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Abstract

Results of detailed investigations of the per-
formance and relisbility of digital bipolar and CMOS
integrated circuits over the 25 to 340°C range are
reported. Included in these results are both para-
wetric variation information and analysis of the
functional failure mechanisms. Although most of the
work was done using .commercially available circuite
(TTL and @08) and test chips from commercially
compatible processes, some results of experimental
simulations of dielectrically isolated CMOS are also
discussed. In general, it was found that commercial
Schottky clamped TTL, and dielectrically isolated,
low power Schottky-clamped TIL, functioned to junction
temperatures 1in excess of 325°C. Standard gold

doped TITL functxoned only to 250°C, while commer- '

eial, {solated I2L functioned to the range 250°C
275°C. Commercial junction isolated CH0S, buffered
and unbuffered, functioned to the range 280°C
310°C+, depending on the manufacturer. Experimental
simulations of simple dielectrically isolated CMOS
integrated circuits, fabricated with heavier doping
levels than normal, functioned to temperatures in
excess of 340°C, High temperature life testing of
experimental, si}iconc-encapsulated simple TIL and
CM0S integrated circuits have shown no obvious 1life
limiting problems to date. Xo barrier to reliadble
functionality of TTL bipolar or CMOS integrated cir-
;uit; &t temperatures in excess of 300°C has been
ound,

Introduction

Requirements éxist for active electronic conpo-

" pents which function reliably at ambient temperatures

in excess of 300°C. Component demand is curreatly

* for {astrumentation used in loggmg of geotherwal
" wells and in controlling jet engines in military air-
. eraft} other areas such as nuclear reactor instrumen-,

tation are awakening to their need. For the geother-

- w2l well logging epplications, reliable operstion of
325°9C for

systems &t ambient temperatures nesr
perlods exceeding 100 hours ere required. By compar-
ison, availsble o0il well instrumentation systems are
rarely rated for opention sbove 180°C  ambient.
Currently, jet aircraft engine control and monitoring
systems are required to operate over the ambient range

from =55°C to +2609C, with higher temperatures
expected in experimental engines. ‘ o
Initiel results of research into the high=

~ temperature capsbilities of discrete silicon devices

end cvormercially svailable digital integrated circuit
(1C) technologies indicate . feawibility of wuseful

- operation of economical digital ICs at asbient tem-~

peratures up ~ to &t . least 3000¢.1-3 Complexity
linfts and reliability factors have not yet been
This paper discusses
partisl results vhich proceeded from a larger {nves~
tigation of the high-~temperature characteristics and
_of commercial, mainstresm-compatible
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integrated circuit technologies, 1In the {nvestiga-
tion, both CMOS and bipolar technologies were exaained
up to maximum temperatures well in excess of 300°C,
with devices from several manufacturers being used
for each generic category. Both TTL (standard and
Schottky-clamped, dielectrically isolated and
junction isolated) end I2L (substrate-fed and stan-
dard) technologies were included in the bipolar tech-
nology category. For all of the bipolar generic
types, the variation of the base emitter voltage with
temperature causes & severe skewing of the gate
transfer characteristics.

The performance characteristics of a wide range
of simple, commercially available CMOS IC types, both
buffered and unbuffered, were investigated. In addi-
tion, experimental simulations of the performance of
ainple dielectrically-isolated CMOS 1Cs were perforwed
specially fabricated thybrid devices. Both
static and dynamic characteristics were mveut\gated
over the temperature range from 25°C to the maximum
temperature of functionality. In all cases covered

. in this discussion, temperatures mentioned are junc-

tion temperatures since parameter measurement wvas

. performed dynamically, with little junction tempera-
. ture rise above ambient.

However, self-heating was
found to not change the parsmeters significantly for
ambient temperaturcs below 300°C,

simulating

The impetus for the experiments

: dielectrically isolated CMOS came - from the fact that
investigations of the behavior of both dc and dynanmic

parameters of many commercial device types showed that
acceptable performance is obtainable from monolithie
bylk CMOS 1ICs at temperatures up to near 300°C, and
that the 1argeit obstacle to functionality at higher
temperaturcs is the large supply leakage current.
Experimental evidence and modelling of bulk CMOS

" devices indicate that most of this leakage current is

attributable to the input/output protection circuitry
and to the p-well-—to-substcate junction leakage rather
than to the individual active devices that constitute
the basic logic gate. In order to investigate the
utility of CMOS circuits at temperatures approaching

350°C, an experiment was conducted. By using thick
. film hybrid techniques, discrete transistors were
" interconnected to form .logic gates which simulate

those constructed with dielectric isolation. These
circuits exhibit acceptable electrical characteristics
et  temperatures considerably higher than the
Junction-isolated types. :

