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Ab8 t rac  t 

Rcru l t r  of d e t a i l e d  fnver t iga t ionr  of t h e  per- 
fonaance and r e l i a b i l i t y  of d i g i t a l  b ipolar  and W S  
i n t t g r r t e d  c i r c u i t 8  over t h e  25 t o  %O0C range a r c  
reported.  Included i n  there  r c r u l t r  are both para- 
met r ic  v a r i a t i o n  information and a n r l y r i r  of the  
func t iona l  f a i l u r e  mechmirmr. Although aDrt of t h e  
work vas done using . coarnercially ava i lab le  c i r c u i t s  
(TTL and CMOS) and t a r t  ch ipr  from colrmercially 
compatible p r o c e r r o ,  rome r e r u l t r  of experimental 
r i m u h t i o n r  of  d i e l e c t r i c a l l y  i r o l a t e d  QfOS a r e  also  
dircurred.  I n  general, it MI found t h a t  c o m e r c i a 1  
Schottky clamped ITL, and d i e l e c t r i c a l l y  i s o l a t e d ,  
 la^ power Schottky-clamped TTL, functioned t o  junct ion 
temperatures i n  exccrr  of 325OC. Standard gold 
doped Tn functioned only to 250°C, while comer-  
c ia l ,  i s o l a t e d  12L functioned t o  the range 250°C 
275OC. Comercia1 junct ion i r o l a t e d  Q13S, buffered 
and unbuffered, functioned t o  the range 28OoC 
31OoC+, depending on the manufacturer. Experimental 
8fmulationr of simple d i e l e c t r i c a l l y  i so la ted  CMOS 
in tegra ted  c i r c u i t s ,  f a b r i c r t e d  with heavier  doping 
l n r e l r  than normal, functioned to tcmperaturer i n  
excerr o f  340°C. High temperature l i f e  ten t ing  of 
experimental, r i~ iconc-encapru la ted  simple lTL and 
M O S  in tegra ted  c i r c u i t r  have rhown no obvious l i f e  
1 i d t i n g  p r o b l w  t o  date. No b a r r i e r  t o  r e l i a b l e  
f u n c t i o n a l i t y  of TIL bipolar  or W S  in tegra ted  cir- 
wits at  tcmperaturer i n  excerr  of 3OO0C has been 
f a m d  . 

Introduct ion 

bqui rement r  e x i s t  for a c t i v e  e l e c t r o n i c  compo- 
~ m t 8  which function r e l i a b l y  st ambient tcmpcratorer 
in excert of 30OoC. Component demand is c u r r e n t l y  
for i n r t r u r n t a t i o n  ured in lcgging of geothermal 
well8 and ia cont ro l l ing  jet engine8 in m i l i t a r y  air-? 
Craf t8  o ther  areas ruch as nuclear  reac tor  instruaen-, 
t 8 t k  are awakening t o  t h e i r  need. Por t h e  geother- 
-1 well logging r p p t i c a t i o n r ,  r e l i a b l e  operat ion of 
8f8tew a t  ambient temperaturer war 325OC f o r  
period# exceeding 100 hours are requi r td .  By compar- 

r a r e l y  rated for operat ion above 18OOC ambient. 
Currently, j e t  a i r c r a f t  engine c o n t r o l  and coni tor ing  
tfttecna are required t o  operate over the ambient range 
iron d ) O C  to +26OoC, d t h  higher t e o p e t r t u r e r  
expected in experimental ecgincr. 

I n i t i a l  r e s u l t 8  of  n r e a r c h  i n t o  the high- 
t r m ~ r a t u r e  c a p a b i l i t i e s  of d i s c r e t e  a i l i c o n  devicer  
and torarercial ly  a v a i l a b l e  d i g i t a l  in tegra ted  c i r c u i t  
(1C) technologier ind ica te  f u r i b i l i t y  of u r c f u l  
operation of tconomical d i g i t a l  I C B  a t  .abient tem- 
p e r r t u r e r  up to at  l c a r t  3000c.1-3 Ccmplexitj 
lfmitr and r c l i a b i l t t y  f a c t o r s  have not ye t  been 
f i r n l y  c r t a b l i r h e d ,  however. ?his prpcr d i r c u r r e r  
prrtitl r e s u l t 8  which proceeded from a larger invar- 
t i p t i o n  o f  the  high-temperature e h a r a c t c t l r t l c r  and 
Caprbil it is8 of c ~ e t c i r ~ ,  d n r  t ram-coopat  ib1e 

. iron, avai lab le  o i l  well i n s t t u r n t a t i o n  ryrtemr are-  
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in tegra ted  c i r c u i t  technologier. In the  invest  i t a -  
t ion ,  both CMOS and b ipolar  technologier  were exmined  
up t o  maximum temperaturer wl l  i n  excerr  o f  300%, 
with devicer  from rcvera l  kanufacturerr  being used 
f o r  each gener ic  category. Both l T L  (8tAnd8rd and 
Schottky-clamped, d i e l e c t r i c a l l y  i r o l a t e d  and 
junct ion i s o l a t e d )  and 1 2 L  h b s t r r t e - f e d  and stan- 
dard) technologier  were included i n  t h e  b i p o l a r  tech- 
nology category. For a l l  of the  b ipolar  generic  
typer ,  the  v a r i a t i o n  of the  base e m i t t e r  vo l tage  with 
temperature causer a revere rkeving of the  g a t e  
t rans  fer c h r r a c t e r i r t i c r .  

The performance c h r r a c t e r i r t i c r  of  a v i d e  range 
of rimple, comnercially ava i lab le  CXOS I C  type6, both 
buffered and unbuffered, were invert igated.  In addi- 
t ion ,  cxpcrimenfal simulations of  the performance of  
rimple d i e l e c t r i c a l l y - i s o l a t e d  CMOS I C s  vere performed 
w i n g  r p e c i a l l y  fabr ica ted  hybrid devices. Both 
s t a t i c  and, dynamic c h a r a c t e r i s t i c s  were inves t iga ted  
over the temperature range from 25OC to the  maxima 
temperature of  func t iona l i ty .  In a11 c a r e r  covered 
i n  t h i s  d iacur r ion ,  temperatures mentioned a r e  junc- 
t ion  temperaturer s ince  parameter measurement var 

' performed dynamically, with l i t t l e  junct ion t e q e r a -  
t u r e  rime above ambient. However, rc l f -hea t ing  was 
found to  not change the  parrmeterr r i g n i f i c a n t l y  f o r  
ambient temperaturer helov 300°C. 

