

(3) degradation of the output drive current for the 4007S 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/ 

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 

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 

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 
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Figure 29.  Typical histogram plot for p-threshold data. 
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F" 

the unit number and indicates a failure with an "F". Trending, such as the 

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. 

LOT 

TABLE 14.     TYPICAL MATRIX PROGRAM PRINTOUT 

*********   TCSoSfc     02/28/76     ********* 
V*LUtS  ARE   BY   TEST   IF   LIMIT   IS  NOT   •9» 

SUPTtST   IS      »V» 
MINIMUM AVERAGE MAXIMUM 

TEST   «      VALUE VALUE VALUE SIGMA 
«HMM> "——"—— _*»—___ -—~~_«» — mm »..». 
HT2!>02Cv> 1 -^.VSVOCC -■<..992067 -4.ö8200v U V .02550336 

2 11.990000 11,994795 12.000000 u V .00974560 
3 lO.77u00U 11.928389 12.0000CO u V ,250454134 
<. 11.990000 11.093798 12.000000 u V ,0053O20f. 
5 -$.Qli*f99*i -5.003716 -6.002U00 u V .00«>492C5 
6 -5.01^999 -5.002235 -4.997999 u V .00812602 
7 .3HVÜU0 .435880 .871000 u V .09041369 
6 9.636999 9.689790 9.712000 M V .01798379 
v 9,<»4Ö9V9 9.662632 9,705000 M V ,05311316 

If 9,6^.8000 9.674312 9,695999 N V ,0138964« 
U .^06000 .434060 ,462000 M V ,0145103B 
12 .385000 .423159 ,495000 M V .02694355 
13 .026uC/0 .074000 .138000 M V .02336003 
U 9.796000 9.822752 9.639999 U V .0114320H 
15 d.622999 9.773791 9.863o00 U V ,23543^59 
It. 9.601OU& 9.824912 9.856999 U V ,01306850 
17 .019IJ00 .069960 .10200C u V .020644H7 
IB .003000 .06324C .102000 U V .02192251 
1" -.OüfiOOü -.D0016Ü .002000 u V .00195305 
20 <♦ .990999 4.995390 4.997999 u V .00660282 
21 '..'.Wv^V 4.974472 5,002999 u V .11377126 
22 '..993999 4.998031 5,002999 u V ,00717181 
23 -.0070u0 -.005960 -.004000 u V .00072 002 
2-. -.011000 -.001920 .002000 u V .00260696 
£5 -.OlOOuO .014400 .040000 u A .013290«^ 
26 «040(100 .056400 .070000 u A .00889103 
27 .1000UO .114800 .130000 V A .0085422 7 
26 -2.6fa99P9 -.123200 .140000 u A .513565'.2 
?" -3.509999 -.328400 .090000 u A .96647274 
30 6.900000 8.009593 8.480000 M A .33400077 
31 25.059996 27.237518 28.829987 M A «89550120 
32 6.629000 8.809153 8.929000 M V .06660700 
33 6.70200t B.826592 8,9 38000 u V .05 387166 
S'. 7.35bOc>9 8.760633 8.933000 u V .2013594? 
3 b -f'.TlüoOO -8.583713 -P.20H999 u V ,11^3236H 
36 -8.733999 -8.538952 -8.230000 U V ,12541956 
37 -8.7H90O0 -8.605392 -8.282000 u V .11462390 
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C. STRESS TEST TRENDS 

Trend graphs containing the X ± 1 slgma 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 !„„ 

(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.      , 

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 1250C 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 TCSOSö's and TC1092ls 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 simultaneously show that all other process 

control parameters were not affected. While the TCS010 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 
bias test:  (a) 40078^ n = 50; (b) TCS056, n = 25; 
(c) TC1092, n - 25. X ± 1 sigma data. 
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Figure 33.    Leakage current  in temperature cycling intermittent bias test: 
(a) 4007S, 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 
1250C:  (a) 4007S, n - 50; (b) TCS056, n = 25, 
(c) TC1092, n -25. "X + 1 sigma data. 
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Figure 36. 
,-Qn.-   rT  n    test  28)   in operational life test  at  1250C! 

Leakage current   UsS»  ze3Z c°/ %.     ,  .  Tr1nq? n = 25 
(a) 4007S, n = 50;   (b)  TCS056, n - 25,   (c) TC1092, n      ^. 

X + 1 sigma data. 
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Fieure 37.    Threshold voltage  in thermal shock test: 
(a) 4007S, n - 25;   (b) TCS056, n = 13; 
(c)  TC1092, n - 12.    TT + 1 sigma data. 
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Figure 39.    Leakage current in thermal shock test:     (a) A007S, n = 25; 
(b) TCS056, n = 13;   (c)  TC1092, n - 12.    7+1 sigma data. 
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Figure A2.    Leakage current in high-temperature storage stepped test: 
(a) 4007S, n = 50,   (b)  TCS056, n = 25,   (c) TC1092, n = 25. 
X + 1 sigma data. 
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Figure 43. Bias life test at 1250C,  showing X ± 1 sigma trends, 
for TCS010 Si-gate CMOS/SOS test array resistance 
(O/m)  of  (a) p*-doped polyslllcon vs time and 
(b) n+-doped polyslllcon vs time. 
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Figure 44. Bias life test at 1250C, showing X ± 1 sigma trends, 
for TCS010 Si-gate CMOS/SOS test array resistance 
(fi/n) of (a) p^-doped n-epitaxial silicon vs time 
and (b) n+-doped p-epitaxial silicon vs time. 
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Figure 45.    Bias life test at 1250C,  showing X + 1 slgma trends, 
for TCS010 Sl-gate CMOS/SOS test array for lO-uA 
BVds vs time:     (a) N3 transistor and  (b) P3 transistor. 
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Figure 46,    Bias life test at 1250C,  showing X +  1 sigma trends, 
for TCS010 Si-gate CMOS/SOS test array for 10-uA 
BV^s vs time:     (a) Nl and PI transistors and   (b) N2 
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XU.     FAILURE ANALYSIS 

A major objective of this study was to define and Identify any failure 

modes or mechanisms observed during the stress  test program.    Both catastro- 

phic  (nonfunctional)  and parametric  (degraded beyond specification limits) 

failures were Identified during the failure analysis.    The thermal shock 

and temperature cycling with Intermittent bias stress  tests generated catas- 

trophic type failures associated with process-related defects as well as 

"end-of-llfe"  failures caused by the weaker dielectric at the epitaxial is-: 

land edge regions.    The catastrophic failures caused by process-related de- 

fects all occurred during the first 10 cycles of thermal shock and 50 cycles 

of temperature cycling with intermittent bias,  indicating clearly that 

these failures can be effectively screened.     The edge-related failure 

mechanism that occurred after extended thermal shock stressing was common 

to both technologies.    A detailed explanation of this edge-phenomenon is 

given in Appendix B.    The remainder of this Section is devoted to failure 

analyses reports typifying both the process-related and "end-of-llfe" failure 

mechanisms. 

