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ABSTRACT

As part of a program to develop high temperature electronics
for geothermal well instrumentation, a number of solid state diode
and transistor types have been characterized from room temperature
to 300°C. The temperature dependence and aging stability of
transport and leakage properties were measured. Included in the
study were silicon diodes, bipolar transistors, JFETs, MOSFETs,
and GaAs MESFETs and JFETs. In summary the results are: diodes
and bipolar transistors became extremely leaky at high temperature
and are therefore of limited use; silicon MOSFETs and GaAs devices
showed unacceptable aging instabilities at high temperatures;
silicon JFETs from certain manufacturers were sufficiently stable
and had suitable temperature dependent characteristics so that
operational circuits could be made., :

Comparisons were made of experimental device characteristics
-and those predicted by theory. The theoretical calculations were
done using standard equations revised to include appropriate
temperature dependent parameters. Close agreement between theory
and experiment was found, indicating that unexpected high tempera-
ture effects were insignificant.

: In order to facilitate the use of devices in high temperature
hybrids, it was necessary to develop bonding and prescreening

" techniques. A large variance of JFET 300°C operating parameters
was found even within a single production lot. Consequently, high
temperature prescreening allowed each circuit to be specifically
"pretuned." Standard solder, epoxy, and chip and wire attachment
technologies were not functional at 300°C, - Gold-germanium solder,
aluminum wire to DuPont 9910 gold film, and diffusion barrier pads
were developed to allow high temperature attachment,

*Currently a graduate student at Princeton.
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ACTIVE DEVICES FOR HIGH TEMPERATURE MICROCIRCUITRY
INTRODUCTION

This report onlactive devices/is theisecond?in a series of four
Sandia Laboratory reports concerning high temperature microelectronics.
The need for high temperature,geothermal electronics has become more
immediate and well defined'since this work began after the first
geothermal logging workshop in 1975_.1 Two distinct modes of instrumen-
tation requirements are now apparent., First, periodic logging of
uncased exploratory wells during drilling, and‘secondly the long term
monitoring of cased production wells, The first utilization requires
mechanically rugged, small volume electronics capable of repeated

- 5-hour measurements up to 300°C. The second mode demands continuous,
low drift electronics operating at maximum temperature for 100-

1000 hours. All the active deVices, bonding methods, and prescreening

- procedures tested in this study were chosen and analyzed with these

performance criteria in mind.

In addition to these performance specifications,'the further
restriction of only incorporating commercial parts and technology in
these high temperature electronics was“imposed. This approach guarantees
that such microcircuitry can be straightforwardly adopted by logging
service companies and circuit fabrication houses. e

" From the time of the first report on paSSive components4 at high
temperature in December 1976, many additional materials and parts have
been found acceptable for geothermal Circuitry use. This inventory
expansion has somewhat simplified high temperature c1rcuit deSign and

 fabrication. To date several logging tools have been fabricated uSing
" both hybrid and printed circuit board technology. These Circuits have -

performed for hundreds of hours at high temperatures in ovens and

geothermal wells.

P B

Scope of Study

“This study is not intended to be the only word on high temperature
active deVices.; In particular, only solid state Silicon and gallium
arsenide devices are described. At the beginning of this research,

‘ commerc1a1 General Electric miniature ceramic vacuum tubes were studied
7w1th great success up to 500°C, and’ the progress of Los Alamos Labs

w1th integrated thermionic devices was followed closely. In addition,

" ‘literature searches revealed many experimental large band gap




semiconductor devices had been fabricated using SiC, GaP, InP, and
diamond crystals.

Commercial ceramic tubes were not pursued at Sandia because of
their basic incompatibility with the low voltage microcircuitry which
was deemed possible. Tubes, although miniaturized, are still at least
a cubic centimeter in volume, plate voltages range from 75 to 300 volts,
- filament power is necessary, and unit cost is high. All this is not to
say that ceramic tubes cannot be>used in highltemperature circuitry.

In fact, a paraliel effort fabricating geothermal circuits using such

tubes is supported by DOE.30

As an improvement over ceramic tubes, integrated thermionic devices
promise the necessary smallrsize and packing density for mic:ocircuitry
but are not yet commercially available. ' Development of this technology
is proceeding rapidly at Los Alamos Laboratories, but was not judged
a mature enough technology to commit to Sandia's circuitry in 1976.

The many experimental studies with large band gap semiconductors
can only be viewed as future promise for high temperature circuitry.
Even if such test devices could be replicated within Sandia on a time
scale to benefit the current geothermal exploration, they could not

become commercially available for many years.