High Temperature Bipolar 1C Performance

Investigation of high-temperature performance

. chavacteristics of TTL ICs focused on simple logic

gates (2-input and 4-input NANDs) fadbricated using
standard junction isolation (J.1.) techniques and
fabricated using both dielectric isolation (D.1.) and
photocurrent  compensation. Both gold-doped and
Schottky-clamped  technologies were involved in the
investigation. Results were obtained from only one
circuit type fadricated using photocurrent compensa-
tion and D.I1. technologies (similar to the 34LS00
referred to subeequently as the "military" TTL cir-
cuit), Note that the work was intended to elucidate
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functional failure mechanisms and gencral parametric
behavior rather than to define and determine detsiled
vse~condition high temperature parameters of large
populations. Devices from several msnufacturers wera
used in the investigations, and both dc and dynamic
charscteristics vere examined over the ambient ranmge,
25°C, to slightly sbove 300°C where possible. The
units referred to as commercial were off-the-shelf
ceramic-encapsulated units.

Usable dc and ac characteristics were observed

beyond 300°C axbient for both commercial and mili-

tary Schottky-clamped TTL: Pigures 1 and 2 show
examples of typical unloaded transfer characteristics

observed cver the range 25°C to 325°C for & com-

mereial 354520-type 4-input NAND TTL gate and for a

S41800~-type 2-input NAND TTL gate. Clearly usable
transfer charscteristices are evident in the figures
at least up to 300°C, =lthough noise wmargin is
something of & problem for the output low case.

 Although the data of Figure 1 applies directly only

‘High voltage).

to devices from a particular wmanufacturer, character-
fstics of 54820-type 1Cs from other manufacturers were

‘esseatially identical to those of Figure 1 in all
In fact, except for lower maxi-

important respects.
mum temperature limite and scaling of the behavior of
some parameters, standard gold-doped TTL high-
temperature performance characteristics were very
similar to those shown in Figures 1 and 2 and other
Schottky-clamped parameters discussed jin subsequent
sections. Most importantly, the high-temperature
functional failure wodes of commercial standard TIL,
Schottky~-clamped ITL, and military Schottky-clamped
low~power TIL were identical, and the inferred failure
mechanisms are the ssme for all of these types. Thus
the following detsiled discussions will concentrate
on the military S54LS00~type IC with only passing
reference to parameters of other TTL types.
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Pigure 1. Voltage Transfer Characterfstic of Coa-
mercial 4-Input 54820-Type TIL NAND Cate,
Various Temperatures

The functional feilure wode in ell cases (atan~
dard and Schottky-clamped TIL) was low Voy (output

ing Vo with incressing temperature can be seen in
Figures 1 and 2 for 3259C. Analysis of tranefer

in the commercial de- did not conpridyte substan-
tially to parameter degcadationt The high temperature
functional failure wechanism can be {inferred by
examining data such as that shown in Figures 3 and 4,
vhich exhibit the behavior of powver supply current -for
the output High state (Iccy) and the behavior of
output Righ voltage versus output Righ-sourcing cur-
rent for the IC type of Figure 2. This dats must slso
be correlated with the high tempersture behavior of
fnput Low current Xyp. If these intercomparisons
srée performed for the 54L500-type IC or for any of the
other TTL types mentioned earlier, it becomes clear
that the observed reduction in Vgy cannot be due to
output pulldown (due to leakage curreant into the base
terminal, for example) by the current sinking tran-
sistor in any of the IC output stages. The high
temperature output High~current sourcing capadbility
of a1l the TTL types is so large that if sufficieat
curréat were sunk by the output curreat sinking tran-

_sistor to cause the observed decrease in Vgy, the

current would asppear as a distinguishable additipnal

component in the Ipocy versus T characteristic at
high temperature. Most of the incresse in Igey
evident in Pigure 3 at high temperatures can be

sccounted for by increase in Iy at zero input vol-
tage. This current {ncrease originates in the
collector-base junction of the phase splitter tran-
sistor and 'is diverted out the input terminal,
sppearing as an additional component of Iy, rather
than flowing into the base terminal of the current
sink transistor. The current does, however, flow
through the collector resistor of the phase splitter
circuitj the voltage drop caused by this leakage cur-
rent thus results in & decrease in Vo, since for
roderate output (and pover supply) currents Vg
follows the voltage drop across this collector resis-
tor after being shifted down in voltage by one or two
Vgg - drops.  Junction leakage current levels and
resistor values cowbine in this way to give an upper
temperature limit of functionality slightly in excess
of 325°C for commercial Schottky-clamped TIL end
military Schottky-clamped 1low power TIL. Omne excep-
tion to this was & military circuit which wvas some-
thing of 2 hybrid (in circuit design) between stan-
dard TIL and }ow power Schottky TTL; unique aspects
of the circuit® design limited the upper temperature
of functionality to approximately 270°C for this
circuit type.d HKigher leakage curreat density
levels, due to generation-recombination effects and
relatively high circuit resistance levels, caused the
upper functionality temperature limit of commercial

. standard (gold doped) TIL to be spproximately 250°C.