A.     PROCESS-RELATED FAILURES 

1. Serial #51  (TC1092)  Si-Gate.    This unit failed the thermal shock test at 

10 cycles.     Its  failure mode was an open N3-P3 inverter.    To verify the 

failure,  the unit was tested for hermeticity   (MIL-STD-883, Method 1014 A,  C^ 

C9) and found to be satisfactory.    It was then "delldded" and examined on the 

SEM using the voltage contrast mode.    Figure 54 shows the voltage on the drain 

terminal stopping at the epi-lsland edge.     Figure 55 shows the cracked metal 

condition observed at the failure site.    The failure mechanism was due to 

poor metal coverage over the Island edge step. 

2. Serial #98  (TC1092)  Si-Gate.      This unit  failed the temperature cycling 

with intermittent bias test at 10 cycles.    The failure mode was a gate-to- 

source breakdown of the PI transistor at 8 V.     In the failure verification, 

the unit was  tested for hermeticity and found to be satisfactory.    The unit 
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Figure  54.     SEM voltage contrast mode   (TC1092,  //51).     Pin  1 
drain terminal,  open at  epi-dsland edge. 

Figure  55.     SEM photograph of metal discontinuity 
at  defect  site   (TC1092,   //51). 
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was  then  delidded  and  examined on the  SEM using   the  induced  current   (EBIC) 

mode with bias  applied.     Figure 56 shows  the  induced  current image obtained 

when the PI and P2 gates were biased above  8 V.     The arrow points  to a 

microplasma breakdown site  that  is developing  and increases  in size as 

the voltage  is  raised.     The  failure mechanism is  a gate oxide rupture below 

the polysilicon gate. 

Figure   56.     SEM-induced current node with bias   (TC1092,   //98). 
Gate-so-source microplasma breakdown site. 

3.     Serial  #6   (4007S)   Al-Gate.       The unit  failed  the  temperature cycling with 

intermittent bias  test  at  50  cycles.     The  failure mode was  a high-current 

breakdown gate-to-source of   the Pi   transistor.     For   failure  verification 

ehe  unit was   tested   for  hermeticity   (MIL-STD-883 Method 1014 A,   C   ,   C  )   and 

found  to be satisfactory.     The unit was  then delidded and analyzed using  the 

liquid-crystal ao  field-effect  technique.     Figure  57  shows  the  thermal effeel 

observed  during   the  liquid-crystal analysis.     The  liquid  crystal   was   re- 

moved,   and   the   failure  site was  examined under  a metallurgical microscope. 

Figure  58 shows  a short-circuit  from gate-to-source  caused by  a subsurface» 

defect  in the  epltaxla]   materia]   (Fig.   59). 
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Figure 57.  Liquid-crystal technique - thermal mode, 
PI transistor breakdown at 0.3 V. 

Figure 58.  Short-circuit from gate-to-source metal. 
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Figure 59.  SEM photograph showing subsurface defect where 
gate-to-source short-circuit occurred. 

B.  "END-OF-LIFE" FAILURES 

1. Serial #230 (4007S) Al-Gate.  This unit failed the thermal shock test at 

300 cycles.  The failure mode was gate-to-source breakdown of the Nl transis- 

tor at 3 V.  In failure verification, the unit passed hermeticity tests, and 

was then delidded and analyzed with the liquid-crystal technique.  Figure 60 

shows the breakdown site (thermal mode) at the epitaxial island edge. 

2. Serial #33 (TCS056) Si-Gate.  This unit failed the thermal shock test 

at 300 cycles.  The failure mode was gate-to-source breakdown of the N2 tran- 

sistor at 2 v. 

In failure verification, the unit passed hermeticity tests, was delidded, 

and analyzed using the liquid-crystal aa  field-effect technique.  Figure 6.1 

shows the breakdown site (thermal mode) at the epitaxial island edge. 

Failure analysis indicated a predominance of gate-to-source short- 

circuits while very few gate-to-drain short-circuits were noted.  This is due 

to the bias configurations leaving drain connections floating in most of the 

stress tests. 
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Figure  60.     Gate-to-source  breakdown,   Nl  transistor   liquid- 
crystal   technique   (4007S,   //230). 

Figure bl.     Edge-related  gate-to-source breakdown 
m  i cans Lsl 01   i:CS056,   I i i. 
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XIII.  PREDOMINANT FAILURE MODES AND MECHANISMS 

Different failure modes were observed during the stress test program for 

the two processes.  The predominant failure mode for the Al-gate technology 

was the depletion mode operation of the n-translstor (V . „ < 0 V), causing 
tnN — 

high leakage current. Sl-gate processed arrays failed because of p-transis- 

tor thresholds increasing in absolute value.  (For this program, a p-transis- 

tor threshold failure was defined as < -2.6 V, although much greater thresh- 

old values could be tolerated before circuit function was affected.) The 

Si-gate threshold voltage failures were bake-recoverable (200oC, 1 h, no 

bias) while the Al-gate leakage failures were not. A summary of failures 

resulting from the stress-test program is given In Table 15. A detailed 

listing of all failures Is given In Appendix A. 