There is a trend in logging electronics to increase the complexity
of the circuitry and to mount several measurement circuits with one
housing. To accommodate this complexity and multiplicity of circuits
it becomes necessary to miniaturize the circuitry. Two approaches are
currently apparent in industry: integrated chips have replaced
discrete transistors, and hybrid circuits have replaced printed circuit
boards. Aware of this trend, high temperature tests were performed on
small scale integrated circuits. 1In general these integrated circuits
failed above about 200°C. Sometimes this failure was due to some
particular device on the chip that was not designed to allow high
temperature operation, but generally the junction isolation, which is
intended to prevent devices from directly affecting one another, became
ineffective above 200°C. As a consequence, this study dwells on
discrete devices only. Two facts allow hope of high density micro-
circuitry. PFirst, with hybrid technology it is possible to form
circuits with transistor chips at 50 mil centers, a sufficient device
density for most circuitry. Secondly, preliminary tests of integrated
circuits with dielectric isolation show promise of 300°C operation.
However, presently dieléctricaily isolated integrated circuits are not

commercially common.
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A considerable part of this report deals with dev1ce bondlng and
qualification. '~ As this research proceeded 1t was found that a ;
prominent high temperature fallure mode for commerc1a11y packaged
devices was bonding related. “In addition, as Sandla s f1rst hlgh

temperature circuits were manufactured,’ yleld and 11fet1me were vastly
~1mproved with increased- high temperature prescreenlng of the dev1ces.

It is not enough to only know which dev1ce types functlon at hlgh

.témperature,  the Chlp bondlng and’ sortlng are equally 1mportant

insurance.

A cons1derable percentage of thlS report 1nvolves computer model-
ling of dev1ces.' our orlglnal 1nterest in this modelllng was -to
guarantee the experlmentally measured h1gh temperature characterlstlcs

- 'were indeed predlctable from stralghtforward device physics and were
"not instead due to some pecullarlty of fabrlcatlon. It also became

clear that- these computer models allowed dev1ce rede51gn for improved

‘hlgh temperature performance.: A bas1c tutor1a1 approach is taken in

several chapters to clearly p01nt out the assumptlons placed in the
models.: In this way future researchers w1ll be better able to amend
these programs to thelr needs.‘ If 1nterest in m1croc1rcu1try in the
250 to 325°C range contlnues to grow, then rede51gn of existing devices
w111 become advantageous and commerc1a11y practlcal

Thls study gave equal empha51s todevice types that: failed to

,‘function usefully:- at high temperature (Si-bipolars, ‘GaAs MESFETs) as
to dev1ces that showed satisfactory: ;high temperature performance (51

JFETs‘and:MOSFETs), ~Although such a report format may slow down the

»engineer looking simply‘for'the list.of "good" devices, at this early

stage in evaluatlon it does :not seem prudent to- categorically brush
away. dev1ce types. It is ‘hoped by . detalllng .all “the results, other
researchers with dlfferent c1rcu1t requirements or.access  to devices
of different geometry or doplng proflle w111 f1nd ‘some, beneflt from

th1s report. '

Ant1c1pated Device: leltatlons

There are at 1east two categorles of fallure for hlgh temperature
operatlon.‘ ‘The most obv10us 1s destructlon, that 1s, the dev1ce melts

" or irrever51bly degrades after a short t1me ‘at. an elevated temperature.

The second category is nonfunctlonallty, that 1s, .at hlgh temperatures

“the device’ no longer supplles 1ts functlon (rectlfy or amplify), even

though upon coollng the devzce resumes normal operatlon. ‘H1gh tempera-
ture solid state dlffu51on prov1des the main mechanlsm for irreversible
failure. Increased generation of current carriers at high temperatures
is the basis for most device functional' failures.




Since solid. state dev1ces consist of bulk semiconductors with
discrete patterned layers of .metal and oxides, plus well defined -
regions of carefully diffused 1mpur1t1es, it is possible that high
temperature operation w111 cause further bulk diffusion or surface
migration resultlng in degradation and eventual failure. It is the

’rate of such degradation processes at 300°C that is important. Four
’difquion related problems will be listed here along with. their

general 1mpact on this study. (1). In manufacture many doping diffusion
steps take place for about 1 hour at 1000°C.2 During this controlled
diffusion the induced impurities typically penetrate the silicon for

" several microns. To achieve a diffus1on 1ength equal to this at 300°C

for Al, B, and 'sb in silicon would require more than 108 hours of
aging. Thus, a dopant redistribution process prov1des no problem to

‘high temperature operation. (2) A more formidable threat exists from
‘gold diffusion from the back of the s111con die. With 400°C die down
'temperature and 300°C operation the 901d7back1ng begins to reach the

front surface within a few‘hundredhours.2 'Although the solubility
of gold in standardly doped silicon is low at 300°C (<l0ll cm‘?),
there is still an opportunity forrcohCentration at the surface, inter-

- faces, and at defects. Some of the irreversible changes in conductivity

and leakage seen during this study are tentatively assigned to gold
diffusion. (3) Surface migratibn constants are not as predictable as
bulk diffusion constants. Post-failure visual inspection of GalAs
devices showed surface migration of metal electrodes became a prohlem
above 250°C, In addition, the electrical properties of silicon MOSFET
at times demonstrated drifts symptomatic of mobile ions crossing the
gate oxide. (4) Conventional wire bonding of silicon die involves an
aluminum wire attached to the gold metallization of the substrate or
package. Upon 300°C aging such a gold-aluminum interface can cause

weak, highly resistive bonds.

