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Abstract 

CMOS ESD f a i l u r e s  i n  a product where, by 
design, the device input terminals are not 
accessible t o  ESD led t o  t h i s  study o f  device 
suscep t ib i l i t y  and an analysis o f  the long-term 

1 r e l i a b i l i t y  o f  devices i n  assemblies from tha t  
production l ine .  This paper shows some sur- 

e lec t ros ta t i c  discharge i s  

d ESD preventative procedures 
i n  design and fab r i ca t i on  o f  f i r e  sets f o r  
weapons systems i s  an obvious requirement t o  
achieve the required r e l i a b i l i t y .  Techniques 
f o r  providing pro tec t ion  from e lec t ros ta t i c  d is -  
charge (ESD) have been learned by experience and 
are i n  continuous use i n  the design and fabr ica- 
t i o n  o f  such systems. Therefore, i t  came as a 
surpr ise when CMOS integrated c i r c u i t  f a i l u r e s  
which appeared t o  have been caused by ESD 
occurred on a f i rese t  production l ine .  

, I n  a per iod o f  about three months, several 
f i r e s e t  un i ts  f a i l e d  a f i n a l  funct iona l  t es t  a t  
the completion o f  the l a s t  stage o f  assembly. 
The cause o f  f a i l u r e  was t raced t o  the f a i l u r e  
o f  f i v e  CMOS 4021A eight-stage s h i f t  reg is ters  
i n  pat ted subassemblies. Detai led f a i l u r e  
analysis disclosed gate nxide ruptures i n  three 
of the 4021A c i r cu i t s .  The f a i l u r e  mode o f  the 
other two 4021A circuSts was a high current  i n  
one input terminal. The f a i l u r e  mechanism was 
net found. 

Each subassembly had been given a complete 
funct iona l  test, w i th  no f a i l u r e s  detected, j u s t  
p r i o r  t o  f i n a l  assembly. Further, the gate oxide 
ruptures  occurred a t  gates o f  the  4021A f o r  which 
inputs are not d i r e c t l y  accessible by way o f  the 
tenninals o f  the subassembly. At the subassembly 
or f i n a l  assembly stage no CMOS input leads come 
t o  terminals or connectors tha t  are accessible 
t o  inadvertent ESD. I n  addition, a l l  CMOS inputs 
are protected by resistance networks i n  the c i r -  
c u i t  external t o  the I C  package. 

Several imnedi ate questf o m  arose: 

What caused the fa i l u res?  

*This job supported by the  U.S. Department 
o f  Energy. 

I f  they were caused by ESD, d i d  the 
stress occur a t  component l eve l  (sup- 
p l i e r  t e s t  or incoming inspection) w i th  
resu l tan t  f a i l u r e  a t  a l a t e r  time? 

What i s  the r i s k  tha t  other devices i n  
the f i n a l  assemblies have been exposed 
t o  ESD and w i  11 become f a i l u r e s  i n  t ime? 

A1 though considerable information i s  avai l- 
able on the suscep t ib i l i  y o f  ind iv idua l  i n te -  
grated c i r c u i t s  t o  ESD,f.2 l i t t l e  informat ion 
i s  avai lable on the s u s c e p t i b i l i t y  o f  c i r c v i t  
asse b ies  containing CMOS devices. Previous 
workyPi on l a t e n t  f a i l u r e s  o f  devices exposed 
t o  ESD has been inconclusive because o f  the 
d i f f i c u l t y  i n  accessing the damage done by the 
ESD and determining i f  Fa i l u re  mechanisms re la ted  
t o  the damage and leading t o  f a i l u r e  ex i s t .  
Perhaps the most puzzl ing instance i s  the case 
o f  gate oxide rupture where the rupture does not 
cause funct iona l  f a f l u re ,  The damage s i t e  has 
associated w i th  i t an unknown potent i  a1 f o r  
1 atent f a i  1 ure. 