Most of the high-leakage-current failures in the Al-gate arrays were 

caused by a weak dielectric at the Si-sapphire interface. While both the 

Al-gate and the self-aligned Si-gate technologies have their n- and p-tran- 

sistors defined on separate epitaxial-Sl-lsland structures, the wafer 

processing involved makes the Al-gate devices more susceptible to this type 

of failure. During the processing of the Sl-gate arrays, the polysilicon- 

gate is deposited immediately after the channel oxide is defined. This 

is the only oxidation step after the islands are defined. In contrast, 

the Al-gate process has three oxidation steps after the islands are defined. 

Each oxidation typically consumes 440 A of Si for each 1000 A of oxide grown. 

As this operation is repeated, the island-edge sapphire Interface is degraded 

(see Fig. 62). The measured dielectric breakdown voltage of the arrays 

(typical values were 22 to 24 V for Al-gate and 65 to 75 V for self-aligned 

Si-gate arrays) confirmed the weakness of the Al-gate process.  The epitaxial 

island edge structure comprises a separate transistor that is electrically 

in parallel with the primary transistor (see Fig. 62). This parasitic tran- 

sistor has higher leakage, lower conductivity, and lower threshold voltage 

due to different mobility and crystallographic orientation. The effect 

of the edge transistor on device performance was studied using a logarithmic 

picoammeter to measure the drain current as a function of gate voltage. 

Figure 63 is a typical "Log-Picoanuneter" plot of a good Al-gate transistor 

prior to the stress-test program and of a similar device after 4000 h 
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SILICON 
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DIELECTRIC 
THICKNESS 
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LT  
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TRANSISTOR I 
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(100) 

TOF   VIEW r 
(b) 

Figure 62.  (a) Degradation of island-edge sapphire interface 
and (b) schematic diagram of edge transistor. 
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C»M;UIT TYPE 4007S 
DATE CODE'7349S 

X-o«i« • 05 V/in 
VD • 10 V 

EDGE TRANSISTOR 

i"—r*] 1      i-" i I io    , 

-12 

GOOD Al-GATE DEVICE 

10 

Figure 63.    Log-picoammeter plot of good Al-gate transistor 
prior to stress-test program and after 4000-h 
operational  life  test at  1250C, 

operating  life  test at  1250C.     The plot  shows  that  the edge  transistor 

leakage current  increased and also demonstrates  the effect of the parasitic 

transistor threshold voltage on the overall threshold voltage. 

Most of  the self-aligned Si-gate device  failures were due to p-transis- 

tor  threshold  voltage increase.     Since  this  is  a parametric  rather  than 

a catastrophic  failure mechanism and was bake recoverable,   the Si-gate 

CMOS/SOS process was  analyzed to determine  the cause of  this  type of  failure. 

In the self-aligned  Si-gate process,   the n-transistor had a  700-X layer 

of phosphorus-doped oxide over  the polysilicon  gate,   followed by a  700-X 

layer of boron-doped oxide and a 5000-Ä undoped capping oxide.     The p-transis- 

tor only had  the boron-doped oxide  (700 8)   and  the undoped cap  (5000 X)  over 
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the gate. These deposited oxides provide the dopants for the source-drain 

diffusions. When mobile Ions (e.g., Na) exist In the channel, they would 

tend to affect both transistors. The postulated mechanism for affecting 

only the p-devlce Is a "getterlng" effect caused by the phosphorus-doped 

oxide over the n-translstor preventing mobile Ions outside the channel 

dielectric from migrating Into the active channel region.  Since this phos- 

phorus glass Is not over the p-translstor, the p-translstor could exhibit 

threshold voltage shift Independent of the n-transistor. 
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XIV.  CONCLUSIONS AND DISCUSSION 

A.  CONCLUSIONS 

V 

(1) The results of this study show that the self-aligned Si-gate tech- 

nology can achieve a median life of 72,000 h at 1250C. 

(2) The Al-gate technology demonstrated a 7500-h median life at 1250C. 

(3) The poorer reliability results for the Al-gate devices may 

have been due to the particular manufacturer's process that 

resulted in inherently weak dielectric strength of the 

channel oxide as it extends over the epi-island edge. The 

poor quality, due to the procuring circumstances, was also 

a cause. 

(4) "Infant mortality" failures due to process-related defects 

are screenable. 

(5) Edge-transistor related reliability problems can be minimized 

by using the self-aligned Si-gate technology. 

(6) No electrostatic discharge failures attributable to handling 

were encountered during the entire test program.  It must be 

pointed out that the results demonstrated for the TCS056 

Si-gate technology were achieved on arrays that did not in- 

corporate complete static voltage input protection. 

(7) The stacked Zener-diode type of input-protection network 

causes increased power dissipation and should not be used 

for large-scale integrated (LSI) circuits. 

(8) Metallization step coverage of the epitaxial islands does 

not appear to be a reliability problem for the simple struc- 

tures evaluated in this program, but improvements are necessary 

in order to meet MIL-M-38510 metallization inspection require- 

ments. 

(9) The use of accelerated bias-temperature (> 250oC) screening as 

an indicator of device reliability is not recommended fcr epoxy- 

mounted arrays.  Catastrophic failures and variation of device 

parameters may result from the effects of additional epoxy curing 

at temperatures at or in excess of the cure temperature. 
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XV.     RECOMMENDATIONS 

Based upon the stress program results,  RCA/SSTC suggests  the following 

tests as part of a high-reliability screening procedure for CMOS/SOS: 

(1) 168-h static-bias burn-in at 1250C. 

Since no failures occurred during the initial 2000 h of  the 1250C 

operational life test,   it was  felt that the 168-h static-bias burn-in per- 

formed during the pre-stress program screening procedure effectively elimi- 

nated all "early life" failures. 

(2) Thermal shock,   10 cycles, -65°  to 150oC,  liquid to liquid. 

(3) Temperature cycling with intermittent bias,  50 cycles, -55°  to 

1250C. 

Based on data obtained from arrays processed with more recent RCA tech- 

nology, the reliability of self-aligned Si-gate CMOS/SOS devices can be fur- 

ther improved by: 

(1) Substitution of  ion-implantation of the source-drain electrodes 

for the boron- and phosphorus-doped oxides, which eliminates the 

condition where the boron-doped oxide is in intimate contact with 

the channel insulator. 

(2) Use of low-leakage gated-diode input-protection networks  (input to 

V      and V    )   combined with large-area V      to V      protective diodes. 