Functional failure due to high temperature can also occur., For
example, one fundamental limitation occurs when the semlconductor
becomes intrinsic, that is, when the thermally generated carrier
density exceeds the impurity doping carrier density. Not all active

" regions of a device must remain extrinsic in order for the device to

function; for example, if only one side of a diode becomes intrinsic;

rectification can still occur. Nonetheless, at some temperature, no

matter how heavy the doping, the device becomes 1ntr1n51c, behav1ng as

‘a resistor. For most commerCial sxlicon deVices this occurs at less
-than 350°C, whereas for GaAs thlS llmlt is around 500°C. Chapter 4



deals with this ultimate limitation analytically. Even before this
intrinsic transition is reached the device can cease practical operation
due to the increase of thermally generated carriers.

Report Outline -

Active devices were looked at from 25 to 300°C prlmarily to find
operational bias ranges whlch had small changes with temperature (zero
temperature coefficient reglons). Aglng tests under bias were performed
for 1000 hours at 275 or 33%0°C w1th perlodlc monltorlng of characterlstlcs.

Chapter 1 will dlscuss 3111con metal-oxlde-semlconductor field
effect tran51stors (MDSFETs),qomputer model, and oven test results.
Chapterpz contains similar information on silicon junction field effect
" transistors (JFETs).v L

_ Chapter -3. has a discussion on bipolar silicon devices and their
shortcomings. Chapter 4 consists of- the ‘theoretical expectations and
results of tests on commercial GaAs devices. New bonding techniques
for active dev1ces\ are enumerated in Chapter 5. - Methods- for high
temperature pretestlng of dev1ces follow in Chapter 6. The computer
models are in the Appendlx.‘ A short conc1u51on ends this report.




CHAPTER 1 - MOSFETs
INTRODUCT 10N

The high temperature functionality of the silicon metal-oxide-
semiconductor field effect transistor (MOSFET) was ascertained early
in this program by sevéral‘simple oven tests. The immediate question
then‘bécame, can MOSFETs be fabricated which are less temperature
" variable. To ahswer this queétion a computer model of. a MOSFET was
assembled using‘the standard device physics equations with all tempera-
ture dependent terms. This model was then used to confirm that indeed
the experimental devices were behaving according to standard4theory
and not being deviated by some manufacturing peculiarity which was not
intended for high temperature operation; Next, this model was‘ﬁsed to
redesign MOSFET geometry and doping profile in an attempt to temperature
stabiiize chosen device characteristics. ’

In this chapter the computer model for an n-channel MCS tranSiStor
will be presented first, itemizing the temperature dependence of all
parameters. Next, several examples of compufer runs are compared with
observed transistor characteristics at high temperatures. With few
exceptions this NMOS model was adapted to p~channel MOS structures by
changing the signs of the terminal voltages and currents. The dif-
ferences between expected n- and p-~channel MOS transistor performance
will also be discussed. Lastly, results of high temperature aging

tests will be presented.

CoMPUTER MoDEL

N-Channel MOS Transistor

A simplified view of a typical NMOS transistor is shown in Figure 1.

n S e et
T z

p - substrate

Fig, 1. Schematic of n-channel metal-oxide-semiconductor transistor.
Conductivity of the region under gate oxide, the channel, is
effected by voltage applied to gate.

"
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If a sufficiently large voltage is applied to the gate, the underlying
surface of the p-type silicon substrate will be inverted to form an
n-type channel between the diffused source and dra1n regions (see

Fig. 2). The resistance of the channel is 1nverse1y proportlonal to
Q , the mobile charge denslty in the inversion layer, the magnitude of
whlch depends on the field at the 5111con surface. Hence, the resist-
ance of the channel varies 1nverse1y with the potent1a1 difference
between the gate and the s111con surface.

If the drain voltage is 1ncreased from zero to'some“positive
voltage, for a fixed gate voltage; ‘the channel resxstance will increase
due to a decrease in Q brought about by a decrease in the average gate-
to-surface potent1a1 If the drain voltage is raised to a sufficiently
high value, the surface field near the drain will not be adequate to
support an 1nver51on 1ayer——the channel will then dlsappear at that end.
The voltage at Wthh this occurs is called V. DSAT’ the saturation
voltage. As the drain voltage is increased still further, the point
which marks the end of the inversion layer will move slightly toward
the source but the potential at that point will remain constant. This
also means that the current will remain essentially constant for voltages
greater than,VDSAT since it depends onfthe potential drop across the
channel. The drain characteristics of a typical n-channel MOS device
are shown in Figure 3. The two regions--linear and saturation--are
easily distinguished. )