The goal o f  the work described i n  t h i s  paper 
i s  t o  dupl icate w i th  in tent iona l  ESD the type o f  
f a i l u r e s  found i n  the f i r ese t ,  thus i s o l a t i n g  a 
possible cause o f  f a i l u re ,  and t o  invest iga te  
the p o s s i b i l i t y  o f  l a ten t  f a i l u r e s  a f te r  long- 
term use o f  a device degraded by ESD. This paper 
w i l l  also demonstrate the s u s c e p t i b i l i t y  t o  ESD 
o f  the 4021A and other CMOS devices i n  a c i r c u i t  . 
simulating the actual c i r c u i t  i n  which the f a i l -  2, 
ures occurred. r 

Experimental Plan and Results 

Since the source o f  the ESD causing the 
fa i lu res  was unknown, no e f f o r t  was made t o  simu- 
l a t e  a pa r t i cu la r  ESD. Instead, a s andard human 
body equivalent c i r c u i t  was used.4 A schema- 
t i c  o f  t h i s  c i r c u i t  i s  shown i n  Figure 1. The 
c i r c u i t  features a 100 p f  capacitor which i s  
charged t o  the desired ESD voltage. The charge 
i s  then dumped through 610 ohms t o  the c i r c u i t  
under test .  The current  through the device under 
t e s t  i s  recorded on a storage osc i l l i scope by 
measuring the voltage across a 50 ohm senstng 
res i s to r ,  

Resistance networks approximating the actual 
resistance seen by each device terminal i n  +ha 
c i r c u i t  were added t o  t he  ESD c i r c u i t .  
resistance network used f o r  the 4021A i s  also 
shown i n  Figure 1. Twenty kilohms are i n  series 
w i th  each p a r a l l e l  input  transmission rgate, 5 
megohms are i n  ser ies w i th  each standard inver ter  . J  r 
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input, and 10 megohms are i n  ser ies w i th  ea-h 
The power supply terminals (VDD and g:rih d i r e c t l y  t o  the power supply. 

Figure 1. Simulated " I n  C i r c u i t "  EST Test 
C i rcu i t .  

The experimental p lan i s  as fo l lows:  

1. I n i t i a l  device se lec t ion  and characteriza- 
t ion .  

2. Step stress w i th  ESD on various input, out-  
put, and supply terminals t o  es tab l ish  the 
threshold f o r  parameter degradation and f o r  
catastrophic f a i l u r e .  

3. Perform an accelerated l i f e  t e s t  on selected 
un i t s  stressed i n  Step 2 t o  determine possi- 
b l e  l a t e n t  f a i l u r e  mechanisms. 

4. Simulate the f i r e s e t  f a i l u r e s  using con- 
t r o l l e d  ESD. 

5. Continue step stress on selected un i t s  t o  
es tab l ish  stress leve ls  causing catastrophic 
f a i l u r e .  

6. Perform s u f f i c i e n t  de ta i led  f a i l u r e  analysis 
t o  es tab l ish  f a i l u r e  modes and f a i l u r e  
mechanisms . 

Caeh o f  these steps w i l l  be discussed i n  de ta i l .  

Device Character izat ion and Select ion 

One hundred M i l  M 38510/05704 Class A, 4021A 
units, date code 7537, were purchased. These 
devices were tested 100 percent against the 
38510/05704 DC and func t iona l  t e s t s  using a 
F a i r c h i l d  5000C integrated c i r c u i t  tester .  A l l  
t es t s  were data logged. Input  leakages were a l l  
less than 5 nA and s t a t i c  ISS was less than 50 
nA. I n  contrast, the un i t s  used i n  the  f i r e s e t  
assemblies where the  f a i  1 ures occurred were pur- 
chased as RCA Class B equivalent (CD4021A/3), 
then given an add i t iona l  burn-in (72 hours a t  
175OC) and tested 100 percent t o  the 
38510105704 DC and func t iona l  tests.  Care was 
taken i n  a l l  t es t i ng  and handling t o  ensure t h a t  
no unintent ional  ESD occurred. 

Step Stress 

The 4021A s h i f t  r eg i s te r  has e igh t  p a r a l l e l  
input  transmission gates, PI1-8, a p a r a l l e l  

s e r i a l  cont ro l  input, PSC, a s e r i a l  cont ro l  
input ,  SI, a clock input, CL, and th ree outputs, 
46-8. The schematic i s  shown i n  Figure 2. 

Figure 2. Schematic Diagram of  4021A. 