Ihe fmpetur for  the experiment8 airnurating 
d i e l e c t r i c a l l y  i r o l a t e d  CMOS came from the  f a c t  t h a t  
i n v e r t i g a t i o n r  of the  behavior of  both dc and dynaaic 
parameters of  many commercial device typcr rhoved t h a t  
a c c r p t a b l t  performance i r  obtainable  from monoli thic  
bqlk CMOS I C s .  a t  temperatures up t o  near 3OO0C, and 
t h a t  the  l a r g e i t  obs tac le  t o  func t iona l i ty  a t  higher  
temperaturer i s  the large rupply leakage current .  
Experimental evidence and m d e l l i n g  of bulk MOS 
dcviccr  i n d i c a t e  t h a t  mort of th in  leakage cur ren t  is  
a t t r i b u t a b l e  t o  the  input/output pro tec t ion  c i r c u i t r y  
and t o  the  p-vcl l - to-substrate  junct ion leakage rather 
than t o  the individual  a c t i v e  deviccr  tha t  c o n r t i t u t e  
the b n s i c  l o g i c  gate .  I n  order to  inves t iga te  the  
u t i l i t y  of QfOS c i r c u i t r  a t  temperature# approaching 
%b°C, an experiment war conducted. By using th ick  
f i lm hybrid techniqucr, d i t c r e t e  t r a n r i r t o r r  were 
interconnected t o  form log ic  Rater which r i m l a r e  
thore constructed v i t h  d i e l e c t r i c  i ro la t ion .  There 
c i r c u i t r  e x h i b i t  acceptablc  e l e c t r i c a l  c h a r a c t e r i s t i c s  
a t  temperaturer conriderably higher  than t h e  
junc t  ion-isolated typer. 

High Temperature Bipolar I C  Perforaancc 

I n v c r t i g a t i o n  of high-temperature perfomance 
c h a r r c t e r i r t i c r  of Tn I C s  focured on rimple l o g i c  
g r t e r  (2-input and 4-input NANDI) fabricated using 
r tandard junct ion i s o l a t i o n  (J.1.) technique8 and 
fabr ica ted  ur ing both d i e l e c t r i c  i r o l a t i o n  (D.1.) and 
photocurrent compensation. b t h  gold-doped and 
Schottky-clampod t e c h n o l o g h r  w r e  involved i n  t h e  
i n v e r t i g r t i o n .  l t e ru l t r  vere obtained €roa o n l y  one 
c i r c u i t  type fabr ica ted  using photocurrent compenra- 
t i o n  and D . I .  technologiea ( r i a i l a r  t o  the !ALSO0 
refer red  t o  rubrequently as the  "military" m eir- 
c u i t ) ,  Note t h a t  the  work war intepded to  e l u c i d a t e  

. .  A 
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. __ func t iona l  f a i l u r e  r c h a n i r m r  and general parametric 

behavior r a t h e r  than t o  def ine and determine d e t a i l e d  
ure-condition high temperature p a r ~ a e t e r r  of  la rge  I 

used i n  t h e  inver t iga t ionr ,  and both dc m d  dynamic 
c h a r a c t e r i r t i c r  vcre exmlned over the  ambient range, 
2s°C, to  81fght l f  above 300% where porr ible .  %e 
unit8 r a f e r r e d  to 88 COemerC~81 vere off- the-rhelf  
cerunic- rncapruhted  unitr. 

* p o p u ~ a t i o n r ,  Device8 from revera1 manufacturera were 

Usable de md aC c h a r a c t e r i r t i c a  yere obrerved 
beyond MOOC d i e n t  f o r  both c o m e r c i a 1  and aili- 
t r ry  Schottky-clamped TlL Figurer 1 and 2 rhov 
erpnpter  o f  t y p i c a l  unloaded t r a m  f er charac ter i  8 t icr  
observed over the range 2SoC t o  325OC for a com- 
mereir'l MS2O-type &input MND "I, gate  and f o r  a 
541500-type 2-input NAM, Tl'L gate .  Clear ly  urable 
t r a n s f e r  e h a r r c t e r i r t i e r  8re evident  i n  the f igurer  
a t  l u r e  up t o  foo°C, 81though noire margin ir 
r m e t h i n g  o f  a problem f o r  the output lar care. 
Although t h e  da t8  of  Figure 1 appl ie r  d i r e c t l y  only 
t o  d e ~ i e e r  from a p a r t i c u l a r  sanufac turer ,  character-  
i 8 C i C 8  o f  f4S20-type IC8 from other  manufacturer8 were 
r t r e o t i r ~ ~ y  i d e n t i c a l  to thore of  Figure 1 i n  a11 
important re rpec t r .  I n  f a c t ,  except  f o r  lwer maxi- 
aura temperature l i m i t 8  and s c a l i n g  of t h e  behavior o f  
some parameters, rtandard gold-doped Tn high- 
temperature perfoncance c h a r a c t e r i r t i c r  were very 
r i s i la r  t o  thore shown i n  Figurer  1 and 2 and other 
Scho t tky-e lmped parame t e r a  d i o  cur red i n  rub requent 
rcctians. H o s t  b p o r t a n t l y ,  t h e  high-temperature 
f m c t h n a l  f a i h r e  modes of ewmerc ia l  rtandard TYL, 
Schottky-clamped TTL, and m i l i t a r y  Schottky-clamped 
lcu-paver nZ were i d e n t i c a l ,  and the  infer red  f a i l u r e  
ccchanirmr are the  rame f o r  a l l  o f  there  typer. Thur 
t h e  fo l lov ing  d e t a i l e d  d i rcur r ionr  vi11 concentrate  
OR the m i l i t a r y  54LSOO-type IC v i t h  only parr ing  

. 

reference t o  par-ameterr of other Tn typer. 
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mercial &Input SbS20-me "0 Cate, 
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The fUnCtima'L f 8 i l U r C  eade in a11 Car438 (8t8n- 
d r r d  and Schottky-clanpcd TTL) vas lw VOH (output  , 
Uigh v o h g e ) ,  The beginning8 of  a trend t o  decrear-  
ing V a l  v i t h  increarinp; ter iprrature  can be seen in 
Figurer 1 and 2 for 325%. A ~ l y r i r  of tranrftr  
ch8rrc t r t~r t ic  data  rlmg v i t h  da ta  such a8 power 
rupply cur ren t  rhwed tha t  the decreare i n  V a l  Va l  
erured by c o l ~ r c t o t - b a r s  j u r c t l o n  leaknge cur ren t  from 
the  pha80 r p l i t t e r  t r a n s l a t o r  flowing through the 
phrae r p l l t t e r  c o l l e c t o r  r e r i a t o r .  Up t o  temperature8 
very c lose  t o  the maximum temperature of Iunct ionsl-  
i t y ,  leakage current  due to i s o l a t i o n  junc t ions  