The current-voltage. characterlstlcs presented in standard semi-

conductor device textss‘6 form the ba51s of much of the model

I, =2uc V!”;‘2¢’”;'22§)§ - E;lff;g_é (V + 2¢ )3/2 - 2y )3/2 l
p = T "“i)\Ve B~ "2 /'ps 3C; BS B B j
valid for
Vé > V., the turn-on voltage,
. VDS = VDSAT' the draln‘saturataoh voltage..?J

NA.ls the acceptor concentration in the substrate, wg’iS“the bulk
(substrate):Ferml;potentlal, W, isthe electron mobllity‘ihithe channel,
Ci,is the capacitance per unit*area-(ci,='£6;7k ‘where® e “is the oxide

permittivity,~and;xd.is the oxide’ thickness), es ‘is the' semlconductor
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F16. 2. IDEAL MOS BAND STRUCTURE WITH LARGE POSITIVE BIAS, V., APPLIED
TO THE METAL GATE, THE ENERGY BANDS IN THE SILICON ARE BENT
DOWNWARD ENOUGH THAT THE ‘INTRINSIC LEVEL, €., IS BELOW THE
" FERMI LEVEL, €, AT THE SEMICONDUCTOR SURFACE. HENCE, THE
NUMBER OF ELECTRONS IS LARGER THAN THE NUMBER OF HOLES (THE
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Fig. 3.
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Typical drain characteristics of an enhancement mode MOSFET. Two
operational modes exist: the linear region with drain current
increasing with the drain-source voltage, and the saturation region

with constant drain current.




permittivity, and q is the electronic charge. Vé, the effective gate

voltage, is equal to the terminal voltage minus the flat-band voltage

of the MOS structure, Vé = VC - VFB‘ Figure 4 illustrates flat-band
voltage.

| .~ ______-___,,,_J,___--.e
N T

Fi6. 4a, MOS BAND STRUCTURE WITH ¢,o < 0. THE BANDS IN THE SEMI-
CONDUCTOR ARE BENT DOWN EVEN WITH NO BIAS APPLIED TO THE
METAL GATE., IF ¢,5 IS SUFFICIENTLY NEGATIVE, THE SEMI-
CONDUCTOR SURFACE MAY ACTUALLY BE INVERTED WITH NO GATE BIAS,

TL77777

-n------------ o o o ----------EF

€v

F1e, 48, MOS BAND STRUCTURE WITH bys < 05 A SUFFICIENTLY NEGATIVE GATE
BIAS IS APPLIED TO CAUSE THE ENERGY BANDS IN THE SEMICONDUCTOR

TO BE ELAT. THIS GATE BIAS IS CALLED THE ELAI_BANQJﬂﬂJAﬁE

VFB'



‘Turn-On Voltage

The turn-on voltage, e is the effective gate voltage needed to
invert the p-type material below the gate ox1de and -therefore create a
conducting channel between the draln and source regions:

o c o 2 4fegNL Y
Vy = 20 + ST A'B

T - c,

1

Obv1ously, thls parameter relates to the effectlve gate -voltage
descrlbed above._ The threshold voltage for the terminal. gate voltage

is V = V_ + V
. Tterm ' T

Bulk Fermi Potential

A simplified band diagram of the p-type substrate is shown\below.
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' Figi 5. The energy gap eg, fermi level .
e ' F; and ferm1 potentlal wB

The bulk Fermi potential}ﬁwB;'isfgiven'hyfthe‘expfeSSion

S Y Rrny)
' N+ N, .+ 4n;
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where ni-is the intrinsic carrier concentration:

-g_/2KT .\

e - " °g
ni = NCNV e T -
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In silicon the effective densities of states in the conduction and ‘ i
valence bands are given by ’

) [2mikr 2 2m*kr]3/2
‘N“c-—-lZT andeéz—-E-—hz D .

The density-of-states effective masses for holes and electrons are

m* = 0.58 m, and m; =1.06 mo,'where m is the electron rest mass.

A graph of n; vs. temperature is given elsewhere in this paper..

2

The bulk Fermi potentiél vs.qtempérature is plotted in Figure 6 for
several values of substrate doping. It is evident that as the tempera-
ture increases the Fermi level moves toward the middle of the band gap,

causing a decrease in wB and, hence, VT:

.- Band Gap

In the temperature range of interest the band gap of silicon is,

with reasonable accuracy, given by

eg = 1.12 - (2.4 x 1074 (1 - 300) [ev] ,

where T is in °K.