Both pos i t i ve  and negative ESD pulses were 
applied t o  selected terminals. For each device 
on ly  one terminal was stressed and the p o l a r i t y  
was always the same. f ab le  1 i s  the t e s t  matr ix .  
The ESD was i n i t i a t e d  a t  500 v o l t s  on two u n i t s  
f o r  each terminal and p o l a r i t y .  The stress was 
increased i n  500 v o l t  steps up t o  a maximum of  
1500 vo l ts .  The un i t s  were tested w i t h  the  same 
t e s t  equipment and program as the i n i t i a l  t es t s  
a f t e r  each stress. As soon as s u s c e p t i b i l i t y  
was i den t i f i ed ,  more u n i t s  were added t o  the 
mat r ix  as shown i n  the table.  These add i t iona l  
un f t s  were stressed a t  only one voltage. I n  
order t o  v e r i f y  t ha t  unintent ional  ESD was under 
contro l ,  a l l  o f  the 100 u n i t s  were tes ted a f t e r  
each step. Thus i n i t i a l l y  there were 80 cort l ro l  
un i ts .  Then as add i t iona l  un i t s  yere stressed, 
the  number o f  cont,jl un i t s  dropped t o  47. 

20 
ESD 
the 

The r e s u l t s  o f  i n i t i a l  step stress tes t s  on 
u n i t s  showed tha t  i n i t i a l  s u s c e p t i b i l i t y  t o  
was p r i m a r i l y  i n  the  supply terminals and 
output terminals. Based upon these r e s u l t s  

33 add i t iona l  un i t s  were step stressed on supply 
and output terminals a t  the lowest ESD stress 
l e v e l  found t o  cause degradation. 

The ove ra l l  step stress resu l t s  were sur- 
p r i s i n g  and pointed the way toward dup l ica t ion  
o f  the f f reset  fa i lu res .  I n  the t o t a l  of 53 
u n i t s  stressed, four  were func t iona l  f a i l u res .  
Three o f  these had been stressed w i t h  a negative 
ESD pulse on an output terminal  and the  other 
had been stressed w i t h  a negative ESD pulse on 
the V ~ S  terminal. Twenty-two u n i t s  showed an 
increase i n  s t a t i c  1 ~ s  w i th  values ranging 
from 1 PA t o  greater than 16 wA. These un i t s  
were stressed e i t h e r  on supply terminals (18 
each) or  output terminals ( f o ~ ~ r  each). Nine 
un i t s  showed an increase i n  input  leakage w i th  
values between 5 nA and 100 PA. These xesu l t s  
are shown i n  Table 2. 



TABLE 1 
Step Stress Matrix, 4021A 

STRESS FOR 
TERMINAL ESD ADDITIONAL 
STRESSED POLARITY UNITS 

NUMBER 
O F  UNITS 

08 

vss 

VSS 

PSC 2 

2 +  2 

2 

2+,6 

80 FIRST, 
47 LAST 

PSC 

CONTROL NO ESD 

~ i ~ ; r e  3. Operating L i f e  Test C i r c u i t .  TOTAL TEST UNITS 53 

TOTAL CONTROL UNITS 80 THEN 47 
The r e s t  o f  the t e s t  un i t s  showed no change i n  
input leakage during the l i f e  tes t .  However, 
the un i t s  t ha t  had high ISS improved during 
the l i f e  tes t .  This improvement i s  shown i n  
Figure 4. 

I 

TABLE 2 
Step Stress Results 

DEGRADED PRE LIFE POST LIFE 
PARAMETER TEST VALUE TEST VALUE 

NUMBER 
OF UNITS 

19 + 1s 

e 

17+1 

I I 

- 1  i. .? 