(3) Use of enclosed-type transistor geometries  to minimize edge transis- 

tor related failures. 
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APPENDIX A 

FAILURE DATA FOR STRESS-TEST PROGRAM 

Stress Test 
Failed 

Device 
Type 

When Failure 
Occurred 

Unit 
// 

Transistor 
Failed 

Thermal Shock TC1092 10 cycles 51 P2 

't007S 10 cycles 260 Nl 

TCS056 300 cycles 33 N2 

TCS056 300 cycles 30 PI 

TCS056 300 cycles 38 Nl 

TCS056 300 cycles 29 PI 

TC1092 300 cycles 50 PI 

4007S 300 cycles 230 Nl 

TCS056 400 cycles 35 Nl 

Temperature 
Cycling 
Intermittent 
Bias 

TC1092 
TC1092 
TC1092 
4007S 

10 cycles 
10 cycles 
50 cycles 
50 cycles 

98 
112 
109 
57 

PI 
PI 
Nl 
Pkg. Pin 8 

4007S 50 cycles 9 Nl - PI 

4007S 50 cycles 6 PI 

4007S 50 cycles 98 Nl 

High-Temperature 4007S 500 h (250oC) 134 P3 

Storage Stress 
(Stepped) TC1092 500 h (250oC) 22 N2 

4007S 24 h (250oC) 106 Nl 
TC1092 24 h (250°C) 30 PI 

TC1092 250 h (300°C) 97 All "N" devices 
TCS056 750 h (300oC) 19 Nl 
TCS056 750 h (300°C) 6 All "N" devices 
TCS056 750 h (300oC) 4 All "N" devices 

TCSa56 750 h (300oC) 7 All "N" devices 
TCS056 750 h (300°C) 5 Nl 
TCS056 250 h (300oC) 21 Nl 

TCS056 750 h (300°C) 8 Nl 
TCS05fa 1000 h OOO-C) 18 All "N" devices 
4007S 500 h (300oC) 156 N2 
4007S 750 h (300oC) 170 N2 
4007S 500 h (300oC) 205 N2 
4O07S 500 h OOO'C) 112 Nl + N2 

Failure Mode 

Metal discontinuity over 
epitaxial island edge 
Gate-to-source edge 
related breakdown 
Edge related gate-to- 
source breakdown 
Edge related gate-to- 
source breakdown 
Edge related gate-to- 
source breakdown 
Edge related gate-to- 
source breakdown 
Edgre related gate-to- 
source breakdown 
Edge related gate-to- 
source breakdown 
Edge related gate-to- 
source breakdown 

Gate-to-drain breakdown 
100 MA II gate to source 
Gate-to-source breakdown 
Broken package pin - 
probable handling failure 
Damaged epi-gate-to- 
source breakdown (2 failure sites) 
Defect in epl-gate-to- 
source breakdown 
Edge related gate-to- 
source breakdown 

Edge related gate-to- 
source breakdown 
Gate-to-source breakdown 
Gate-to-source breakdown 
Edge related gate-to- 
source breakdown 
Vth "N" < 0 V 
Depletion mode N device 
Depletion mode N device 
Depletion mode N V^, £ 0 
Depletion mode N Vth 
Depletion mode N V^h _ 
High leakage gate-to- 
source breakdown 
Depletion mode N V^, < 0 V 
Depletion mode N V^j, <  0 V 
Edge transistor leakage 
Edge transistor leakage 
Edge transistor leakage 
Edge transistor leakage 

0 V 
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FAILURE DATA FOR STRESS-TEST PROGRAM  (Continued) 

Stress Test Device When Failure Unit Translator 
Failed Type 

4007S 

Occurred 

500 h ooo-c) 

// Failed 

Nl 

Failure Mc 

Edge trans 

de 

High-Temperature 175 istor leakage 
Storage Stress 4007S 500 h OOO'C) 148 N2 ii 

(Stepped) 4007S 500 h Ooo-c) 132 Nl + N2 it 

4Ü07S 500 h OOO'C) 119 Nl ii 

40078 500 h (300°C) 130 All "N" devices n 

4007S 500 h OOO'C) 123 Nl + N3 n 

4007S 500 h Ooo-c) 211 All "N" devices ii 

4007S 750 h Ooo-c) 152 N3 it 

4007S 750 h (300-C) 124 Nl ii 

4007S 500 h Ooo-c) 204 m II 

4007S 500 h (300-C) ■95 N3 n 

4007S 500 b Ooo-c) 196 N3 ti 

4007S 500 b (300°C) 178 Nl n 

4007S 750 h (300-C) 164 All "N" devices ii 

4007S 1000 h O00°C) 171 All "N" devices it 

4007S 1000 h OOO-C) 150 All "N" devices it 

4007S 1000 h O00oC) 182 All "N" devices it 

4007S 500 h (300-C1) 104 All "N" devices n 

4007S 500 h OOO'C) 107 All "N" devices II 

Edge transistor leakage 
4007S 500 b (300oC) 114 All "N" devices it 

4007S 500 h (300°C) 133 All "N" devices it 

4007S 500 h (300°C) 136 All "N" devices it 

Operational TCS056 3000 h 56 Nl.Pl, P3 Breakdown P £-2.6 V 
Life TCS056 4000 h 60 Nl Breakdown gate-source 

TC1092 4000 h 80 P1,P3 "P" Vth < -2.6 V 
TC1092 3000 h 77 PI "P" Vth 1 -2.6 V 
4007S 1000 h 395 All "N" devices Edge transistor leakage 
4007S 3000 h 392 All "N" devices 
4007S 4000 h 391 All "N" devices 
4007S 2000 h 355 All "N" devices 
4007S 4000 h 354 All "N" evlces 
4007S 3000 h 351 All "N" devices 
4007S 4000 h 403 All "N" devices 
4007S 4000 h 385 All "N" devices 
4007S 4000 h 297 Nl Edge transistor leakage 
4007S 3000 h 372 N1,N2 II 