Metal—Semiéonductor Work Function Difference

The ﬁetal-semiconductor work function difference is important in
determining the flat-band voltage and, therefore, affects the turn-on
voltage of the transistor. Given in Figure 7 is a band diagram of
p-type silicon showing the work function, ¢s' and its various constit-
uent energy differences. The metal-semiconductor work function dif-
ference is simply given by ¢MS = ¢M - ¢S. If ¢MS is specified at some
temperature--usually 300 K for convenience--then ¢MS(T) can be found:

Oy = X = [byg + (e, - g;) + l”BII

T=300°K
so that
’ KT Nc ‘
Pys (T) = (¢ = X) T;306bkv—v5_ QD(E;) = Yg(T) ,
assuming that ¢M - X is essentially independent of temperature over the K~'j

range of interest.
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Fig. 6. The bulk fermi potential plotted as a function of temperature.n
: Less percentage change occurs with highly doped silicon.
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Fig. 7. Work function ¢s’ and electron affinity ¥
represented on band diagram.,

Mobility

Expressing the electron and hole mobilities,'un and up, in

anélytic form posed the greatest prbblem. Many measurements have been

made on both/bulk and channel mobilities in silicon as functions of

7,8
' However, no

8,9

temperature, field strength, and background doping.
theory to date accurately predicts any of these dependencies.

The bulk carrier mobilities are controlled by two types of
scattering--lattice and impurity. Impurity scattering is dominant at
low temperatures while lattice scattering dominates at high temperatures.
The graph in Figure 8 shows the general form of the mobility as a
function of temperature.7 Electron and hole bulk lattice mobilities
in silicon have been accurately measured and cbey the equations2

5,~2.5 2

uL,n = 2.104 x 10°T M®/V Sec

and

po = 2.3414 x 10°7 %7 M?/v sec .
L,p
The theoretical impurity mobilities are given by the Conwell-Weisskopf

formula10

27/2 2(KT)3/2

s

o2
: > 7¢ KT
3/2 3, % 1/2 - :
mocgaT (M) m[( 71 3) + 1]
2gq CB

Uy =



B
0 300
TEMPERATURE (°K‘)

Fig.'8.’ Qualitative temperature dependence'of”carrier mobility.
Two different bulk impurity concentrations, CBl and
CBZ,‘are used as thevthird,parameter,

> ' K3 * [] : . N L] k3
where CB is the bulk impurity concentration and Mc is the conductivity

effective mass for electrons or holes:

-1
M, 3(;;+M*) = 0.2598 M_
§ R |
VM* =3l + L +-1-——~17=02425‘M
p,C * i3 ¥) o . o °

Mz‘ Mh‘ Ms

The spllt-band effective mass for holes, M , should actually be
included in the expression only for temperatures such that

A gT > AEspllt 0.035 ev. However, 1ts inclusion affects the expre551on
very little at any temperature slnce M =0. 245 M. The total bulk

mobility of either charge carrier is then glven by

=1
u = .-]-'— + -];-— .
Y, M

17




In the MOS model there are two instances where mobility expressions K-fj
are needed--once in calculating the channel currents, and the other in
calculating the reverse bias drain/substrate currents (assumed to be
the major component of the device leakage currénts). The mobility -
expressions presented thus far are sufficiently accurate for calcula-
tions concerning the leakage currents. However, measurements of carrier .
mobilities in inversion layers on thermally oxidized silicon show that
they are reduced to approximately one—half of. their bulk values at fields
up to 1.5 x 105 volts/cm, this field'corresponding to approximately
1012 charges/cm2 induced in the silicon.a Beyond that critical field
value the mobilities follow the’épproximate field dependence of

1/2
~ (Ecrit)
WRU\—F—

The total charge induced in the semiconductor is

1
Qs (¥) = =[Vy = V(y) - 2yglcC,

L
where VG is the effective gate voltage, WB is the bulk Fermi potential,
Ci is the oxide capacitance, and V(y) is the potential in the channel
©
at a distance y from the source end. For a 1200 A oxide thickness, Ci

“is 2.88 x 10”4 F/Mz. An induced charge of 1012 charges/cm2 then
corresponds to

]
Ve -~ viy) - ZwB < 5.6 volts .

Typically the devices are operated within the ranges

and

so that



o

Therefore, only at the extremes of device operation-will the critical
field be exceeded, and even then by less than a féctéf of two. For
that reason, the mobilities were assumed to be fleld 1ndependent for
the purposes of this model. '

The‘graph in Figure 9 shows electrbn mobility in the channel as
a function of temperature. The_theoretical values .were computed by
1etting un channel
is very good for doping concentrations within a factor. of 2 of
15

6 x 10

= 0.45 Hpulk® The agreement with measured values

‘, the range for common MOSFETs. No claim is being made

" that the phyéiés of the inversion channel conduction process are
explained by these moblllty expressions. However, they do show good
agreement w1th the exper1menta1 data, including the T =3/2 temperature
dependence in the range 25°C to 300°C.