A ALL LEADS 
GROUNDED 

v OPERATING LIFE 
o OPERATINO LIFE 

18s 1 p A  TO >lepA 146 nA TO 1.1ZA 

IL 6 m A  TO 1WuA NO CHANGE 

WONL i s  A I < 5 A NO cnAnol 

C O ~ T R O L  116 <ilo "A IL < 8 nA wo cnrrer 

1s. m8.LTuA F W C T M A I  #AIL AT 1.0 HOUI)5 
I..% I ~ A  ALL WPUTI nlan 
(as: 7.8n)A ALL HIPUTS LOW 

Accelerated L i f e  Test 

Forty-two of the 53 u n i t s  t ha t  were subjected 
t o  the step stress and found t o  have a s i g n i f i -  
cant increase i n  s t a t i c  ISS or input leakage 
were put on an accelerated l i f e  test .  Twelve of 
the 47 cont ro l  un i t s  were included i r ~  the l i f e  
test .  The accelerated l i f e  t e s t  consisted of 
operating the un i t s  in the c i r c u i t  shown i n  Fig-  
ure 3 a t  1500C. At time in te rva l s  o f  1, 4, 
10, 30, 100, and 308 hours the unf ts were removed 
from the t e s t  and e l e c t r i c a l l y  tested a t  room 
temperature. The t e s t  was terminated at  308 
hours w i th  no funct iona l  fa i lu res .  Some minor 
increase i n  Input leakage ( less than 25 nA) was 
noted i n  some' cont ro l  un i ts  and some t e s t  un i ts .  

10'71 I I I 
0 10 20  30 

TIME OF ACCELERATED LlFE TEST, HOURS 

Figure 4. Imprnv~ment i n  IS$ Durinq Operating 
L i f e .  

n 
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Most o f  the improvement occurred during the 
f i r s t  hour. A t  the termination o f  the  test, no 
u n i t  had an ISS greater than 2 FA. No sat is -  
f ac to ry  expl anation f o r  t h i s  improvement i n  
ISS with  time and temperature has been found. 

One of the l i f e  t e s t  un i t s  t ha t  had an ISS 
o f  over 16 FA as a r e s u l t  o f  the  step stress was 
given a detai led f a i l u r e  analysis a f t e r  the  
accelerated 1 i f e  tes t .  E l e c t r i c a l  data indicated 
that  the leakage was associated w i th  the PSC 
l i n e  t o  one o f  the p a r a l l e l  input  transmission 
gates. The f a i l u r e  analysis disclosed tha t  the  
cause o f  the high ISS current was a rupture i n  
the gate oxide o f  the p-channel t rans i s to r  o f  
the PI8 transmission gate. As stated pre- 
viously, the u n i t  was s t i l l  func t iona l  before 
f a i l u r e  analysis. An SEM photomicrograph o f  the  
rupture i s  shown i n  Figure 5(a). 

f 5a) Gate Oxide Rupture on the N-Channel Tran- 
s i s t o r  i n  the PSC Input. Un i t  Fa i led  
Functional Test. 

For comparison, f i gu re  5(b) i s  an SEM 
photomicrograph o f  a gate oxide rupture i n  a 
u n i t  t ha t  was found as a funct iona l  f a i l u r e  i n  
incoming inspection. The f a i l u r e  analysis 
v e r i f i e d  t h a t  the f a i l u r e  was a t  the s i t e  o f  the 
rupture. It appears t h a t  a gate oxide rupture  
does not necessar i ly  cause funct iona l  f a i l u r e  
and tha t  a u n i t  w i th  a gate oxide rupture does 
not necessar i ly  become a f a i l u r e  i n  an 
accelerated l i f e  t es t .  Instead, because o f  the 
improvement i n  ISS with t ime and temperature, 
an accelerated l i f e  t e s t  may hide un i t s  whose 
ISS leakage has increased because o f  ESD. As 
a fu r the r  invest iga t ion  o f  the p o s s i b i l i t y  o f  
f a i  1 ure o f  a degraded un i t ,  p a r t i c u l a r l y  one 
w i t h  an oxide rupture, 18 add i t iona l  u n i t s  were 
subjected to  one ESD pulse o f  -1000 vo l t s  on the 
VSS terminal  and put  on the 1 i f e  tes t .  