i n  the comnercial de- did  not conftibute rubstfin- 
t i a l l y  t o  parameter dcgindrtion: Ihe high temperature 
funct ional  f a i l u r e  wchanirm can be infer red  by 
examining d a t a  ruch 88  t h a t  r h m  i n  Figurer 3 and 4 ,  
vhich e x h i b i t  the behavior of  power rupply cur ren t  for  
the output High s t a t e  (ICCH) and the  behavior  of 
output High vol tage veraur  output  High-rourcing cur- 
ren t  f o r  the  IC type of Figure 2. Thio data  murt a l a 0  
be c o r r e l a t e d  with the  high temperature behavior of 
input  tou curren t  IIL. If these intercomparironr 
are performed for  t h e  54tSOO-type IC or f o r  any of t h e  
o ther  TI% type8 mentioned e a r l i e r ,  it become8 c l e a r  
t h a t  the obrerved reduction in  VOH cannot be due t o  
ac tput  pulldovn (due t o  leakage cur ren t  i n t o  t h e  bare  
terminal ,  fo r  example) by the cur ren t  r ink ing  t ran-  
r i r t o r  i n  any of the  IC output r tager .  the  high 
temperature output High-current rourcing c a p a b i l i t y  
of  a l l  the  Tn types i r  80 large t h a t  i f  r u f f i e i e n t  
cur rea t  uere runk by the  output c u r r e n t  s ink ing  t ran-  
r i r tor  t o  caure the  observed decreare  i n  VOH, t h e  
current  would appear an a d i r t i n g u i r h a b l e  a d d i t i p a n l  
component i n  the ICCH verrur  T c h a r a c t e t i r t i c  a t  
high temperature. Host of the increase  i n  ICCH 
evident i n  Figure 3 a t  high temperature8 can be 
accounted f o r  by increare  i n  111 a t  zero input  vol- 
tage. Thio cur ren t  increare  or ig ina te8  i n  the 
col lector-base function of the phase r p l i t t e r  tran- 
r i r t o r  and is d iver ted  art the input  terminal ,  
appearing as an addi t iona l  component of IIL r a t h e r  
than flouing. i n t o  the  base terminal of  the cur ren t  
r i a l  t r a n s i s t o r .  The current  does, houever, flow 
through the  c o l l e c t o r  r e s i s t o r  of t h e  phase s p l i t t e r  
c i r c u i t ;  the  vol tage drop caused by th in  leakage cur- 
r e n t  thus r e r u l t r  in a decreare  in VOH, f o r  
rodera te  output (and pover rupply) current. Veil 
fol1owr the  vol tage drop rcrorr t h i a  c o l l e c t o r  reria- 
t o r  a f t e r  being r h i f t e d  down i n  vol tage by me or tvo 
VBE drope. Junct ion leakage cur ren t  revela  and 
r e r i r t o r  va luer  combine in t h i s  vay to give a n  upper 
temperature l i m i t  of f u n c t i o n a l i t y  # l i g h t l y  i n  exceaa 
of  325OC for  commercial Schottky-clamped lTL and 
m i l i t a r y  Schottky-clamped low pover "L. One cxcep- 
t i o n  t o  th in  war a m i l i t a r y  c i r c u i t  which war roue- 
th ing  of a hybrid ( i n  c i r c u i t  design) b t tveen  8t.n- 
d q d  nt and ]ov power Schottky lTL; unique aspect8 
o f  the  c i r c u i t '  design l imi t ed  the upper temperature 
of  f u n c t i o n a l i t y  t o  approximntely 270°C f o r  t h i s  
c i r c u i t  type.3 Higher leakage current  d e l u i t y  
l e v e l s ,  due t o  generation-recombination e f f e c t s  and 
r e l a t i v e l y  high c i r c u i t  res i s tance  l e v e l # ,  caured the  
upper f u n c t i o n a l i t y  temperature l i m i t  of cocrmerclal 
rtandard. (gold doped) lTL t o  be approximately 250%. 
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From the  b e h a v b r  of fa and the  parer rupply , 
c u r r e n t  fo r  output  laJ ( X ~ L )  a t  high temperature, * 

shown i n  Figure 3, i t  i r  c l e a r  fiom t h i s  r tandpoint  
t h a t  operat ion 8t h a r t  t o  the neighborhood of  300% 
it t e a r i b l t .  The high-temperature output d r i v e  capa- 
b i l i t y  r h m  i n  Figure 4 ouat  be compared t o  high 
temperature 1 1 ~  and input Bigh-current (11~) 
level8 In order  t o  determine d i e t h e r  fanout g r e a t e r  
than u n i t y  is p o r r i b l e  a t  high temperature. l i g u r e  5 
ahovr typic81 input I - V  c h a r a c t e r i r t i c r  a t  var ious 
tempcrr turcr  f o r  the (military) c i r c u i t  type of ~ i g u r e  
2, Cornpariron of figurer 4 and 5 lead t o  the con- 
c l u r i o n  t h a t  fanout g r e a t e r  than u n i t y  e x i r t r  above 
WO0C for t h i r  c i r c u i t  t n e .  Standard and Schottky- 
clamped commercial rhowed higher  valuer of 1 1 ~  
and IIB (e.g., I m s 0 . 5  - I ma 7' 3OOOC for  c011)- 
acrctal  54S2O-type 1Cr). lhey a l r o  rhaved much higher  " 

output  drive c a p a b i l i t i e s ,  and e x h i b i t  fanout capa- 
b i l i t y  g r e a t e r  than u n i t y  up t o  a t e m p r a t u r a  very 
c l a c  to the  marirutn tempstature of func t iona l i ty .  , 
The r e d u c t l m  i n  cur ren t  rourcing c a p a b i l i t y  evldent  
i n  t i y r e  4 can be in fer red  t o  b e  due t o  increar r  i n  
c i r c u  t r e r i r t a n c e  valrrm 6 t h  increasing tempera- 

The increare  i n  cur ren t  .inking c a p a b i l i t y  
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Figure 5. Input I - V  Charac ter i s t ics ,  H i l i t a r y  

54LSOO-l 'yp  Tn "D Gate, Various 
Tcmperaturer 

The decrease i n  IIL shown i n  Figure 5 ,  w i t h  
increar ing  temperature up t o  the neighborhood of 
25OoC, i r  underrtandablc bared on the behavior  of 
t h e  r i r i e t a n c e  of di f fured  r e r i o t o r e  with temperature. 
The increare  i n  1 1 ~  for  very low-input vo l tage ,  
auch a8 exhibi ted by the  300°C curve i n  Figure 5,  
i m  apparent ly  due t o  col lector-base junct ion leakage 
cur ren t  flowing from the phase s p l i t t e r  t r a n s i s t o r  ar  
dircuered e a r l i e r .  lh i r  phenomenon increaser  IIL 
a t  high temperature, which i e  not der i rab le ,  bu t  a l r o  
tendo t o  prevent h n  m u l t i p l i c a t i o n  of the  leakage 
c u r r e n t  by the phare s p l i t t e r  t r n n s i r t o r ,  thereby 
cxtepding the high-temperature performance range. 
Thy curren ts  i r  i n  the  clamp diode 
reverse  leakage cur ren t ;  magnitudes of IIH a t  high 
temperature were very r i m i l a t  for  both Schottky- 
clamped and r tandatd Tn. I h e  magnitude6 of IIH 
vera determined t o  be cor re la ted  with clamp diode a rea  
by compariron of the layout  of the IC# under d i rcus-  
d o n  here v i t h  the layout  of a c i r c u i t  reported 
ear l ier3.  which rhowed very lov valuer  of ISH. 