1

The beginnings of a trend to decreas~

charscteristic datas along with date such sz power

supply current showed that the decrease in Vo was
ceused by collactor-base junction leskage current from
the phase splitter transistor flowing through the
phase splitter collector resistor. Up to temperstures
very close to the msximum tempersture of functional-
fty, leakage current due to Isolation junctions
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Frou the behavior of Igoey ‘and the power supply

current for output Low (Igc) at high temperature,
shown in Figure 3, it {s clear from this standpoint
that operstion at least to the neighborhood of 300°C
is feasible., The high-~temperature output drive capa-

bility shown in Figure & wmust be compared to high

temperature  Iyy and  input  High-current  (Iyy)

levels {n order to determine whether fenout greater

than imity is possible st high temperature. TFigure 3
ghows typical {nput I-V characteristics at various
temperatures for the (military) clrcuit type of Pigure

2, Comparison of Figures 4 and 5 tead to the con~

clusion that fanout grester than unity exists above
300°C for this circuit type. Standard snd Schottky~
clazped coumercial TTL showed higher values of Ipp
and Ipg (e.g., I=0.5 = 1 ma gt 300°C for com-

wercial $4820-type 1Cs). They also showed much higher '

output drive capsdilities, and exhibit fanout capa-
bility greater than unity up to & temperature very
close to the maximum tempetature of functionality.
The reduction in current sourcing capadility evident

in FPigure 4 can be inferred to be due to increase in
circujt resistance values with increasing tempers-
The increase iIn current sinking cepability

ture.

Military
2~Input S4LS00-Type TTL NAND Cate, Versus

.clearly better technique.

T s T A G B

shown in Figure 4 can be inferred t.o. be due to ap
increase with temperature in current sink transistor
hnc
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Figure 5. Input 1-v Characteristics, Hilitary
S4LS00~Type TIL  RAND Gate, Various
Temperatures

The decrease in 1y shown in Figure 3, with
increasing temperature up to the neighborhood of
250°C, is understandsble based on the behavior of
the resistance of diffused resistors with temperature.
The increase in Iy, for very low-input voltage,
such as exhibited by the 300°C curve in Figure 3,
is apparently due to collector-base junction leakage
current flowing from the phase splitter transistor as
discussed earlier. This phenomenon increases Iyp
at high tempersture, which is not desirable, but also
tends to prevent hpg multiplication of the leakage
current by the phase splitter transistor, thereby
extepding the high~temperature performance range.
The origin of the Iyy currents is in the clamp diode
reverse leakage current; wmagnitudes of Iy at high
temperature were very similar for both Schottky-
clamped and standard TIL. The magnitudes of Iy
were determined to be correlated with clamp diode area
by comparison of the layout of the ICs under discus-
sion here with the layout of a circuit reported
eatlier{vhiph showed very low values of Igy.

‘The behavior of propagation delays (tpy, out-
put Righ to output Low delay time, and tpry, output

. Low to output High delay time) with temperature is
“shown {in Figure 6 for the military 54LS00-type TIL

RAND, The output load circuit used for these dynamic
weasurements was & standard & diode-losd capacitance
circuit such as that commonly specified by all manu-
facturers. The diodes were maintsined at 25°C, and
the load. capacitance was 25 pF, Delay times were
messured between 1.5 V. levels at the output (even
though the relevance of this voltage level is in
queation for high-temperature applications) for the
sake . of standardization and in the absence of =2
The general charscteristics
of the behavior of propagation delays with temperature
shown in Pigure 6 were identical to the characteris-
ties of other Schottky-clamped types investigated,
although the S$4520-type ICs showed mwuch smazller values
of tpg end tpy,. Standard TIL, on the other
hand, showed & wonotonic increase of tprg wvith tem-
perature starting at 25°C, and, of course, did not
function .above 250°C. In wview of the high-
temperature Io; - Vor, characteristics shown in Fig-
ure 4, the {nsensitivity of tpyy to temperzture was