The resu l t s  o f  the l i f e  tes ts  are shown i n  
Table 3. One o f  the  18 add i t iona l  un i t s  was a 
funct iona l  f a i l u r e  a t  the end o f  one hour. Fig-  
ure 6 i s  an SEM photomicrograph o f  a rupture  i n  
the gate oxide o f  a n-channel t rans i s to r  i n  the 
PSC input o f  t h i s  uni t .  This u n i t  had an ISS 
leakage current  o f  approximately 100 PA a f t e r  
the ESD stress. Thus, i n  contrast  w i th  the u n i t  
mentioned previously tha t  d id  not  f a i l  i n  l i f e  
tes t ,  t h i s  u n i t  w i th  a gate oxlde rupture caused 
by ESD but s t i l l  func t iona l  d id  f a i l  i n  the  
accelerated l i f e  tes t .  The u n i t  t ha t  d i d  not 
f a i l  was stressed w i th  -1500 V on the VSS t e r -  
minal whereas the u n i t  t ha t  d i d  f a i l  was stressed 
w i th  -1000 V on the VSS terminal. The photo- 
micrographs show tha t  more energy was expended 
a t  the rupture s i t e  on the u n i t  t ha t  d i d  not 
f a i l .  

TABLE 3 
Accelerated L i f e  Test Results 

(5b) Gate Oxide Rupture on the P-Channel Tran- 
s i s t o r  i n  the PI8 Transmission Gate. 
Functional a f t e r  L i f e  Test. 

NUMBFR DECV)kDED 
OF UNITS PARAMETER 

VALUE 

2 2 ISC l # A  TO >?#PA 

0 IL I nA TO 10011A 

4 WNCTIONAL FAILURE IM > 1mA 

l a  NONE - - 
IS 

NUMBER FOR 
LIFE TEST 

19 

6 

0 

17 _ CI 

42 

Figure 5. Comparison o f  Two Uni ts w i th  Gate 
Oxide Ruplure. 
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Figure 6. Accelerated Operation L i f e  Test F a i l -  
ure. Gate Oxide Rupture on the  N-Channel Tran- 
s i s t o r  i n  the PSC Input. 

Fa i l u re  Simulation a 

(7b) ESD TEST u&?. Gate Oxide Rupture on the 
While the accelerated l i f e  t e s t  was i n  N-Channel Transistor  i n  the PSC Input. 

progress, we made a successful attempt t o  dupl i -  
cate the f i r e s e t  fa i lu res .  Four un i ts  were Figure 7. Comparison o f  Production Line Fa i l u re  
obtained from the f i r e s e t  production l ine .  Two and ESD-Created Fai lure.  
of these un i ts  had the same date code (7622) as 
the f a i l e d  un i ts .  The date code on the other two 
was 7750. Two o f  these un i ts  were step stressed 
w i th  negative ESD pulses on the Q8 output t e r -  
minal and two were stressed wi th  negative ESD 
pulses on the VSS terminal. Stress s tar ted at  
500 vo l t s  and was increased i n  250 v o l t  incre- 
ments u n t i l  funct ional  f a i l u re ,  Detal led f a i l u r e  
analysis on both un i t s  stressed on the VSS 
terminal showed tha t  t he  f a f  l u r e  was caused by a (a) 
gate oxide rupture on the n-channel input  tran- 
s i s t o r  o f  the PSC inverter input. Figure 7 i s  a 
comparison o f  one o f  these un i t s  t o  one of the 
f i r e s e t  production l i n e  fa i l u res .  Figure 8 i s  
SEM photographs o f  the gate region o f  two un i t s  
from the 7622 date code l o t  used as f a i l u r e  
analysis control  units. Comparison o f  the  
f a i l i n g  un i t s  t o  these cont ro l  un i t s  led t o  the 
conclusion tha t  t he  f a i l u r e  occurred at  a po in t  
o f  high voltage stress and was not the r e s u l t  o f  
device design or processing. 

Figure 8. Control Uni ts Analysis. Both Pictures 
(7a) PRODUCTION UNIT. Gate Oxide Rupture on the Show the Gate Region on the N-Channel Tj;ansistor 
N-Channel Transistor  i n  the PSC Input. i n  the PSC Input. 