4007S 3000 h 386 N1,N3 M 

4007S 4000 h 420 All "N" devices 11 

40O7S 4000 h 414 All "N" devices II 

4007S 3000 h 3.10 All "N" devices II 

4007S 4000 h 349 All "N" devices it 

4007". 4000 h 342 All "N" devices n 

4007S 400C n 341 All "N" devices II 

4007S 3000 h 333 All "N" devices II 

4007S 4000 h 309 All "N" devices it 

4007S 4000 h 350 All "N" devices II 

4007S 4500 h 283 All "N" devices II 

4007S 4000 h 346 All "N" devices n 

4007S 4000 h 358 All "N" devices M 

4007S 4000 h 360 All "N" devices II 

4007S 4000 h 366 All "N" devices it 

4007S 4000 h 367 All "N" devices n 

4007S 4000 h 374 All "N" devices M 

4007S 4000 h 375 All "N" devices ll 
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FAILURE DATA FOR STRESS-TEST PROGRAM  (Continued) 

Stress Test 
Failed 

Operational 
Life 

Static Bias- 
Temperature 
Stress 
250°C 

Static Bias- 
Temperature 
Stress 
225°C  Cell 

Static Bias- 
Temperature 
Stress 
aOO'C Cell 

Device 
Type 

4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 

4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
TC1092 
TC1092 
TC1092 
TCS056 
TCS056 
TCS056 

4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
TC1092 
TC1092 
TC1092 
TCS056 
TCS056 
TCS056 
TCS056 

4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
4007S 
TC1092 
TC1092 
TC1092 
TCS056 
TCS056 
TCS056 

When Failure 
Occured 

4000 
3000 
4000 
4500 
4500 
4500 
4500 
4500 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 

4 
4 
4 
4 
4 
4 
4 
6 
7 
4 
4 
26 h 
4 h 
6 h 
30 h 

5 h 
5 h 
5 h 
10 h 
10 
10 
10 
10 
65 
65 

h 
h 
h 
h 
h 
h 

105 h 
105 h 
105 h 
105 

32 
32 
32 
32 
6Ü 
60 
60 
40 
100 h 
100 h 
150 h 
400 h 
400 h 

Unit 
JL_ 
379 
387 
294 
296 
317 
321 
324 
373 
382 
312 
337 
359 
397 
402 
409 
412 
423 

455 
438 
443 
439 
450 
428 
427 
431 
432 
119 
121 
120 
93 
94 
92 

635 
633 
627 
623 
626 
610 
608 
162 
161 
160 
136 
137 
139 
138 

498 
496 
493 
538 
517 
491 
489 
130 
128 
129 
106 
105 
107 

Transistor 
Failed Failure Mode 

All "N" devices  Edge transistor leakage 

Nl 
N1,N2 
N1,N2,N3 
N1,N2 
N1,N2 
Nl 
N2 
N2 
N1,N3 
All "P" devices 
P3 
All "P" devices 
P2,P3 
P2 
P2 

All "N" devices 
All "N" devices 
Nl 
All "N" devices 
All "N" devices 
Nl 
Nl 
P2,P3 
P2>P3 
P2,P3 
PI 
P1,P2 
PI 
PI 

Edge transistor leakage 

'th "P" < -2.6 V 

N2 
All 
All 
All 
All 
N2 
All 
P2,P 
All 
P3 
All 
P3 
PI 

"N" devices 
"N" devices 
"N" devices 
"N" devices 

"N" devices 
3 
"P" devices 

"P" devices 

Edge  transistor  leakage 

th 
"P"  < -2.6 V 

Edge  transistor  leakage 

V ,.  "P" 
th 

-2,6 V 
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FAILURE DATA FOR STRESS-TEST PROGRAM  (Continued) 

Stress Test 
Failed^  

Static Blaa- 
Teraperature 
Stress 
U5°C 

Static lUas- 
Tenperature 
Stress 
ISO-C Cell 

Bias Pciwor 
Temperature 
St ress 
i75°C Cell 

Bias Power 
Temperature 
Stress 
150oC Cell 

Bias Power 
Temperature 
Stress 
1250C Cell 

Bias Power 
Temperature 
Stress 
105°C Cell 

Bias Power 
Temperature 
Stress 
850C Cell 

Device 
Type 

4007S 
4007S 
4007S 
40l)7S 
40()7S 
TCI 092 

40()7S 
40O7S 
4Ü()7S 
4007S 
4007S 
4007S 
TC1092 
TC1092 

4007 S 
4007S 
40()7S 
4007S 
40()7S 
40Ü7S 
IC1092 
TC1092 
TC1092 
TCS056 
XCS056 
TCS056 
TCS056 

4007S 
4007S 
4007S 
4007S 
4Ü07S 
4007S 
TC1092 

4007S' 
4Ü07S 
4007 S 
4007S 
4007S 

4007S 
TC1092 

4007S 
TC1092 
TCS056 

When Failure 
Occured  

168 h 
168 h 
168 h 
200 h 
200 h 
500 h 

168 li 
168 h 
168 li 
168 li 
168 li 
168 h 
2250 h 
2250 h 

35 1. 
35 li 
35 h 
100 h 
100 h 
100 h 
200 li 
300 li 
300 h 
1250 li 
2168 li 
2168 i, 
2168 h 

75 h 
75 h 
75 h 
125 h 
125 h 
125 h 
750 li 

168 h 
168 h 
168 h 
168 h 
168 h 

750 h 
336 h 

168  li 
1000 h 
336 li 

Unit 
// 

352 
199 
687 
664 
683 
189 

578 
571 
568 
569 
570 
566 
142 
146 

476 
471 
466 
458 
480 
474 
123 
124 
126 
104 
100 

99 
101 

401 
441 
444 
286 
666 
668 
173 

552 
555 
554 
550 
548 

602 
158 

588 
147 
128 

Transistor 
Failed  

All  "N" devices 
Nl 
All  "N" devices 
All  "N" devices 
All  "N" devices 
Pi 

N2,N3 
All  "N" devices 
All  "N" devices 
All   "N" devices 
All "N" devices 
N3 
P2 
PI 

M3 
N2 
Nl 
Nl 
All  "N" devices 
Nl 
P1,P2 
All  "P" devices 
PI,   Nl 
P2,P3 
PI 
P1,P2 
P3 

Nl 
Nl 
Nl 
Nl 
All 
All 
P2 

Failure Mode 

Kdge  transistor  leakage 

V       "P"  <  -2.6 V 
til - 

Kdge  transistor  leakage 

Vth "P" l-2-b v 

lO-pA  leakage   (gate-tu-source) 

Kdge   transistor  leakage 

'N" devices 
'N" devices 

'th -2.6 V (Nl leaky) 

iü-uA leakage (gate-to-source) 

Kdge transistor leakage 

Vth 
iipn -2.6 V 

All  "N" devices       Kdge  transistor  leakage 
All  "N" devices " 
All "N" devices 
All "N" devices 
All  "N" devices 

Nl.Pl 
P3 

PI 
PI,   P2 
N3 

Breakdown   (gate-to-source) 
Leakage  Failure 

Breakdown (gate-to-souree) 

'th -2.6 V 
Leakage current failure 
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(1) The edge region is not flat microscopically. 