o r i g i n  of the  XIH 

The behavior of propagation delayr ( tpya,  out- 
put  Righ t o  output tar delay time, and t p a ,  ou tput  
Lov t o  output High delay time) with temperature i e  
rhom i n  Figure 6 for  the m i l i t a r y  54UO9-type I T L  
NAND. The output load c i r c u i t  ured for these dynamic 
Pearurementr war a standard 4 diods-load capaci tance 
c i r c u i t  much a8 t h a t  commonly rpec i f ied  by a l l  manu- 
f r c t u r e r r .  ?he diodes vere maintained at  25OC, and 
the  load. capacitance war 25 pP. Delay timer were 
ocarured between 1.5 V l eve ls  a t  the W t p l t  (even 
though the .relevance of t h i s  voltage tevc l  i r  i n  
quest ion for high-teaperature a p p l i c r t i o n r )  for  t h e  
r a k e .  of s tandardizat ion and i n  the abrence of a 
c l e a r l y  b e t t e r  technique. 'Ihs general c h a r a c t e r l a t i c s  
of tho behavior of propagation delays with temperature 
rhovn i n  Figure 6 were i d e n t i c a l  t o  the  c h a r a c t e r i r -  
t i c#  of e t h e r  Schottky-clamped type8 i n v e r t i g a t e d ,  
although tha S4SZO-type ICs rhovcd much m a l l e t  va luer  
of  t p m  and tpm. Standard T f L ,  on the  o t h e r  
hand, rhowed a oonotonic i n c r r r r a  of t p w  with ten- 
p e r r t u r e  r t a r t i n g  a t  25OC, and, of courra, d i d  not 
funct ion above 250%. In view of the  high- 
temperature - VOL char rc te r i r t ie8 .  r h m  i n  Pig- 
ura 4, the  i n r s n r i t i v i t y  of t p a  t o  tamporatura war 
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I .expected. B y e v e r ,  the  r e r u i t i v i t y  of  tpm t o  t e m -  
pera ture ,  above 25OoC, van unexpected and cannot be 
e r p l r i n c d  t o t a l l y  by the  reduct ion of curren t  rourcing 
c a p a b i l i t y  rho- i n  t h e  c h a r a c t t r i r t i c r  of Figure 4, 
Barever, t h e  d r a s t i c  increare  of t p u  rbavc 25OoC - 
can be explained by p a r t i a l  f a i l u r e  of the  Schottky 
clamping of the cur ren t  r i n k  t r a n r i r t o r  col lector-bare  
j u a e t i a r  due t o  a reduct ion in the  forvard biased 
voltage of  t h e  co l lec tor -bare  junct ion v i t h  tcmpera- 
t u r e  at  a r a t a  f a r t e r  thnn t h a t  of 8 Schottky diode , 
foxward biased vol tage drop, Crude ca lcu la t ionr  
i n d i c a t e  t h a t  t h i r  mechunirm can occur i n  the  neigh- 
borhood of  2SOOC. I h e  r e s u l t  uould be, of  courre ,  
the gradual onse t ,  r t a r t i n g  8t r m e  high temperature, 
o f  c b r g e  r torage i n  the  cur ren t  rink t r a n r i r t o r ,  
r t rongly  increar ing  t p m  vith increar ing tempera- 
ture. The lack of  8irnil.r incrcare  i n  t p m ,  due 
perhapr t o  charge r tornge i n  one of the cur ren t  

. rourcing t r a n s i s t o r s ,  can be  explainad 88  being due 
t o  the  f a c t  t h a t  f o r  high VOH, f o r  the load c i r c u i t  
used, the cur ren t  sourcing t r a n a i r t o r r  a r c  not over- 
driven. lhey are i n  t h e  l i n e a r  a c t i v e  operat ing =de, 
rrruming t h a t  dc leakage curren t  i n  t h e  cur ren t  r ink  
t r a n a i r t o r  i o  mall, 6nd thus  charge r torage  phenaaene 
vould not a f f e c t  tpm for low r e p e t i t i o n  r a t e  
mcarurement I .  

LOION0 1"  
CIRCUIT 2K 

1 -  I 1 I I 1 

0 60 100 160 200 2110 800 

TEMPERATURE I' Cl 
ligurc 6, Behavior c f  Propagation b c h y r  4 t h  Tem- 

ai@-temperature c h a r a c t e r i r t i c r  of r u b r t r a t e  
fed I a t e g r r t e d  I n j e c t i o n  tOgic (1') and r tandard * 
irohted I* vera a100 i n v e r t t s a t e d  (I# an a l t e r n a t i v e  
to  w. The hro technologier ahowed similar charac- 
t e y i t t i e r  over the temperr ture  range, with r tandurd , 
xz being s l i g h t l y  super ior  i n  termr of high- 
t t laperatute  performance. Figure 7 rhowr behavior of  . 
rtandrrd 12L gate  delay verrur g a t e  p e r  f o r  a 
range bf tearperaturcr up to mar thc  anximum t c m p r a -  
t u t s  of  fUnCtiOn81ity for thir  1 2 t  type ( 2 7 5 O C ) .  
thh data  War obtained using a five-stage r ing  orcil- 
I a t o r .  l h e  increar ing  devia t ion  of the  c h r r a c t e r h t i c  
wrver may  from P Td (power delay time) 
c o n r t r n t  ( a t  lar power) v i t h  increasing temperature 
tr taken to  be due pr imar i ly  t o  i n c h r i n g  junct ion 
leakage i n  the  s a t e  t r a n r i r t o r r .  Increase of the  g a t e  
"rpeed" with increasing temperature is due t o  the 
decrease of the gate  l o g i c  w i n g ,  which tr caured by 
(I deerdare i n  VBZ 4 t h  increar ing temperature. t h i r  
decre8ce i n  l o g i c  wing d t h  temperature, which can 
br reen i n  Figure 8 f o r  both rubatrate-fed 1% and 
r tendatd 12L, eventua l ly  l u d r  t o  funct ional  f a i l u r e  
et approxinate1y 25OoC and 2 7 5 O C ,  re rpec t ive ly ,  
when eombind v i t h  t h e  c f f e c t r  of OFF t r a n r i r t o r  
lukaga currentr. Ihe dccr rare  i n  output amplitude 
for rtandard 1 2 L  i r  reen from Pigure 8 t o  follow 
clwely the  (normal) 2 mV/oC decreare i n  V B ~  
obrenrd repeatedly f a r  r i l i c o n  Junct lonr ,  up t o  a 
temperature a t  h i c h  the  leakage current  i n  the  OFF 
device becolner appreciable .  l o r  rubrtrate-fed 1 2 L  

pera ture ,  X i l i t r r y  54LSOO-Type - Gate 

-------- -- -- ____ __ ____ - 
the decrease i n  output VOlt8ga depends en the dif#ar- 
ence i n  the  r a t e  of decreare  w i t h  temperature of  a 
B r l i C O U  VBE and a Schottky diode forward vol tage,  
and thus the  output vol tage doer not follow the r i r p l e  
2 mV/Oc vag decrease. 
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Pigure 7. S t r n d q d  1 2 L  Gate Power - belay Charac- 
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CHOS High Temperature C h r r r c t e r i r t i c a  