SRR LS T SRFIF BT




. expected. llowever, the sensitivity of tpig to tem-
perature, above 250°C, was unexpected and cannot be
explained totally by the reduction of current sourcing
capability shown in the charecteristics of Figure &,
However, the drastic increase of tpy above 250°C
can be explained by partisl failure of the Schottky
elamping of the current sink transistor collector-base
junction due to & reduction in the forward biased
voltage of the collector-base j}unction with tempera-
ture at a trate faster than that of a Schottky diode
forward biased voltage drop, Crude calculations
{ndicate that this mechanism can occur in the neigh-
. borhood of 250°C., The result would be, of course,
the gradual onset, starting at some high tempersture,
of charge storage in the curreant sink transistor,
strongly increasing tpry with increasing tempera-
_ ture. The lack of similar increase in tpy, due
perhaps to charge storage in one of the current
sourcing transistors, can be explained as being due
to the fsct that for high Voy, for the load circuit
used, the current sourcing transistors are not over-
driven. They are in the linear active operating mode,
assuming that dc leskage current in the current sink
transistor is small, and thus charge storage phenomena

wvould not affect tpgy, for lov vepetition rate
weasurements.
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Figure 6. Behavior of Propagation Delays with Tem-
perature, Military 54LS00-Type KAND Cate

Bigh-temperature characterhticl of substrate
fed Integrated Injection Logic (12) aod stendard
isoleted 12 were also investigated as an alternative
to TTk, The two technologies showed similar charsc~
teristics over the tempersture range, with etandard
Iz being slightly superior in terms of high-
enpeuture performance.  Figure 7 shows behavior of

standard 1%L gate delay versus gate pover for a
range of temperatures up to mear the maximum tempers-
ture of functionality for this 12L type (2759C).
This data was obtained using a five-stage ring oscil-
fator. The increasing deviation of the characteristic

curves away from P * T4 (pover ¢ delay time) = .

constant (at low power) with increasing tempersture
is taken to be due primarily to inacreasing junction

leakage in the gate transistors. Increase of the gate '’

Vapeed" with increasing temperature is due to -the

decrease of the gate logic ewing, which fs caused by . -

a2 decresse in Vpg with incressing temperature. This
decrease i{n logic swing with tewperature, vhich can

be seen in Figure & for both substrate-fed 1L and

stenderd 121, eventually leads to functional failure
at spproximately 250°C and 275°C, respectively,
vhen combined with the effecte of OFF trensistor
leakage curreats. The decrease in output amplitude
for standard 12L {s seen from Pigire 8 to follow
closely the (normal) 2 mV/9C decrease in Vpg
observed repestedly for silicon Junctions, up to &
temperature at which the lesksge current {n the 0??
device becomes appreciable. TYor substrate-fed 12

. the decrease in output voltage depends on the differ-

ence in the rate of decresse with temparature of a
silicon Vpg and a Schottky diode forward voltage,
and thus the output voltage does not follow the simple

+ 2 mV/OC Vgg decrease.

102
G
4
e 10F
2
b
-«
]
w 1
-«
w
1 10 102 10°
SATE POWER (106w
Figure 7. Standard I2L Gate Power ~- Delay Charac-
teristics, Various Temperatures
i G\
600} N
\ STANDARD {SOLATED
2
s + 1“L. 200 pA
E
e
‘8 400}
[
S \
= AN
= s
=" k
[ =]
= \
= 200} :
b
o 2
a SUBSTRATE-FED 1“1
/
b . A
MAXIMUM Ammuotvm\m\
_ 1 N " A 1 1
100 200 300

TEMPERATURE * ¢}

"Figure 8. Ring Oscillator Output Voltage Amphtude,

Standard. 121 and Substrate ~ Ped 1%L,
Versus Temperature

CM0S Righ Tewperature Charscteristics

Investigations of commercial 40S  high~
temperature properties were conducted primarily vsing
4012-type dusl A-input NAND gates fabricsted by three
wmajor manufacturers, although the behavior of experi~
wmentel devices was slso examined., Both buffered and
unbuffered circuits were used in the investigation.
Quite acceptsble atatic and dynamic characteristics .
wvere observed in circuits from all three manufacturers
up to 270°C. Above this temperature, supply leakage
curreat, due primarily to diode 1leakage in the
p-well/substrate junction, eventually lisited the
functionality of all circuits. Unlosded transfer
characteristics of s typical (unbuffered) CD40OI2 cir-
cuit in the normal operating temperature range and at
high tempersture are shown {n Figures § and 10, The
rise in Vg at high temperstures exhibited in these




figures is . characteristic of all Q08 NAND gates
investigated, and is spparently caused by the inabil~
ity of the n-channel transistors to properly sink the

aggregate of the leakage currents at high temperature. '

Yigure 11 shows typical behavior of the transfer
characteristic for the Dbuffered OW0S KRAND gates
fnvestigasted and also exhibits the rise in Vg at
high temperature. 1In fact, high Vg was at lesst a
part of the functional failure mode observed for sall
CHOS NAND gates, both commercial and experimental, at
high temperature.
tionality of commercial types, based strictly on
transfer charscteristics, ranged from 280°C {(unbuf-