D e t a i l e d  f a i l u r e  ana lys is  on one o f  the t e s t  
u n i t s  s t ressed o n '  the 48 output  te rm ina l  
showed t h a t  t h e  f a i l u r e  was caused by a  r u p t u r e  
i n  the gate ox ide on the n-channel t r a n s i s t o r  o f  
the  PI8 t ransmiss ion gate. E l e c t r i c a l  data on 
the o ther  t e s t  u n i t s  s t ressed on 48 i n d i c a t e d  
t h e  same f a i l u r e  mechanism. Two o f  the  procluc- 
t i o n  f i r e s e t  f a i l u r e s  s i m i l a r l y  were gate ox ide  
rup tu res  o f  a  P I  t ransmiss ion gate i n p u t .  Th is  
s imu la t ion  c o r r e l a t e d  w i t h  t h e  f a c t  t h a t  i n  t h e  
f i r e s e t  p roduc t ion  the VSS te rm ina l  i s  always 
access ib le  t o  u n i n t e n t i o n a l  ESD and unused ou tpu t  
te rm ina ls  were n o t  terminated w i t h  res is tance  o r  
p ro tec ted  dur ing  assembly and p o t t i n g .  This  
c o r r e l a t i o n  shows the probable cause o f  the pro-  
duc t ion  l i n e  f a i l u r e s  t o  be ESD on VSS and 
output  terminals,.  

Step Stress t o  Func t iona l  F a i l u r e  

Fo l low ing  the  l i f e  t e s t ,  49 devices i n c l u d i n g  
40 o f  the l i f e  t e s t  u n i t s  were s tep  s t ressed  a t  
500 v o l t  increments up t o  5500 v o l t s .  Once a  
device became a  f u n c t i o n a l  f a i l u r e  i t  was removed 
; "i.om the t e s t .  F igure  9 shows t h a t  the VSS 
'-a'nd 48 te rmina ls  are the  most suscep t ib le  t o  

ESD. The g rea tes t  s u s c e p t i b i l i t y  i s  t o  nega t i ve  
pulses.  The f i g u r e  shows t h a t ,  even though the  
ESD s t ress  was app l ied  d i r e c t l y  t o  t h e  inpu ts ,  
the re  were no f a i l u r e s  due t o  i n p u t  s t ress  below 
3000 v o l t s .  Note t h a t  t h e r e  were no f a i l u r e s  On 
the  t ransmiss ion gate i n p u t  below 4000 v o l t s .  
Two o f  t h e  49 u n i t s  d i d  no t  f a i l .  These two 
were s t ressed  on t ransmiss ion gate inpu ts .  

0 NEGATIVE ESD 

POSITIVE ESO 

ldoo 2doo sdoo sdoo - ( ~ ~ ~ G G L s  
ESD VOLTAGE 

F igure  9. Step Stress t o  Func t iona l  F a i l u r e .  

S u s c e p t i b i l i t y  o f  Other Types 
o f  CMOS I n t e g r a t e d  C i r c u i t s  

We app l ied  an i d e n t i c a l  (except  t h a t  the  
maximum s t ress  was 4000 v o l t s )  s tep  s t r e s s  t o  29 
s i  1  i con  gate technology 40218 u n i t s  f o r  compari- 
son o f  the meta l  gate technology w i t h  s i l i c o n  
gate technology. F igure  10 shows t h a t  the 
s i l i c o n  gate u n i t s  d i d  no t  Rave the  h igh  ESD 
suscept i  b i  1  i t y  on supply  and ou tpu t  t e r m i n a l s .  
However,rthe i n p u t  s u s c e p t i b i l i t y  was g rea te r .  
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F igure  10. : Comparison o f  4021A and 40218 
Oevi ces, 

The r e s u l t s  o f  an i d e n t i c a l  s tep s t r e s s  on a  
mix o f  e i g h t  each 4011A, e i g h t  each 4013A, and 
20 each 40818 metal gate c i r c u i t s  are compared 
w i t h  t h e  r e s u l t s  o f  t h e  4021A i n  F i g u r e  11. 
Except f o r  the 4021A, supply  te rm ina ls ,  \output  
te rm ina ls  and i n p u t  te rm ina ls  show comparable 
s u s c e p t i b i l i t y .  Note t h a t ,  as expected, the  8  
se r ies  i s  much more r e s i s t a n t  t o  ESD than t h e  A  
s e r i e s  as evidenced by the  40818. 

F a i l u r e  Analys is  

The d e t a i l e d  f a i l u r e  ana lys is  i n  support of 
t h i s  work cons is ted  o f  some o r  a l l  Of t h e  f o l -  
lowing steps as r e q u i r e d  bu t  no t  necesssar i l y  i n  
t h e  order given. 