I n v e r t i g a t t a n r  of  commercial a O S  hlgh- 
temperature propertiem vera conducted pr i l rar i ly  ur ing 
4012-type dua1 4-input NAND gates  fabr icated by th ree  
major manufacturers, although the behavior of experi-  
mental device8 var also examined. Both buffered and 
unbuffered c i r c u i t #  uere urcd i n  the Lnveatigation. 
Quite acceptrb1e r t a t i c  and dynamic c h a r s c t e r i r t i c r  
were obrerved i n  c i r c u i t 8  from a l l  th ree  m8mfacturerr  
up to 2 7 0 O C .  Above t h i r  temperature, supply leakage 
current, due primari ly  to  diode leakage i n  the 
p - v e l l / r u b r t r a t e  junct ion,  eventual ly  l i r i t e d  the 
f u n c t i o n a l i t y  of  a l l  c l r c u i t r .  Unloaded transfer 
C h 8 r a C t ~ i 8 t i C r  of a typie.1 (unbuffered) mol2  c i r -  
c u i t  i n  the  nonnrl operat ing temperature range and a t  
high temprqturcl are r h m  i n  Figurer 9 and 10. The 
r h  In VOL at  high temperatures exhibi ted i n  theae 
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I figurer i r  t , c h a r a c t e r i r t i c  o f  a l l  QlOs "D gater  

inves t iga ted ,  and i r  apparent ly  caured by the inabi l -  

aggregate of  the leakage c u r r e n t r  a t  high temperature. 
t i g u r e  11 rhovr t y p i c a l  behavior of the t r a n s f e r  
c h a r a c t e t i r t i c  for  the buffered 040s NAND gate$ 
inver t iga ted  and alro exhib i t8  the  rise i n  VOL a t  
high temperature. In  f a c t ,  high VOL vaa a t  I e a r t  a 
p a r t  of  the  fuac t iona l  f a i l u r e  mode obrerved f o r  a l l  
Q l o S  NAND g4tea, both eo-ercial and experimental, a t  
high temperature. Upper temperature l i m i t s  t o  func- 
t i o n a l i t y  of cocnmercial typer ,  bared r t r i c t l y  00 

t r a n s f e r  c h a r a c t e r i r t i c r ,  ranged from 280°C (unbuf- 
fered m4012A) t o  31OoC buffered 4-input "D) v i t h  
a11 m i t r  of a p a r t i c u l a r  type exhib i t ing  l i m i t s  very 
eloee t o  the  nuan l i n i t  temperature for t h a t  type. 

. i t y  of the  n-channel t r a n r i r t o r r  to  properly r i n k  t h e  
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Figure 11. Voltaga Transfer  C h a r a c t e r i r t i c r  of Buf- 
fered CHOS h-Input NAND Cate 

Leakage cur ren t  due to the input and output  pro- 
t e c t i o n  c i r c u i t r y  war found t o  c o n r t i t u t e  r non- 
n e g l i g i b l e  f rac t ion  ( -25  percent)  of t h e  t o t a l  supply 
leakage cur ren t  a t  high temperatures, but  d id  not  
cause func t iona l  f a i l u r e  a t  high temperature. Table 
1 rhovr a n L a l l o c r t i o n  of supply leakage cur ren t  among 
t h e  var ious  8Ourcer. Note t h a t  th in  phenomenon (pro- 
t e c t i o n  c i r c u i t  leakage c u r r e n t )  i r  not a fundamental 
c h a r a c t e r i r t i c  of CMOS technology, and rome rimple 
modif icat ionr  t o  the p r o t e t t i o n  c i r c u i t r y  may c o n t r o l  
t h i s  leakage current  component. The behavior of  
t y p i c a l  input current  c h a r a c t e r i s t i c 8  and supply 
leakage cur ren t  c h a r a c t e r i s t i c s  v i t h  increar ing  tem- 
pera ture  are rhovn i n  Figure 12 f o r  VDD - 5 V. Data 
rho- i n  t h i r  f igure  war obtained from a buffered CXOS 
NAND. c i r c u i t  (F4012BDM) but  i s  very similar i n  magni- 
tude and temperature depcndence t o  d a t a  obtained from 
o t h e r  MOS "D typer. '&e supply leakage cur ren t  
da ta  rhovn i r  f o r  a l l  inputs  Nigh, vhich i r  the con- 
d i t i o n  f o r  maximum supply leakage f o r  a11 CHOS NAND 
c i r c u i t 8  inver t iga ted .  I ~ L  and i n  the f ig-  
urer  refer respec t ive ly  t o  input cur ren t  v i t h  the 
input  a t  Vss and VDD. "vo arpec ts  of t h e  d a t a  are 
vorthy of cpmmcnt. F i r s t ,  the  behavior v i t h  tempera- 
t u r e  of 'a11 three c u r r e n t s  i r  o €  the  foro exp (-EA/kT) 
a t  least from 100°C t o  beyond 3OO0C, v i t h  EA equal  t o  
or g r e a t e r  than 1 eV. 'Ihir i r  a st rong indica t ion  
t h a t  the mechanism vhich giver  r i r e  t o  the leakage 
c u r r c n t r  i r  diode leakage, which should have a 
temperature dependence of the  form I - T2*5 exp 
(-1.21/kT), or 1 - c x p  (-l.Yl/kT), i n  the  high- 
temperatura regime. The data  rhovn comer very c l o r c  
t o  t h i r  idea l  behavior. Phyricr l  modelr 8110 arrign 
diode leakage as the  rource of the  currents .  Second, 
t h e  ~ s g n i t u d e s  of both supply leakage cur rea t  and t h e  
input  cur ren ts  are r e l a t i v e l y  low up t o  the  ncighbor- 
hood of 300°C, even though they are increamed by 
many.ordetr of magnitude over room temperature valuer .  
Ihir i r  e s p e c i a l l y  so of  the input c u r r e n t r ,  and i n  
t h i r  re rpcc t  QIOS c i r c u i t r y  d i f f e r r  conriderably from 
lTL c i r c u i t r y .  The l imited current  rourcing and 
rinking p p a b i l i t y  of W S ,  coupled with the decreare  

there  c r p a b i l i t i e r  with increr r ing  temperature 
means t h a t  input cur ren t  derrsndr nnut be kept  low i n  
order  to maintain func t iona l i ty .  