“ 103 3
o } : , ® Measurements
| | - -~Model
- o Ny = 68x10P cm3
o . \
un(cn?I veseo) [ ~”
| \
. e\
\
\
EAN
\

TEMPERATURE (%)

Fig.fS;"Electroh mobiiity,in,MOSfET'channel
‘ " as function of temperature. Model
o assumgs Mn-channel = ©0+45 ¥pyik-

19
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Leakage Currents - . o ‘ 4 &.j

For'the purposes of this model it was assumed that the reverse

" biased drain/substrate junction is the source of all the -device leakage

currents. There are two types of reverse currents in p-n junctions =

“which add together to form the total current-—generatlon and diffusion
. current.’ The generation current component is due to electron-hole N

pairs thermally generated within the depletion region. The carrlers
are separated and swept across the region by the 1argenelectric,field
present. - If electron-hole pairs are generated in neutral reéions where
there is no significant field present, they may move'only by'diffusion
to the edge of the depletion region where they are then swept across
the junction by the- electric field. This component of the reverse
current is called diffusion current. ’

The standard equations for each of the reverse current components

are
. _ qo g VthNtnlAjW
gen (e -€, )/KT (e.-€,) /KT
o_ e i +o e + ¢
n p
2
q‘/Dn niA.
diff,n
Na VTn
and
q,/D n?A. KT
I, = Y P 2] (I . valid only for Vv >> —
diff,p N VE—- diff rev q
D p

t .
trapping cross sections for holes and electrons, Vin is the thermal

velocity of the carriers, Aj is the area of the junction, W is the
width of the depletion region, Dn‘and Dp are the diffusivities of
electrons and holes,v'rn and Tp are the effective lifetimes of electrons

where N, is the density of trapping centers,‘cp and o, are the

and holes, and € ~ &y is the energy difference between the trapping
level and the intrinsic'Ferml level, The diffusivities can be found )

from the bulk mobilities using Einsteln s relationship,



The effective: lifetimes of electrons and holes are taken to bes’6

T = 1 and T = 1
= = N - r
n o‘nvthNt P cpvthNt

respectively. o and Nt refer to the electron trapping cross sections
and density of traps in the p-type bulk. Similar adjustments must be
made for the generation current equation. In the computer model the
depletion region is considered as two different carrier generation
rates determined by the trap characteristics on both sides of the

junction.

The total width of the depletion region can be closely approxi-
mated by

q NN

2¢ . N_ + N
= S. A D
W ="/_Jiu_______,(¢ + 9.+ V )
2Np B--."'D ‘reu

and the width on the u‘and p sides of the junction are
. N, N
a A\ D
W =W, W = W(——————-
n (N,A,f ND)' p Np * ND)

where NA and ND are the acceptor‘and donor concentrations in the
substrate and drain,rrespectively; wB and wD are the Fermi potentials
in the substrate and. drain;‘and»v ov is the external reverse bias
applled to-the Junctlon. If the substrate and source are tied to a
common - voltage as was assumed in this model, V v is equal to the

drain-source voltage, DS* Note that the generatlon currents are bias
= KT

dependent while the dlffu31on currents are not, prov1ded V rev > T

At high temperatures,the dlffu51on currents dominate the reVerse
current expressions. Because the drain/substrate junction is normally
one-51ded (N S>> N in ‘n-channel devices), the'eleCtronvdiffusiOn
current is usually much larger ‘than that for holes, so that

I ] - for temperatures above 200 c. Plotted 1n Figure 10 is
- “rev dlff,
the model output for a reverse biased n -p junction show1ng the bias
, and temperature dependenc1es to be expected. e

Plnchoff Regime -

Drain Saturatlon Voltage - The onset of saturatlon—-that region

of the device characterlstlcs where the drain current is nearly
independent of drain voltage-—occurs‘whep the inversion layer
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Fig. 10a. Model calculations for reverse current of a n+—p junction.
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disappears at the drain. The charge per unit area in the inversion

- layer is given by -

0 (¥) = =1V - V(y) - 2v51c; + Y2e aN, [V(y) + 29 ] ,

or at saturation

Q, (L) = =[Vg = Vpgap — 2¥plCy + ‘/zesqNA[VDSAT + 2gl .

Solving for V.

DSAT yields

VDSAT = VG - ZwB + K™\1 -

Reduced Channel Length -- As the drain voltage is incfeased above
VDSA&’ the channel length is reduced by the width of the depletion
region between the drain and the point where V(y) = VDSAT' The -
effective length of the channel is then given by

_ 1/2
2e, (V= Vpgar)

L =1L~ N, r Vp 2 Vpgar -

Flat-Band Voltage

One contribution to the MOS structure's flat-band voltage has
already been discussed--the metal/semiconductor work function dif-
ference. 1In addition, there are two other important contributions--

surface state charge and oxide charge due to ionic contamination.