1. Canplete e l e c t r i c a l  c h a r a c t e r i z a t i o n .  
2. Del idd ing.  
3. V isual  inspect ion.  
4 .  Removal o f  t h e  phosphos i l i ca te  g lass.  
5. High m a g n i f i c a t i o n  o p t i c a l  microscopy. 



6., Vol tage c o n t r a s t ,  SEM. 
7. I s o l a t i o n  of f a i l u r e  by  open ing  m e t a l  pa ths  

w i t h  an u l t r a s o n i c  probe.  
8. Probe e l e c t r i c a l  measurements. 
9. Removal o f  m e t a l l i z a t i o n .  

10. Topograph ica l  a n a l y s i s  w i t h  SEM. 
11. S e l e c t i v e  removal  o f  ox ides  and f u r t h e r  SEM 

a s  r e q u i  r ed .  
12. Energy d i s p e r s i v e  SEM t o  i d e n t i f y  contami -  

nants .  

VDD 5 ~ m n  ., 1 
0  

INPUT 
c T. G. 
2 0 I7 17 
i 
a 
u 

INPUT 

a W - 
m 
I 5 - 3 
3 
Z VSS 

0 nnl 
- 

OUTPUT 

0 

10'00 20'00 30'00 4 o b o  ))N~ILS 
ESD VOLTAGE 

F i g u r e  11. Comparison o f  4000A and 40008 Dev i ce  
Types. 

Fou r teen  ga te  o x i d e  r u p t u r e s  were found  i n  
t h e  18  d e t a i l e d  f a i l u r e  ana lyses completed on 
4021A u n i t s .  E leven o f  t h e s e  r u p t u r e s  o c c u r r e d  
on n-channel  t r a n s i s t o r s  and t h r e e  on p-channel  
t r a n s i s t o r s .  E i g h t  o c c u r r e d  a t  t r a n s m i s s i o n  
ga te  i n p u t s ,  f i v e  a t  o t h e r  i n p u t s ,  and one a t  an 
ou tpu t .  S t r e s s  a t  s u p p l y  and o u t p u t  t e r m i n a l s  
caused most o f  t h e s e  i n p u t  ga te  o x i d e  f a i l u r e s .  
ESD s t r e s s  on t h e  98 o u t p u t  r e s u l t e d  i n  rup -  
t u r e d  g a t e  o x i d e  a t  t h r e e  t r a n s m i s s i o n  g a t e  
i n p u t s .  ESD s t r e s s  on t h e  VSS t e r m i n a l  
r e s u l t e d  i n  r u p t u r e d  ga te  o x i d e  on t h r e e  t r a n s -  
m i s s i o n  ga te  i n p u t s  and t h r e e  PSC i n v e r t e r  
i n p u t s .  

S u m a r y  and Conc lus ions 

T h i s  paper r e p o r t s  work done t o  determine 
t h e  cause o f  apparent  ESD f a i l u r e s  on a  weapon 
f i r e s e t  p r o d u c t i o n  l i n e  and t o  de te rm ine  i f  t h i s  
cause r e p r e s e n t s  a  s i g n i f i c a n t  r e d u c t i o n  i n  t h e  

l ong - te rm r e 1  i a b i  1  i t y  o f  f i r e s e t  u n i t s  f r o m  t h i s  
p r o d u c t i o n  l i n e .  

I n  t h e  expe r imen ta l  p rocedure ,  136 each 4000 
s e r i e s  CMOS i n t e g r a t e d  c i r c u i t s  were s u b j e c t e d  
t o  ESD s t e p  s t r e s s  t e s t s .  S i x t y  o f  t hese  u n i t s  
showing a  s i g n i f i c a n t  i n c r e a s e  i n  i n p u t  leakage 
o r  s t a t i c  ISS c u r r e n t  b u t  s t i l l  f u l l y  f u n c -  
t i o n a l  were p u t  on an a c c e l e r a t e d  o p e r a t i n g  l i f e  
t e s t  a t  150%. 