Upper temperature limits to func- |

fered CD4012A) to 310°C buffered 4~input RAND) with

all wmits of a particular type exhibiting limits very
close to the mean limit temperature for that type.
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Leakage current due to the input and output pro-
tection circuitry was found to constitute 2 non-
negligible fraction (25 percent) of the total supply
leakage current at high temperatures, but did not
cause functional failure at high tempersture. Table
1 shows an.allocation of supply leakage current among
the various sources. HNote that this phenomenon (pro-
tection ecircuit leakage current) is not a fundamental
characteristic of OMOS  technology, a&nd some simple
modifications to the protection circuitry may control
this leakage current component. The behavior of
typical input current characteristics and supply
leakage current characteristics with increasing tem-
perature are shown in Figure 12 for Vpp = 5 V. Data
shown in this figure was obtained from x buffered CMOS
BAND circuit (P4012BDM) but is very similar in wmagni-
tude and temperature dependence to data obtained from
other. {0S NAND types. The supply leakage current
data shown is for all inputs Righ, :which is the con-
dition for maximum supply leakage for all CMOS NAND

circuits investigated. Igor and Iggy in the fig-
ures refer respectively to input current with the
input at Vgg and Vpn. Two aspects of the data are

vorthy of comment. First, the behavior with tempera-
ture of all three currents is of the form exp (~Ep/kT)
at least from 100°C to beyond 300°C, with E, equal to
or greater than 1 eV. “This is a strong indication
that  the mechanism which gives rise to the leakage

* eurrents {s diode leakage, which should have a
temperature dependence of the form Y-~ T¢+2? exp
(~1.21/x1), or 1 —exp (-1.31/kT), in the high-

The datz shown comes very close
to this {deal behavior, Physical models also assign
diode leskage as the source of the curreants. Second,
the magnitudes of both supply leskage curreat and the
input currents are relatively low up to the neighbor-
hood of 300°C, even though they are increased by
many ,orders of magnitude over room tempersture values.
This {s especially s0 of the input currents, and in
this respect CMOS circuitry differs considersbly from
TTL cirecuitry. The 1limited current sourcing and
sinking capability of C¥0S, coupled with the decrease
in these cspabilities with incressing temperature
means that input current demands must be kept low im
order to maintain functionality.

temperature regime.
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ﬂture 12. Inguc end Supply Leakage Currents Versus
TR 10°/7, Typical . Buffered CM0S 4~Input
RAND Gate - Lo ‘

" The tenperntufe aependeicé of CMOS output curreant

. affects the propagation delays at high temperature.

| i . Figure 13 shows edge “speeds™ and propagation delays’

- gate.

for a typical commercial unbuffered CMOS 4-input NAND

" to the behavior of tpyy, and ty shown in Figure 13 and

- aod could in a1l cases be modeled by & decrease in

, " current sinking capabilities of the gates due to

* " reductions in carrier mobility and threshold voltages.
" The behavior of tpg end tp shown in the figure
~ was_ typieal of CMOS NAND gates fabricated by one
" manufacturer, but was not typlcsl of gates fabricated

: The behavior of propagstion delays and rise and.
" £all times of other CMOS NAND gates was very similar

. Figure 13,

“by other manufacturccs, which shewed monotonic
increases in tppy and tg with témperature (similar to
the behavior of tpy;, and tp). The behavier of tpiy
and tp shown in Figure 13 was, however, correlated
with a strong incresse in output short-circuit curreat
for High output on this gate type, vhile the monotonic
increase of tpyy and tg for other gate types vas
correlated with & (more normal) continued decrease in
current sourcing ability. The source of the anomalous
iacresse in current sourcing capability for the gate
type of Figure 13 is still being investigated.

v

'Response Times Ffor Typical Unbuffered

CD4012A 4-Input CMOS HNAND Gate Versus
Temperature . . .
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Temperature (9C)
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Current ( i 0-6a)

. Input Protection Circuit 9.6 x 10"5‘ !