Surface state charge is a.positive, fixed charge located near the
silicon/oxide interface; its density per unit area, Q_ _, is a strong

ss
function of crystal orientation and of the environment during oxidation
and annealing.ll' Past studies have indicated that the charge is due to

excess (ionic) silicon in the oxide. The density of surface state
charge may actually increase with time if the device is heated under

"negative gate biases. HoweVer; with proper annealing after oxidation

and with the relatively low gate voltages expected under normal
temperature operating conditions, QSs can be made to be quite small

and relatively time invariant.

\

C



Ionic contamination of the oxide can also contribute to the flat-
band voltage. Unlike surface state charge, the ions may become very
mobilezat temperatures well below the 300 C level.: This makes modelling
somewhat more difficult unless it is assumed that the device is biased
with either positive or negative gate voltage for iong periods of time
and that excursions to the opposite polarity are brief. In this way
it can!be assumed that the ions will be concentrated'very near the
metal/oxide or silicon/oxide interfaces.

The effective gatekvoltage can now be expressed as

' .
Ve = Vg ~ Vs

o *a
=VG"°MS+C—SS"+(1:— = plxax
i iJ, Ya

where X3 is the oxide thickness, x is the distance from the metal/
oxide interface, and p(x) is the charge density within the oxide.

Obviously, the effective gate voltage is made more ﬁositive by the
presence of surface state charge or ionio charge within the oxide.
The closer the ions are to the oxide/silicon interface the greater

their effect is oanFB.

Changes for the PMOS Model

As a general rule the NMOS equations could be adapted to PMOS
devices by changing the signs of the terminal voltages and currents
(V ID' Ve VDSAT) One other change must be made:: Since the
substrate is n-type the metal semlconductor work function difference
will be given by

Ovg ° - Ix ¥ (e, = €5) = ¥pl o
An inspeetion of the terminal threshold voltage equations will show
that the PMOS threshold is made up of three temperaturesdependent
terns, all’of the same sign and all decreaSingﬂin magnitude with
1ncrea51ng temperature, NMOS, on the other hand, has one negative and
two positive terms, all decrea51ng 1n magnltude ‘with dincreasing
temperature. Thls means that the termlnal threshold voltage in PMOS
will have a slightly greater temperature dependence than in NMOS
devices. ShoWn in Figure 11 is a plot of the computer model output of
the threshold voltages as a.funotion;of temperature for two devices
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identical in every respect except dopant type. The threshold voltage
of the PMOS device shows sllghtly more varlatlon with temperature than
that of the NMOS device. In general, however, the PMOS threshold
voltage will be less likely to change polarity as the temperature is
‘increased since it‘-is usually larger in magnltude. That is, p—channel
enhancement mode device is less llkely to become a depletion mode
device--a phenomena often observed.

MeasureMeNT VERsus MobEL -

COmparison

- ‘The Motorola MFE3001 n-channel MOSFET was chosen’for high tempera-
‘ture reliability studies and for the purpose of comparing the model to
experimental data. A diagram of the top surface of an MFE3001 chip is
shown in Figure 12 below. 1In addition to the gate, source, and drain
contacts on the top plane, there is a contact to the substrate on the
back plane to enable substrate blas1ng and shifting of the turn-on-
voltage. For all of our studies the substrate was connected to the

source.,

CHIP 1% X 15 mils
SOURCE PAD 3,0 X 3.0 mils
" GATE PAD 3.0 X 3.0 mils

DRAIN PAD - 2,6 X 3.0 mils

Fig. 12} 'Eleotroqe geometry for MFE3001‘Motorola n-channel MOSFET.

The MFE3001 chip is 15 x 15 mils. The total channel w1dth and
jlength were "estimated to be 1100 and 12 um, respectlvely. The draln/
substrate junctlon area is approx1mately 3 X 10 -4 cm?. From studles
of the drain/substrate and source/substrate Junctlon breakdown voltages
when the gate was biased for flat-band conditions and from observations
of the dependence of the-turn-on voltage on temperature, the substrate
. . doping concentration was found to-‘be near 6 x 10+15 .' ‘The gate
.‘ox1de thickness was estimated to be 1800 A (fairly th;ck for this type
of device). Aluminum is used for the top metallization giving a metal-
semiconductor work function differehce of:approximately -1 volt at

room temperature. Assuming ideal processing conditions, st/q is
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1.8 x 10' cm™2. The concentration of ions in the gate oxide was taken

to be 2 x 1017 e_2x ¥o cm-3, where x is measured from the metal/oxide
interface and x_ is the oxide thickness. ‘

The entire back plaﬁe of thé‘device is covered with a-gold film,
It is not known at what point in the ménufacturing process the gold is
depoSitéd, but subsequent heat treatments and device operation at
300 to 600°C could result in diffused gold concentrations of up to
1014 cm-3 in the bulk semiconductor. In p-type silicon gold introduces
a state with an energy level 0.21 eV below the center of the gap. The
trapping cross sections for electrons and holes for this state are

5 x 10-15 and 2 x 10_15 cm2, respectively. In n-type silicon the gold

.trapping level is 0.02 eV above the center of the gap and the trapping

cross sections are 3 x 107 2% and 4 x 107!° cm? for electrons and holes,

respectively.