(2) The edge region has been exposed to different chemical environ 

ments. 

(3) The edge surface intersects the substrate. 

(4) The edge is composed of Si whose structural perfection is graded 

from top to bottom. 

The important point to note is that there are at least five reasons 

to expect that the edge region and its associated interfaces will behave 

differently from the top Si surface and its associated interfaces.  Consider 

what happens when the Si is constrained to retain its original shape after 

oxidation, as is observed. The process of thermally oxidizing a sharp corner 

is illustrated in Fig. B-l. During the oxidation, Si will be consumed to 

form the oxide.  These areas are denoted 1, 2, 3, and 4.  A given volume 

of Si will produce approximately twice that volume of SiO„. Therefore, Si 1 
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APPENDIX B 

PHYSICAL STRUCTURE OF THE EDGE REGION 

When thin heteroepitaxial Si films are used to make CMOS/SOS devices, 

the usual practice is to etch the unneeded Si off the substrate, thereby 

leaving isolated Si islands. This process is the most conunon technique 

used for achieving dielectric isolation.  The etch used is typically an 

anisotropic Si etch consisting of water, potassium hydroxide, and n-propanol 

used at an elevated temperature (^850C). This etch is somewhat pref'-rential 

and attacks (111) planes more slowly than others. The preferential nature 

of this etch is not sufficient to guarantee a microscopically planar edge. 

Therefore, on the average, the edge surfaces are sloped toward the (111) 

plane but cannot really be considered to have a definite orientation. The 

preferential nature of the etch produces sloped edges which limit the amount 

of undercutting during the etch and give better step coverage with deposited 

metal. 

Physically, the edge Si surface is different from the top Si surface. 

In addition to the previously mentioned orientation difference, the following 

points are to be considered: 

- ^ ^^.^„^^^.r^^^ -' - 



ORIGINAL SURFACE 

AFTER OXIDATION SURFACE 

OXIDE 

SILICON 

TOP EDGE 

Figure B-l. Diagram that shows tendency for void 
creation at top of silicon edge. 

produces oxide 1' and so forth.  Obviously, the oxide does not have the 

shape shown in Fig. B-l, but it is clear that there is not enough Si available 

to produce enough oxide for uniform corner coverage.  This means that a strong 

force, which is basically cohesive in nature, is pulling the edge oxide up the 

edge in order to fill the void. The force is not related to the thermal ex- 

pansion coefficients and has its origin within the oxide itself. It is 

a direct consequence of the geometry of the system. 

In addition to this cohesive force, the phenomenon illustrated in 

Fig. B-2 tends to form a void at the bottom of the edge.  This phenomenon 

is again due to a limited supply of Si but is not a function of the Si film 

thickness. 
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ORIGINAL     SURFACE 

\   5 
\ 

AFTER    OXIDATION       \ 
SURFACE   ■—"'^    \ 

BOTTOM     EDGE 

Figure B-2.    Diagram that shows tendency for void creation 
at bottom of silicon edge. 

. 

This creation of a void at the bottom edge of the island results in a 

decrease in dielectric thickness.  Continual thermal stressing of this region 

(e.g., thermal shock) has created a failure mechanism common to both Al-gate 

and Si-gate technologies. 

This appendix was extracted from W. E. Ham, "High Speed Complementary 

Metal-Oxide-Semiconductor/Silicon-on-Sapphire Development," PRRL-75-CR-42; 

November 1975, (AD-B007 950L). 
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APPENDIX C 

TEST TECHNIQUES 

All device electrical characterization (initial, interim, and final) 

utilized the Datatron "Hustler 44" automatic test system.  Supplemental 

tests performed for failure analysis used both a log-picoammeter and current 

analyzer. These techniques are described in this section. 

1.  Datatron Hustler 44 

The Datatron Test System is a three-station system consisting of a two- 

station 50-kHz Hustler 44 and a one-station 10-MHz Hustler 45.  The Hustler 

44 parametric tester is capable of testing arrays of up to 75 pins and is 

wired to be expanded up to 100 pins and up to four stations.  The central 

computer is a Data General Nova having 32K words of high-speed core memory. 

Supplementing this is a dual floppy disc with an additional 240K words of 

memory and a magnetic-tape Cartrifile memory for storing test programs. 

The system has an ASR 33 Teletype, CRT display and keyboard used to generate 

and edit test programs. A high-speed paper tape reader and punch is included 

for generating and storing hard copies of test programs. A medium-speed 

printer does data-logging and test pattern printouts.  Additional hardware 

includes a system for measuring currents as low as 1 nA, two 100-V bias 

supplies, two clock systems, hardware masking of errors which eliminates 

repetition rate slow-down, and a front panel digital display for observing 

test patterns. An A-to-D converter is included to measure voltages and 

currents on any pin. 

The Hustler 45 clock rate tester forms the third test station and is 

under the control of the Hustler 44 central computer.  This system can be 

used for both parametric testing at rates up to 50 kHz as well as clock 

rate testing at rates up to 10 MHz. The system can test arrays with up 

to 76 pins and is wired to be expanded to 100 pins.  The system has a 1024- 

bit high-speed ECL RAM behind each pin. The system can make rise-time, 

fall-time, pulse width, and propagation delay measurements to 1-ns resolution 

under software control.  It contains a programmable pattern generator (micro- 

processor) to test arrays requiring repeating test patterns such as memories 
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and counters.    The microprocessor is formated for 64 Instructions of 32 

bits  each,  and  is  configured  for 16 address  lines  and 12 data lines.     It 

can  test up  to  32K bits of memory at a 10-MHz  rate. 