- P~Channel Drain~Substrate o
N-Channel P-Well-Substrate 3.5 x 1073
Ipp (All Inputs High) 6,28 x 1074
Ipp (laput 1A Low) 1.1 x 10-3
Ipp (Input 1B Low)

1.0 x 10"
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P 200 230 263
A1 8.8 19.2

' 235 Y 5.2 8.1

1.45 23.4 44

, 17.3 299 570
15.8. 270 525

11.4 200 393
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. Mgure 18,

In an effort' to demonstrate the potential of &
high~temperature dielectrically {solated (D.1.) CMOS
techndlogy, several experimental devices were con-
structed, To simulate & D.I. process, n- and
p-chaanel MOSFEITs on separate chips were' intercon-
nected using thick film hybrid techniques to form a
2-input CMOS MNAND gate. The construction and elec-

trical characteristics of these high-temperature MOS

trausistors have previously been reported.<:? This
arrangement eliminates the p~well-to-substrate leakage
currents wvhich were found to be 80 troublesome in
Junction isolated ICs. To reduce the circuit leakage
curyrents even further, the gates were constructed
without fmput protection networks.

Figures 14 through 20 show the transfer and sup-

ply current charscteristics of one commercial and two
experimental CMOS 2-input NAND gates at various tem-
peratures. All gates used the same basic circuit
configuration and none utilized -output bduffering.

Figures 14 and 15 show the characteristics of an RCA

4011 ecircuit. This particular device is unusable at

" temperatures above 280°C because of high VYor.
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Unbuffered RCA 4011 CMOS 2-1Input NAND Cate

Supply Current Versus Input Voltage for k

Figures 16 and 17 show the characteristics of ene

‘experinental gate. In this cese the doping levels are

TELTRE TR

approxim«- ., equal to those {in the ‘commercial 4011,
but the transistors are larger. It can be deen that
the elimination of the p-well/sibstrate junction and
input protection diodes has greatly reduced the supply
current at high temperatures. The leakage curreats
in the experimental circuits are priwarily drain/
substrate leakage currents. (Note that Figure 15
shows current for four gates, while Pigure 17 deals
with only oae.) If the transistors used in the
experimental circuit were scaled down to match those
fn the RCA devices, the leakage currents could be
reduced by at least another factor or two.

5‘.
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< 330°C
- 31 MELD MIGH
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>
[
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Figure 16. Voltage Transfer Characteristics of
' Experimental C40S 2-Input NAND Gate
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Figure 17. Supply Current Versus Input Voltage for

Experimental CHOS 2-Input HAND Cate

More hesvily doped, high-threshold MOSFETs were
used to construct another experimental NAND gate which
displsyed excellent characteristics to 300°C and
good characteristics to 340°C (Pigures 18 and 19).
These transistors are of the same geowmatry as those
used in Figures 16 sad 17, but the fncressed doping
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levels served to reduce drainfsubstrate leakage and
to incresse threshold voltage. At room temperature
Vy,n®3 and Vpp= -2, givieg rise to the sharp
transfer characteristic. The high doping levels also

" enabled enhancement mode operation 4t temperatures

well above 300°C—~a necessity in OMOS ecircuits {f
low-current drain is desired. Output buffering, using
two high-temperature CHOS inverters, could extend the
waximum usable temperature of this circuit to as high

88 360°C. CaP or GaAs diodes could be used to give
“rvelisble, low-leakage input protection.
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> .
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Experimental CMOS 2-Input NAND Gate

340°C

, 1. 2. 8 I

- INPUT VDHAGE vi
Supply Current Versus Input Voltage Ior
l:xperimcntll ops 2-anut KAXD Cate

Ylguu 20, Experimental QM08 2-lnput NAND Cste

" not bde totally neglected at high temperature.

.

An alternative to normal’ J 1. or M.1. cMOS is
Silicon-On-Sapphire (SOS) CMOS, CMOS ICs fabricated
using this technology would not have p-well-~to-sub-
strate junctions; and the high-Vy, failure mode, at
least due to leaksge of these junctions might be pre-
vented. Imperfections in the silicon film do give
rise to the possibility of other high-temperature
functional failure modes due to transistor leakage.
Investigations {nto the high temperature properties
of S0S transistors have begun, and these will be
extended to the properties of SOS CMOS ICs a&s appro-
priate. Figure 21 shows the behavior of I for
Ves = O (Ipgs) for typical edgeless and normat
p-channel and n-channel $0S MOSPETs. The activation
energy exhibited by the Ipgs data is quite low com-
pared to that normally exhibited by bulk discrete and
IC MOSFETs. For bulk devices of room-temperature
threshold voltage, comparable to the devices of
Figure 21 (1 to V§ Ipss at high temperaturcs is
primarily composed of drain-substrate leakage current,
However, the channel current component of Ipgg can-
This
channel current can have & large inversion-layer com-
ponent if the low-threshold transistors are operating
in the depletion mode at high tempentutel. Because
of back gate effects -and other unique aspects of SOS
technology, the behavior of Vy versus temperature
for S0S MOSFETs is, in principle, more complicated
than that of bulk devices., Comparison of the behavior
of p-channel and n-channel Ipgg in Figure 21 shows
that either "subthreshold" channel currents are neg-
ligible, or the subthreshold currents are identical
for the two different device polarities. This last
possibility seems unlikely. Thus

‘The vslues of Ipgg

low; bdased on information available now, S0S CMOS
appears to have real promise a3 a high-temperature
technology.
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Figure 21, Typical Behavior of 1Ipgs with Tempera-

ture for Four Silicon-On~Sapphire MOSFET
Types

the Ipgs currents_
nust be primarily due to junction leakage effects:’
shown in Figure 21 are remarkably’
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. and 2,000 hours of test.