. . . - . I - 
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I n  an e f f o r t '  to demonrtrate the p o t e n t i a l  of I 

' high-tempariture d i e l e c t r i c a l l y  i r o l a t e d  ( D . 1 . )  CnOS . 
techndlogy, severa l  experimental devicer ware con- 
r t ruc ted .  To r i r u l a t e  a D.Z. prncerr ,  n- and 
p-channel XJSFZTr on Mpara te  ch ipr  were' intercon- 
aected using thick f i l m  hybrid technique8 t o  form a 
2-input o(DS NAND gate .  The conr t ruc t ion  and elec-  
t r i c a l  c h a r a c t e r i s t i c s  of  there  high-temperature tQS 
t r r n r i r t o r i  have previously been reportcd.*s5 This 
arrangement e 1 iminate 8 the  p-we 11- to-rub a t  r a t e  1 enkage 
c u r r e n t s  vhich =re found to be i o  troublerome i n  ' 
j m c t i o n  i r o l a t e d  IC#. To reduce the  c i r c u i t  leakage 
c u r r e n t r  even fur ther ,  t h e  g a t c r  vere conrtructed , 
u i t h o u t  input  protec t i o n  r r t v o r h .  

ply c u r r e n t  c h a r a c t e r i r t i c r  o f  one commercial and tvo 
experimental WOS 2-input XAHD gatcr  a t  var ious t e m -  
pcra turer .  A l l  gate8 ured t h e  rame b a r i c  c i r c u i t  

' conf igura t ion  and none u t i l i z e d  cutput  buffer ing.  
Figurer 14 and 15 show the c h a r a c t e r i s t i c s  of an BCA 
4011 c i r c u i t .  n i r  particular device 1s unusable a t  

Figurer 14 through 20 rhov the  t r a n c f e r  and rup- ' 
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200 

rpproxi tw ., equal  t o  thore i q  the  aollraercial bel l ,  
but the  t r a n r i r t o r r  a r e  la rger .  It can ha l e e n  t h a t  
the e l i m h a t l o n  of the  p - w I l / r d b r t r a t e  junct ion and 
input  pro tec t ion  dioder har  g r e a t l y  reduced the rupply 
cur ren t  a t  high temparaturer. The leakage curren t#  
i n  the experimental c i r c u i t r  a r e  pr imari ly  dra in /  
s u b s t r a t e  leakage cur ren ts .  (Note t h a t  Figure 15 
r h w a  cur ren t  f o r  four g a t e r ,  vhile Figure 17 deal r  
v i t h  only one.) I €  the  t r a n s i s t o r s  used i n  the  
experimental c i r c u i t  were rcaled down t o  u t c h  thore 
i n '  the  RCA devices ,  the leakage cur ren t r  could be 
reduced by a t  h a r t  another  f a c t o r  or tvo. 
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Figure 1s. Supply Current Verrur Input Voltage f o r  ured t o  ~ o n r t r u c t  another  exper iacnta l  NAND g a t e  uhich 

Unbuffered RCA 4011 cH)S 2-Input NUYD Cats dirplayed exce l len t  c h a r r c t e r i r t i c r  to 300°C and 
good c h a r a c t e r i r t i c r  t o  J40°C (Figurer  I8 and 19). 

. Figurer 16 and 17 shou t h e  charrcterLrt icm of one - There t r r n t i i t o r r  are of  the s a w  gematry 18 thore 
cxparimental gate. I n  t h i s  care the  doping lovelr ara urad i n  r i g u r e r  16 end 17, but  t h e  increased doping 
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levair  rervec) to reduce d r a h d r u b t t r a t e  leakage and 
t o  inc iease  thrcahold voltage. A t  mom temperature 
V7,N c 3 and V7,p 5: -2, giving r i r a  t o  the rharp 
t r r l u f e r  c h a r a c t e r i s t i c .  The high doping level8 a h 0  
caabled enhancement =de operat ion a t  temperature8 
we11 above 30O0C-a n e c e s s i t y  i n  QIOS c i r c u i t r  i f  
l w - c u r r e n t  d r a i n  i r  desired.  Output buf fer ing ,  ur ing 
hoo high-temperature Q(0S h v e r t e r s ,  could extend the 
maximum usable  temperature of this c i r c u i t  t o  as high 
BE 360%. CaP or C d r  diodes could be used t o  give 
r e l i a b l e ,  Iou-lukaga input  protect ion.  
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Figure 18. Voltage Transfer  C h a r a c t e r i s t i c s  of 
Experimental =S 2-Input "D Gate 
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An d t e t n a L i v e  to normal J.T. eo 'B.J. QlOS i s  

Silicon-On-Sapphire (SOS) CXOS. QnoS t C r  fabr ica ted  
using t h i s  technology would not have p--11-to-rub- 
r t r a t r  junc t ionr ;  and the high-VOL f a i l u r e  mode, a t  
l e a a t  due t o  leakage of there  junc t ionr  might be pre- 
vented. Imperfections i n  the r i l i c o n  f i lm do give 
t i r e  t o  the p o s r i b i l i t y  of o ther  high-temperature 
func t iona l  f a i l u r e  -der due t o  t r a n s i s t o r  leakage. 
Inves t iga t ions  i n t o  the  high temperature p r o p e r t i e s  
of SOS t r a n s i s t o r s  have begun, and there  vi11 be 
extended t o  the  proper t ie r  o f  SOS CXOS ICE as appro- 
p r i a t e .  Figure 21 shows the  behavior of ID f o r  
VCS - 0 ( 1 ~ ~ s )  for  typ ica l  edgelesr  and normal 
p-channel and n-channel SOS )DSPETs. The a c t i v a t i o n  
energy exhibi ted by the IDSS data  is q u i t e  l o w  com- 
pared to t h a t  normally exhibi ted by bulk d i s c r e t e  and 
IC WSFETs. For bulk devices of room-temperature 
threahold vol tage,  V , comparable t o  the  devices  o f  
Figure 21 (1  t o  2 d, IDSS a t  high temperaturea i n  
pr imar i ly  composed of drain-substrate  leakage c u r r e n t .  
Bovever, the  channel current  component of IDSS can- 
not  be to!ally neglected a t  high temperature. lhis 
channel current  can have a l a r g e  inversion-layer  com- 
ponent i f  the  lcu-threahold t r a n s i s t o r s  a r e  opera t ing  
i n  the deplet ion ,mode a t  high temperatures. Because 
o f  back s a t e  e f f e c t 8  and o ther  unique a s p e c t s  of SOS 
technology, the behavior of VT versus  temperature 
f o r  SOS YDSFETs i r ,  i n  p r i n c i p l e ,  more complicated 
than t h a t  o l  bulk devices. Comparison of the  behavior  
e€ p-channel and n-channel IDSS i n  Figure 21 rhowr 
t h a t  e i t h e r  "rubthreshold" channel current0 are neg- 
l i g i b l e ,  or the  subthreshold cur ren ts  are i d e n t i c a l  
f o r  the  hro d i f f e r e n t  device p o l a r i t i e s .  This l a s t  
p o s s i b i l i t y  neems unl ike ly .  lhus t h e  IDSS c u r r e n t s -  
muat be pr imar i ly  due t o  junct ion leakage effecti: '  
The values  of IDSS shown i n  Figure 2 1  are remarkably 
low; baaed on i n f o m a t i o n  a v a i l a b l e  n w ,  SOS QlOS 
appear8 t o  have real  promire as a high-temperature 
technology. 
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Figure 21. Typical Behavior of IDSS Vith Tempera- 
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I n  order  t o  obta in  i n f o m a t i o n  m high-tempcta- 