The cause o f  t he  p r o d u c t i o n  l i n e  f i r e s e t  
f a i l u r e s  was f o u n d  t o  be a  s u r p r i s i n g  s u s c e p t i -  
b i l i t y  o f  t h e  4021 s u p p l y  and o u t p u t  t e r m i n a l s  
t o  ESD. The f i r e s e t  des ign  and p r o d u c t i o n  p r o -  
v i d e d  p r o t e c t i o n  f o r  t h e  i n p u t  t e r m i n a l s  b u t  no t  
t h e  o u t p u t  o r  s u p p l y  t e r m i n a l s .  \ 

One u n i t ,  a  4021A whose s t a t i c  ISS c u r r e n t  
had i n c r e a s e d  f r o m  l e s s  t h a n  50 nA t o  g r e a t e r  
t h a n  16 !JA as a  r e s u l t  o f  ESD s t e p  s t r e s s  t e s t s ,  
s u r v i v e d  308 hou rs  o f  o p e r a t i n g  l i f e  a t  150°C 
and was s t i l l  f u n c t i o n a l  i n  s p i t e  o f  a  ga te  o x i d e  
r u p t u r e .  Another  u n i t ,  a  4021A whose s t a t i c  
ISS c u r r e n t  had Inc reased  f r o m  l e s s  t han  50 nA 
t o  100 PA as a  r e s u l t  o f  ESD s t e p  s t r e s s  t e s t s ,  
f a i l e d  t h e  o p e r a t i n g  l i f e  t e s t  a f t e r  o n l y  one 
hour .  T h i s  u n i t  a l s o  had a  g a t e  o x i d e  r u p t u r e .  
T h i s  u n i t  was t h e  o n l y  f a i l u r e  i n  t h e  60 u n i t s  
on l i f e  t e s t .  There i s  a  s m a l l  r i s k  o f  l ong - te rm 
f a i l u r e  o f  ICs which have been s u b j e c t e d  t o  ESD 
and have s u f f e r e d  deg rada t i on  b u t  n o t  t o  f a i l u r e .  

A  r u p t u r e d  g a t e  o x i d e  on an i n p u t  t e r m i n a l  
does n o t  n e c e s s a r i l y  mean an ESD s t r e s s  was 
a p p l i e d  t o  t h a t  i n p u t  t e r m i n a l .  I n  t h e  case of 
t h e  4021A. i n p u t  t r a n s i s t o r  ga te  o x i d e s  were 
r u p t u r e d  as r e s u l t  o f  ESD on o u t p u t  and s u p p l y  
t e r m i n a l s ,  

Data  f r om t h e  o p e r a t i n g  l i f e  t e s t  showed t h a t  
r a p i d  improvement i n  s t a t i c  ISS c u r r e n t  occurs  
w i t h  t i m e  and temperature .  Thus a  u n i t  degraded 
by ESD i n  s u p p l i e r  o r  i ncoming  h a n d l i n g  o r  t e s t  
may be h idden because o f  t h e  ISS improvement 
d u r i n g  H i  Re1 b u r n - i n  o r  bake.   ow ever': t h e  
d a t a  shows t h a t  i y r e e n i n g  a t  10; va lues  o f  ISS 
and i n p u t  learages w i l l  be s u c c e s s f u l  I n  
s c r e e n i n g  o u t  u n i t s  degraded by ESD and t h u s  
w i l l  improve l ong - te rm r e l i a b i l i t y .  

A l t hough  o t h e r  4000 s e r i e s  t ypes  t e s t e d  d i d  
n o t  show t h e  h i g h  s u s c e p t i b i l i t y  t o  ESD on t h e  
s u p p l y  and o u t p u t  t e r m i n a l s  as d i d  t h e  4021A, 
t h e y  show s u p p l y  and o u t p u t  t e r m i n a l  s u s c e p t i -  
b i l i t y  about  equa l  t o  i n p u t  t e r m i n a l  s u s c e p t i -  
b i l i t y .  The s u p p l y  and o u t p u t  t e r m i n a l s  of 
comple ted assembl ies  must be p r o t e c t e d  f r o m  ESD. 

S i l i c o n  g a t e  40218 u n i t s  a r e  l e s s  s u s c e p t i b l e  
t o  ESD than  4021A me ta l  g a t e  u n i t s ,  and as 
expected, 40008 s e r i e s  u n i t s  a r e  l e s s  s u s c e p t i b l e  
t h a n  4000A s e r i e s  u n i t s .  . 
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