Software includes executive,  self-test,  and calibration programs as 

well as datalog,  software masking,  delta measurements,   truth table read-in 

from tape, bias offset,  and incremental voltage testing.     A translator 

program is provided to make test programs compatible between the new system 

and the existing Datatron Test System. 

The entire test system will normally be set up for wafer probing at 

the Hustler 45 station and at one of the Hustler 44 stations.    The remaining 

Hustler 44 station will be used for final testing packaged arrays.    Any 

of  the stations can easily be converted to final testing or wafer probing 

as the need arises. 

2.    Current Analyzer   ("Square-Rooter") 

In normal operation,  a COS/MOS inverter input is switched rapidly 

between the high and low states so that the major current is due to charging 

and discharging of  the output  capacitance. 

The output voltage curve shows that when the voltage at the input of 

the inverter is zero,  the gate-to-source voltage  (V    )  of the p-channel 
gs 

device is equal to the negative of the supply voltage (V-.. = 10 V) and the 

p-channel unit is on. Under these conditions there is a low impedance path 

from the output to V n, and a very high impedance path to ground; therefore, 

the output voltage approaches Vj.-. When the input voltage is +VDD> the 

situation is reversed: the p-channel unit is cut off and the n-channel 

unit is on, with the result that the output voltage approaches zero. As 

the input voltage is swept from 0 toward V  the n-channel begins to conduct. 

Therefore, the left side of the current curves represents the I-V character- 

istic of the n-channel device.  The source of the n-channel is connected 

to Vcc so that the gate-to-source voltage is Vnc!n =  V . When V  reaches 
SS gsn 

the switching voltage (approximately V /2) the p-channel device begins to 

limit the current.  The right-hand portion of the current curves represents 

the I-V characteristic of the p-channel unit.  The source of the p-channel 

is connected to V  so that the p-channel gate-to-source voltage is measured 

V   " V. - V-_. 
gsp   in   DD 
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The simple current equations for the n- and p-channel devices are: 

Dn   n  gsn   thn (C-l) 

V   < V   In = K (V   + Vfc. )' 
gsp   tp  Dp   p N gsp   thp 

(C-2) 

where K , K = gain constants depending on geometry and field effect mobil" 

ity. 

V , , V   = threshold voltage for n- and p-channel devices. 

By analyzing the power supply current, it is possible to determine 

the threshold and gain factors of both the p- and n-channel devices. The 

task is greatly simplified by looking at the square root of the drain current 

since this makes Eqs. (C-l) and (C-2) linear in voltage.  Figure C-l shows 

that the square root of the current is composed of two straight-line segments 

whose intercepts are the threshold voltages and slopes are equal to the 

square root of the gain factor. Figure C-2 shows the schematic of the 

current analyzer. Typical plots obtained with the current analyzer during 

failure analysis are shown in Fig. C-3. 

3. Log-Picoammeter 

The log-picoammeter provides accurate current measurements with con- 
-11    -3 

tinuous auto-ranging from 10   to 10  A. A dual-polarity input and an 

output voltage of 1 V per decade provide a convenient means for recording 

data with either an X-Y recorder or an automated testing system. Figure C-4 

shows typical plots obtained on devices during the stress test program. 
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Figure C-l.    Transfer characteristics,  CD4007. 

RÄNGE   SWITCH 

Rf b X 
-AA/W  " 

POLARITY 
SWITCH 

LINEAR 

SQUARE 
ROOTER 

V v/l Ü IR f b 

LOGARITHMIC V--2 LOG lOIRIb 
AMPLIFIER 

Figure C-2.     Block diagram of current analyzer. 
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EDGE-TRANSISTOR 
LEAKAGE 

*j**m*mi&mKBBBUKKimimmmm****,,_ 

(a) 

CIRCUIT TYPE' 4007S 
DATE CODE 7349 
UNIT * 414 

PROCESS' ALUMINUM-GATE 

UNIT BAILED AFTER 4000 h 
AT 129*0 UNDER BIAS f-SOkHi 

EDGE TRANSISTOR 

3.6mA 

ISraA 

900,1* 

400pA 

lOO/tA 

EDGE TRANSISTOR- 
LEAKAGE 

K> 

(b) 

Figure C-3.    Typical plots of  failure analysis with current 
analyzer:     (a) unit failed after 500 h at 300CC 
and  (b)  unit failed after 4000 h at 1250C. 
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CIRCUIT TYPE^ 4007S 
DATE CODE   7349S 
UNIT* 414 

IX is -  0.5  V/in. 
■ 10 V 

OPERATIONAL  LIFE 
5000 h 

THIS  UNIT FAILED AT  THE   40OOIl| 
TEST   POINT. 

CIRCUIT TYPE    TCS 096 
DATE CODE   7525 HH 
UNIT #209 

X - axis = 0.5 V/ln 

THIS UNIT WAS NOT SUBJECT  I0-9 

TO THE STRESS TEST 
PROGRAM 

(a) 

(b) 

Figure C-4.  Typical "log-picoammeter" plots; (a) Unit failed after 
4000 h of 1250C operational life.  (b) Not subjected 
to stress test program (TCS056). 
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CIRCUIT TYPE    TCS 056 
DATE CODE   7524J 
UNIT #55 

X - axis = 0.5 V/in. 

I 

10 V 

THIS UNIT COMPLETED THE 
5000 OPERATIONAL LIFE 
TEST SUCCESSFULLY 

(c) 

CIRCUIT TYPE'    4007S 
DATE CODE' 7349S 
UNIT #171 

axis = 1/2 V/in. 
= 10 V 
HISH TEMPERATURE STORAGE 

Figure C-4. Typical "log-picoammeter" plots;  continued 
(c)  Unit  completed 5000 h life  test success- 
fully (TCS056).     (d) Unit  failed for edge- 
transistor leakage after high-temperature 
storage  (4007S). 
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APPENDIX D 

LIQUID-CRYSTAL FAILURE ANALYSIS TECHNIQUE 

A.  BACKGROUND 

This technique is nondestructive and allows both surface thermal effects 

and ac fields to be observed, A nematic liquid-crystal layer is applied to 

the chip, and the circuit is operated normally. The effect is observed on 

a standard metallurgical microscope utilizing cross-polarized lighting and 

optics.  In pulse operation the areas of the circuit where the potentials 

are modulated appear bright against a dark background.  By reducing the re- 

petition rate of the clocking pulse, the propagation of the signal in a 

complex circuit can be followed.  Localized heating effects can also be ob- 

served. When the failure mode is a region of high current density and low 

voltage breakdown, the crystal will respond to a temperature change when the 

V  voltage is swept beyond the breakdown level.  By decreasing the Vr 

level slowly, the heating is 

location can be pinpointed. 