~Tables
- stability for wost applications, out to the termina-
:tion of the life tests. '

" Table 2.

B \ Righ Temperature Reliability

In order to obtain information en high-tempera="

" ture parameter stability and possible major failure :

wodes of bdipolar and CMOS ICs, operating life tests
vere performed for times ranging up to 4,000 hours.,
The units used in the life tests were not standard
commercisl technology  ICs. They were silicone~:
encapsulated, copper beam-tape bonded devices fabri-
cated using & chip technology similar to the beam .
lead~sesled junction technology, including the use of
tricetsl PeSi-Ti~Pt-Au metallization. Azbient test
temperatures were chosen to be soméwhat under the
maximum operating temperatures of the device types.
Ambient temperatures and device types were 225°C,
TTL type 54203 265°C, Schottky-clamped TIL type
$4520; and 265°C, CM0S type CD4O12A. :

The operating tests from which the data was
obtained involved 14 units of each type for the CMOS
and standard TIL types, and eight wvnits for the ’

. Schottky TIL type, of which one-half had inputs held

Bigh 90 percent of the time and Low 10 percent of the .
time, and ene-half had inputs held High 10 percent of
the time and Low 90 percent of the time. The input
pulse repetition rate was 1 Hz. Power supply vol-.
tage was 5 V in all cases, and parameter measurements ;
were performed only st high temperature.

. The life test behavior of two critical parameters '
is shown in Tables 2 and 3 for the two TTL IC types. *
More complete parameter data for typical life-tested ,
ITL units is shown in Tables 4 and 5. Of the total
22 TIL unite subjected to 1life testing  (14--5420,
8--54520) only ome 54520 gate showed true functional -
failure, i.e., inability to execute a &-input NAND ;
truth table. This failure cccurred between 500 hours
The sister gate, in the
same package, functioned with little parameter change
after 2,000 test hours. Taken in total, the dats in -
2 through 3 exhibit acceptable parameter .

=

One. puzzling factor was the
decrease of Iy during the 1life test,
The mechanism for this decrease has not yet |
been identified.

i

The behavior of selected parameters of the '

. CD4012-type CMOS RAND gates versus time on life test :
{8 shown ian- Table 6.
. showed two diffetent types of behavior.

The CMOS life test population ,
Eleven units

. showed little or no change in paramcters during the

" tests, while four units showed abrupt incrcases in’
The data of :.

fnput current and other . parameters. ‘
Teble & was taken from the "stable" 11 units. Table 7

shows the behavior of parsmeters of one of the four
s . . BT

! f

!

: © -+ - Parameter 0 50

: o Icc“(n.d 3,65 5.67

: : IccpL(mA) 4.00° 3.96
VOL‘(QV) St 12}

: Iog(mA) 19.6 19.5
Ini(mA) Input A 0.318 -
cy : Input B -— 0.321
S _ 111,(mA) Input A 0,881 -
Wy =249, ¥W; 04V f

LU}

shown {n‘

R R £ A

une:.ole units during the 1ife resty 5(1%:99; increase
in Igop is evident at the 200 hour parsseter mea-
surement point, and a subsequent incresse in Igyg
is clear at the 2,000 hour measurement point. The
source of these increases has not been identified.
The devices did, however, function after the parsmeter
changes shown and shoved very little change in gace-
threshold wvoltage Vyy.  Results are at the least
promising in terws .of reliable high~temperature func- -
tionality, It is possible that damage to the input
protect circuitry ("zapping") during parzmeter mea-
surement was responsible for the changes in input
current requirements observed.