t u r e  parimcter r t a b i l i t y  and p o r r i b l e  major f a i l u r e  
modes of  b ipolar  and CHDS ICs, operat ing l i f e  t e r t r  
=re performed for timer r inging up to 4,000 hourr. 
The d t r  ured in  the  l i f e  t e r t r  .were not r tandard 
commercirl technology ICs. Ihey Yere r i l i c o n e -  
cncaprulated,  copper beam-tape bonded devices  fabr i -  
ca ted  using 8 c h i p  technology s i m i l a r  t o  the beam 
lead-sealed junct ion technology, including the UM of 
t r  imc t a 1 P t Si-Ti-P t -Au aoe t a 11 i r  a t  ion. Ambient tes t 
temperrturer (rcre chorea t o  be romevhat under the 
maximum operat ing temperaturer of  the device types. 
Ambient temperaturer and device typer were 22SoC, 
flz type 5420; 26SoC, Schottky-clamped l T L  type 
54S20; and 265OC, CMOS type CD6012A. 

The operat ing t e r t r  from which the data  was 
obtained involved 14 unit# of each type f o r  the  W S  
and rtandard Tn typer ,  and e i g h t  u n i t e  f o r  the 
Schottky T1z type, o f  which one-half had input r  he ld  
X i &  90 percent of t h e  time and Lou 10 percent  of  the  , 
time, ind one-half had input8 he ld  High 10 percent  of 
the t i m e  and tar 90 percent  of the  time. The input  
pu l re  r e p e t i t i o n  rate vas 1 Xz. Povcr rupply vol- 
tage  war 5 V i n  a l l  c a r e r ,  and parameter mearurements , 
were perfomed only a t  high tetnperaturc. 

The l i f e  t e r t  behavior of two c r i t i c a l  parameters ' 
18 rhovn i n  Tablea 2 and 3 for t h e  two TTL I C  typer. 
Hore complete parameter data  for  t y p i c a l  l i f e - t e r t e d  

u n i t 8  is shown i n  Tabler 4 and 5. Qf t h e  t o t a l  
22 Tn M i t 8  aubjected to l i f e  t e s t i n g  (14--5420, 
8-54S20) only one 59820 g a t e  rhowed t r u e  functiona! 
f a i l u r e ,  i.e., i n a b i l i t y  t o  execute a &-input NAND i 

t r u t h  table .  Thi8  f a i l u r e  occurred between 500 hourr 
and 2,000 hour8 of test. Ihe  r i r te r  ga te ,  i n  the 
eame packige, functioned with l i t t l e  parameter change 
a f t e r  2,000 t e r t  hours. Taken i n  t o t a l ,  t h e  da ta  i n  

*Tables 2 through 5 e x h i b i t  acceptable  parameter 
r t a b i l i t y  f o r  mort appl ica t ionr ,  ou t  t o  the tcrmina- , 
tion of the  l i f e  t e s t e .  Onc.puzzling f a c t o r  van the  
decrcare of Im during the  l i f e  t e r t ,  rhovn i n '  
Table  2. Ihe  cwchanirs €or t h i s  decrease has not ye t  
been ident i f ied .  

The behavior of rc lec ted  parameters a€ the  

una: ole u n i t s  during the ltPe t e s t ;  i a & r p a g  jncr$?r$ 
i n  I a t 1  i r  evident  a t  the $09- host pgrawttet  -6- 
rurcment point ,  and a subsequent incrcasc i n  IONS 
is  c l e a r  a t  t h e  2,000 hour r a r u r e m e n t  point .  Fhe 
mource of there  increarer  has not been ident i f ied .  
The devicer  d i d ,  however, function a f t e r  the parameter 
chnnger rhovn and shoved very l i t t l e  change i n  grce- 
threrhold vo l tage  vm. f terul t r  are a t  t h e  l e a s t  
promiring in terms of r e l i a b l e  high-temperature func- 
t i o n a l i t y .  It i a  p o r r i b l e  t h a t  damage to t h e  input 
pro tec t  c i r c u i t r y  ("zapping") during parameter =a- 
rurement war rcsponr ib le  for  the changer i n  input 
cur ren t  requirementr observed. 

Table 2. Behavior o f  Lot Mean IIH(VI - 2 . 4  V) and 
V*L!IOL 2 mA) for  54S20 lTL Gates, 26SOC 
Ambient Li fe  Test 

TIKE (hr )  
Parameter - 100 2,aoo 

I I H ( d A )  0.283 0.165 
VoL(mVpv) 114 130 

Table 3. Behavior of  tot Hean Im(V1 = 2.4 V) and 
VOL(IOL 1 mA) f o r  5420 Tl7. Cater, 22S°C 
Ambient L i f e  Test  

TIKE (hr )  
_Parameter 0 - 200 L,ooa 2,ooo 

Il~(DA) 0.298 0.336 0:310 0.311 
VOL(rnV) 100 102 101 103 

Table 4 .  Q p i c a l  Reaultr of 26S°C Life  T e r t  on 
54S2O-Type Tn NAND Cater. 

TIKE (hr )  . Parameter - 100 2,ooo 
+ 

6.67 6.67 
4.00 4.13 

115 130 
Vo,r*(V) 4.09 4.08 

lCCH(d) 

CD4012-type O S  NAND gater  versur  t i m e  on l i f e  test 1 

is t h m  i n  t ab l e  6. The CHOS l i f e  t e r t  population I&i& 31.9 29.3 
rhowed two d i f f e r e n t  types cif behavior. Eleven u n i t s  ~ IIL(mA) 0.680 0.372 ' 

* I I H ( d  0.268 0.202 .- &wed l i t t l e  or no change i n  parameters during &e 
' 

input  eur ren t  and o ther  .sparameteri. I h s  data  of . *VI 2.4 V, +*VI 9 0.4 V 
I t es t r ,  while four m i t r  shoved abrupt  incrcarer  i n .  

Table  6 vas taker! from the  " r tab l t "  11 rmi t r .  Table 7 , ~ 

ahovi  the behavior cf p a r m e t e r r  of one of the  four ' 
i 

Table 5. Typical  R u u l t r  of  225OC L i f e  Test on j420-Type Tn NAND Cater. 