'DD  0 r '""~    •       '""  ""    DD 
level slowly, the heating is confined to a very small area and the failure 

B.  LIQUID-CRYSTAL OPTICS 

A nematic liquid crystal is composed of rod-like organic molecules 

which act on each other to force themselves to align in the same direction. 

If the walls bounding a thin layer are suitably treated, they will force 

the molecules adjacent to the walls to be aligned in a perpendicular 

fashion.  The ordering tendency then causes the rest of the molecules to 

follow suit and point in the same direction. 

The electro-optic and thermo-optic properties of this layer are strong- 

ly birefringent, that is, the refractive index changes with direction. 

When electrical fields or currents cause localized distortion of the molec- 

ular ordering the refractive index is correspondingly changed.  Similarly, 

when localized heating occurs it causes an adjacent region of liquid 

crystal to pass from the nematic to the Isotropie (normal liquid) state, 

also creating an index distortion. As a result of these properties a re- 

fractive index pattern is produced in the liquid crystal which mirrors 

the pattern of electric fields at the surface of the integrated circuit. 
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C.     INTEGRATED-CIRCUIT EXAMINATION 

An extremely simple preparation of the IC allows this technique  to be 

implemented.     The surface of the IC is pretreated with a surfactant  solu- 

tion that assists the molecular alignment.     The liquid crystal is then 

applied to  the chip.    A surfactant-coated cover glass  is  then lowered onto 

the liquid crystal and the completed assembly,  as shown in Fig.  D-l,   is 

ready  for observation.     The device is then placed into an ocular system 

(standard metallurgical microscope with polarized light  source and eye- 

pieces)  as shown in Fig.  D-2 and operated normally. 

A further discussion of the liquid crystal technique may be found  in 

D.   J.   Channin,  "Observing  Integrated Circuit  Operation with Liquid Crystals," 

I.E.E.E.   Transactions on  Electron  Devices,  October 1974. 
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LIQUID CRYSTAL COVER  PLATE 

Figure D-l. Nematic liquid-crystal technique. 

ANALYZER 

POLARIZER 

INTEGRATED 
CIRCUIT 

Figure D-2, Liquid-crystal ocular display system. 
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METKIC SYSTEM 

BASE UNITS: 

Quantity Unit SI Symbol Formula 

length metre m 
mau kilogram k| ... 
time second s 
electric current ampere A 
thermodynamlc temperature kelvin K ... 
amount of lubatance mole mol 
luminoui inteiuity candela cd ... 

SUPPLEMENTAIY UNITS: 

plane angle radian rad 
solid angle steradian sr ... 

DERIVED UNITS: 

Acceleration metre per second squared m/s 
activity (of a radioactive source) disintegration per second (disintegration )/s 
angular acceleration radian per second squurnd >•• rad/s 
angular velocity radian per second rad/s 
area square metre Rl 
density kilogram per cubic metre kg/m 
electric capacitance farad F A-s/V 
electrical conductance Siemens S AN 
electric field strength volt per metre V/m 
electric inductance henry H Vs/A 
electric potential difference volt V W/A 
electric resistance ohm V/A 
electromotive force volt V W/A 
energy ioule 1 N-m 
entropy joule per kelvin |/K 
force newt on N kg-m/s 
frequency hertz Hz (cyde)/f 
illuminance lux Ix Im/m 
luminance candela per square metre cd/m 
luminous flux lumen Im cd-sr 
magnetic field strength ampere per metre Mm 
magnetic flux weber Wb V-s 
magnetic flux density tesla T Wb/m 
magnetomotive force ampere A ... 
power watt W I's 
pressure pascal Pa N/m 
quantity uf electricity coulomb C As 
quantity of heat joule 1 N-m 
radiant Intensity watt per steradian Win 
specific heat joule per kilogram-kelvin I/kg-K 
stress pascal Pa N/m 
thermal conductivity watt per metrekolvln ... W/m-K 
velocity metre per second m/s 
viscosity, dynamic pascal-second Pas 
viscosity, kinematic square metre per second m/s 
voltage volt V W/A 
volume cubic metre m 
wavenumber reciprocal metre (wave)/m 
work joule 1 N-m 

SI PREFDCES: 

Multiplication Factors 

1 000 000 000 000 ■ 
1 000 000 000 - 

1 000 000 
1 000 ■ 
100 = 
10 " 

0.1 - 
0 01 = 

0 001 = 
1)000 001 - 

0 000 000 001 - 
0 000000 000 001 - 

0.000 000 000 0(H) 001 
0.000 000 000 (KM) 000 001 

10" 
10» 
10* 
10' 
10' 
10' 
IO-' 
10-' 
io-' 
10" 
io-* 
10" 
io-" 
io-" 

' To IM- avoided where poasible. 

Prefix 

tore 
H'Ka 
mega 
kilo 
hecto* 
deka' 
deci* 
cent I" 
milll 
mien» 
nano 
pic» 
liimlo 
alto 

SI Symbol 

T 
(i 
M 
k 
h 
da 
d 
c 
m 
M 
n 
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MISSION 
of 

Rome Air Development Center 

RADC plans and conducts research, exploratory and advanced 
development programs in command, control, and conminications 
(C3) activities, and in the C3 areas of information sciencea 
and intelligence.    The principal technical mission areas 
are comunications, electromagnetic guidance and control, 
surveillance of ground and aerospace objects, intelligence 
data collection and handling, information system technology, 
ionospheric propagation, solid state sciences, microumve 
physics and electronic reliability, maintainability and 
compatibility. 
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