Tedle 5. Typlcal Results of 2259C Life Teuf on ?420~Iype TTL HAND Gates,

Table 2. Behavior of Lot Mean Ipy(Vy = 2.4 V) and
VoL(IoL ™ 2 mA) for 54520 TIL Cates, 265°C
Ambient Life Test

TIME (hr)
Parameter 100 2,000
IruimA) 0.283 0.165
YoL(=V) 114 130
*

Table 3. Behavior of Lot Mean Ipy(Vy = 2.4 V) and
Vorl{lor ¥ 1 mA) for 5420 TIL GCates, 225°C
Ambient Life Test

TIME (hr)
Parameter 50 200 1,000 2,000
Ij(mA) 0.298 0.336 0.310 0.311
Vor(=V) 100 102 101 103

Table 4. Typical Results of 265°C Life Test on

54520~Type TTL NAND Gates. '
. TIME (hr)
Parameter 100 2,000
C Ieen(mA) 6.67 6.67
Igcp{mA) 4.00 4.13
VOL%mV) 115 130
Vou**(Vv) 4.09 4.08
Iog(mA) 31.9 29.3
L I7p(mA) 0.680 0.972
= Iyy(wA) 0.268 0.202
N C %y w24V, ¥V = 04V
TIKE (hr)

500 1,000 1,500 2,000
5.75 ,‘?TTI 5. 74 5.1
4,06 4.05 4.05 4.04

~ 123 123 123 118
"3.78 i.n 3.66 J.64
17.3 17.7 19.0 19.2
0.307 -— 0.305 -—
-— 0.3 - 0.339
0.885 —_— 0.883 —_
0.910



" Tsble 6. Behavior of Mean, HRighest, and Lowest Values of Sels. -: Parameters, .gMOi)—ﬁpc €M0S RAMD
Y Gates, 265°C Ambient Life Test. Dats Excludes Four Units Exhiditing Righ Ieon and Yous.

Parameter 30 100
lDD& mA '
high 1.261 1.256
mesan 1.046 1.045
low - 0.779 0.773
Ippp(mA)
high 1.082 1.071
nean 0.876 0.873
low 0.643 0.638
Iecn(rA)
high 5.9 $.97
mean 4.54 4,61
low 2.95 2.99
IggL(vA) '
high. 18.2 18.2
nean 14.4 14 .4
low ' 10.3 10.3

Table 7. Behavior of Selected Parameters of
Operating Life Test. Unit Shown was
Parameter Change.

Parameter 50 100
IppL(mA) 1.147 1.132
?ger package)
Tecr(nA) 5.14 1.16
Igcr(pA) , 17.8 17.9
Iogs(mA) 5.00} 4,986 °
. Iorg(mA) 1.560 1.534
Iop(V) .176 176
Vpp~VYou(V) .0084 0082
vm(vg 2.94 2.93
Conclusions

¥While standard gold-doped TIL functioned only to
2509C, it was found that Schottky~clamped TITL is
functional at temperatures above 325°C. At high
temperatures, however, the noise margin way become
extremely small. 1In gll cases the functional failure
wode was low Vg, caused by collector-base leakage
curreat from the phase~splitter transistor flowing
through the phase éplitter collector resistor.

Unbuffered commercisl J.I. CHOS functicned to
280°C, - buffered J.I. CMO$ functioned to 3104°C
and experimentzl, simulated D.I. CMOS functioned to
temperatures in excess of 3409C, In the NAND gates
studied, the functional failure mode was high Vg,

& condition caused by the inability of the n-channel,

transistors to properly sink the junction leakage
currents,

The investigations demonstrate conclusively that

_potentially uscful performance characteristics can be

., obtained from some silicon {integrated circuits at

temperatures well in excess of 300°C. Based on
this work and further work on performance-limiting
mechanisms, useful characteristice of specially
designed end constructed silicon ICs st temperatures
in excess of 3259C are expected. Qucstions of
reliability are not totslly resolved at this point,
but no  insurmountable barriers to  reliadle
high-temperature operation have been found.

LIH

TIME (hr)

200 400 1,000 2,000 4,000
1.251 1.245 1.255 1.243 . 1.100
1.042 1.0 1.046 0.936  0.910
0.767  0.753 0.772  0.762 0.682
1.086 1.057 1.069 1.053 0.925
0.891 0.864 0.877 0.786 0.749
0.652  0.621 0.640 0.631 0.555
. 6.08 6.08  7.76 21.0 12.18

4.69 4.69 4.95 $.72 4.62

3.07 3.07 1.19 3.16 2,75

19.2 19.0 19.9 £3.0 . 18.5

14.9 14.8 15.5 16.0 12.2

10.7 10.6 10.6 10.8 8.7

a CD4012-type CHMOS RAND Cate Versus Time on 265°C
One of Four (Out of Fifteen) Which Showed Significant

TIME (hr)
200 400 1,000 2,000 4,000
1.787 1.861 1.812 1.79 1.580
7 A " 339 320
20.5 20.4 20.8 20.5 15.8
4,101 4,079 4,262 58.0 55.0
2.197 2,150 2.144 2.20 2.1
.195 <197 .199 .198 «148
.297 296 +305 312 <303
2.70 2.68 2.71 2.73 2.67
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