TIKE (hr) 

. .  - .- ... . .. . . .. 

YE 500 
5 3 T  
4.06 4.05 

*. 123 123 
a.711 3.73 
17.3 17.1 

0.307 - - 0.337 
0.885 - - 0.91s 

E ?,M)o 
5.74 5.71 
4.05 4.04 

123 118 
3.66 3.64 
19.0 19.2 

0.305 - - 0.339 . 
0.883 - - 0.910 

._ . .. . .. . . . . . . . -. - . -  -.- ~ . .. - 
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.. Table 6. Behavior of Hean, Highest, and Lowert Values of Sei-.. -.: Parametcra, $D-%Ol)-npc CMOS WQ 
a 

0 b Cater ,  26SoC Ambient L i f e  Test. Data Lxcludcs Pour Unit. Exhibi t ing High rwlt an4 r ~ ~ s ~  
0 

so 
1.261 
1.046 
0.779 

1.082 
0.876 
0.643 

5.91 
4.54 
2.95 

18.2 
14.4 
10.3 

- 100 

1.256 

- 
1.045 
0.773 

1.071 
0.873 
0.638 

5.97 
4.61 
2.99 

18.2 
14.4 
10.3 

nHd (hr)  
400 - 200 - 

1.251 1.245 
1.042 1.034 
0.7 67 0.753 

1.086 1.057 
0.891 0.864 
0.652 0.621 

6.08 6.08 

3.07 3.07 

19.2 19.0 
14.9 14.8 
10.7 10.6 

4.69 4.69 

_!,600 

1.25s 
1.046 
0.772 

1.069 
0.877 
0.640 

7.76 
4.95 
3.19 

19.9 
1s.s 
10.6 

z,ooo 
1.243 
0.936 
0.762 

1 .OS3 
0.786 
0.631 

21.0 
5.72 
3.16 

43.0 
16.0 
10.8 

s,ooo 
1.100 
0.910 
0.682 

0.925 
0.749 
0.555 

12.18 
4.62 
2.15 

18.5 
12.2 
8.7 

Table 7. Behavior of  Selected Parameters of a CD4012-type C m S  NAND Gate Verrus Time on 265OC 
Operating L i f e  Test. Unit Shown war One of Four (Out of F i f teen)  Which Shoved Signi f icant  
Parameter Change. 

'I 

so 

1.147 

5.14 
17.8 

5.001 
1.560 

.I76 
.0084 
2.94 

- 100 

1.132 

_. 

1.16 
17.9 

4.986 
1.534 

.176 
.0082 
2.93 

"IKE ( h r )  
400 - 200 - 

1.787 1.861 

317 317 
20.5 20.4 

' 4.101 4.079 
2.197 2.150 

.19S .I97 

.297 .296 
2.70 2.68 

l,ooo 
1.812 

33 I 

4.262 
2.144 
.I99 
.30S 
2.71 

20.8 

2,ooo 

I .  794 

339 
20.5 
58.0 
2.20 
.198 
.312 
2.73 
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cxtrelnely m a l l .  I n  a11 cases the func t iona l  f a i l u r e  , 
mode v a 8  lcrv V O ~ ,  caused by col lector-base leakage 2, 
c u r r e a t  from the  phase-sp l i t t e r  t r a n s i s t o r  flawing t 

through the  phase s p l i t t e r  c o l l e c t o r  r e s i r t o r .  
I '  

Unbuffered commercial J.I. C W S  functioned to 
28OoC, * buffered J.I. (3939 functioned t o  31O+OC 3. 
8nd exper imcnta~ ,  rimulatcd D.1. O S  functioned t o  ,* 
tgmpcratures i n  excera of %O0C, In  the NAND ga tes  .1 +.  

Rtudied, t h e  func t iona l  f a i l u r e  mode was high VOL, 
I condi t ion caused by the  i n a b i l i t y  of the  n-channel, 
LtJtnsistots t o  properly s i n k  the  funct ion leakage 
wtrenta. 1 4. 

4,ooo 

1.580 

3 20 
15.8 
55.0 
2.1 
148 

.303 
2.67 

While 6tandard gold-dope& Tl'L functioned only t o  
' 1. J. L. Prince,  "Performance of S i l i c o n  Devices a t  

250OC, i t  war fwnd t h a t  Schottky-clamped TIL i r  , Very High. Temperatures," Seventh Government 
func t iona l  a t  temperatures above 325OC. A t  high Hicroc i reu i tb  Applicat ions Conference Digest of 

Papers, pp 318-321 (Nov. 1978). 

II, L. Draper and D. U. Palmer, "Extenrion of 
High Temperature Electronics ,"  IEEE Tranr ,  Com- 
ponents, l lybrids ,  nnd HAnuf. Technology CHMT-2, 
pp 392-404 CDec. 1979). 

L. J. P a l k u t i ,  J. L. Prince,  and A. 5. C l i s t a ,  
"Semiconductor Device C h a r a c t e r i s t i e r  a t  260°C 
f o r  A i r c r a f t  engine Control Applicntionr," IE&E - 
Trans, Component;, Hybridr, and )canuf. Technology 
QMT-2, pp 405-412 (Dcc. 1979). 

The invea t iga t ionr  d e a m r t r a t e  conclusively t h a t  
p a t e n t t a l l y  u.acfu1 performance c h a r a c t e r i a t i c s  can be ' 

, obtained from # m e  s i l i c o n  in tegra ted  circuits a t  i 

temperature$ well in  excess of x)O°C. Bared on 
this work and fur ther  uork on performance-limiting ~ 5. 
aechanisms, usefu l  c h a r a c t e r i a t i c s  of s p e c i a l l y  
designed and constructed a i l i c o n  I C s  e t  temperatures ' 
in e x c e s ~  of 325% are  expected. Questions of I 

r e l i a b i l i t y  are not t o t a l l y  resolved a t  t h i s  po in t ,  
kt no insurmountable barrier8 t o  r e l i a b l e  

J. L. Pr ince,  H. A. Rapp, J. U. Kronberg, and 
L, T. F i t c h ,  "High Temperature Performance of 
Comnercial Integrated Ci rcu i t s , "  High-Temperature 
t l e c t r o n i c r  and Instrumentation Seminar, Hourton, 
f x ,  Dec. 3-4, 1979 ( t o  be published). 

J ,  0. KcBraycr, "CMOS Test Chip," -78-1390, 
w a i l a b l e  through "TIS. 

Acknovledgrnts  

the authors  would l i k e  t o  thank Diane Cittlzlnrn 
* and Joyce Lx for  performing measurements on some of 

t h e  ICa ,  and Peggy Bonn for  not producing s t a t i c  while 
~ a t t a c h i n g  and barding the unprotected WS devices. 

high-temperature operat ion have been found. 