It should be pointed out that many of the numbers presented above
are only very rough estimates (the ion concentration in the oxide, for
example), The unavailability of the details of the manufacturing
processes and the lack of time to make good capacitance-voltage studies
led to some device parameters being only approximately known. A better
check of the computer model has been initiated by construction and

testing a device of known design.

Experimental and theoretical transfer characteristics for the
MFE3001 are shown in Figures 13 and 14. The agreement between the two
is very good considering the uncertainties involved. Note the
relatively large drain currents at VGS = -5and T = 275 C. 1In fact,
these are the leakage currents that continued to flow after the tran-
sistor was well below cutoff. The model seems to confirm that these
currents are due to the reverse saturation currents of the drain/
substrate junction. At high positive gate voltages the measured
transconductance is considerably less than that predicted by the model.
This is probably due to a lowering of the channel mobility caused by
the high surface field--a refinement to be added to the model in the

near future.

A good indicator of the device sensitivity to temperature varia-
tions is the ratio of the transconductances at 275 C and 25 C (VGS = 2):

_ 9m,275
gm gm,25

.
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As shown in Figures 13 and 14 Rgm was found to be 0.378 experimentally
and 0.364 theoretically--a close agreement. Therefore, with respect
to transconductance the MFE3001 is performlng at hlgh temperatures as
_predlcted from this computer model. T ,

Redesign for High Temperatures

The computer model can be used to design devices to be less
temperature sensitive. Figures 15, 16, and 17 show the transfer
characteristics of a device equivalent to the MFE-3001 in all respects
except that the. substrate doplng has been increased. Note that as NA
is 1ncreased from 6 x 1015 to 3 x 1016 cm 3, R.gm increases from 0.364
to 0.672. ‘This means«that*it,shquld be possible to decrease the
temperature sensitivity of the device by a considerable amount (increase

gm 84.6%) simply by increasing the doplng in the channel. ;However,
caution must be used when con51der1ng,these results. As was pointed

eut earlier, the expression used to calédlate channel mobilities is

only accurate for doplng concentrations within a factor of 2 of

6 x 1015 f3.' In order. to get a limit on Just how much the temperature
sensitivity could be decreased, a doplng-lndependent channel mobility
equatlon was substituted into the model: )

~3/2

= 2o§T

un,channel

Mz/sec-volt .
This equation has been suggested by several studiesﬂef channel mobilities
on p-type silicon. Using this equation the model then predlcted an

increase .in R of 20.4% when N_-was increased from 6 x 1015

A
3 x 1016 cm_3. It is, therefore, safe to assume that ;Lf thls device
were to be built it would have an Rgm considerably higher than that of

the MFE3001.
There are several problems with "improving" the device 1n this
manner: ’
1. The threshold voltage varies more with temperatures es‘
the doping is increased.
2. The zero temperature coefficient point, point on transfer
~curve independent of temperature, occurs-at higher gate
voltages and drain currents as the doping is increased.
This may or may not be desirable from a circuit designer's

viewpoint.

3. The overall transconductance of the device decreases
rapidly as the doping is increased.
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The zero temperature coefficient point may be moved to different
voltages by changing any parameter influencing the flat band voltage
{(gate metallization, etc.). This computer model indicates that the
device transconductance can be increased by thinning the oxide
(Figure 18 shows this to have only a small effect), or by increasing
* the channel w1dth to length ratio (Flgure 19).« On devices such as
the MFE3001 the substrate may also be blased at a non-zero voltage
with respect to the source. This shlfts the transfer characteristics
"along the V, Vas axis and it then becomes:poesible to change the voltage
at which the zero temperature coefficient point occurs and/or to vary
‘the transconductance at any given gate to source voltage. yFor example,
-shifting the transfer characteristics in Figure 18 by 4 volts would
:glve g 25 1 97 mv as compared to 0.795 mv for the "normal” case.

The 1ast remaining problem is the large leakage current at 275 C.
Figure 20 showscthe‘effect of decreasing the gold concentration by a
factor of 10, presumably done by "cleaning up" the manufacturing
'process. This reduction of gold results in a factor of 3 diminution
in leakage. However, other trapping centers besides goid may be present.

HicH TEMPERATU‘R;E; AGING ‘oF MOSFETs

Aglng Tests ;

: The record of MOSFET high temperature aging is spotty.f For this
reason no MOS -devices have been 1ncorporated in field circuits to date.
The problem should disappear as statlstlcal confldence is built in the
MOS device preselection procedure, and as: hybrid bonding and hermetic
packaging improve., Selection on the manufacturer level, 1ot level,

and dev1ce level appear equally 1mportant.ﬁ

ngh temperature aging runs were made on three different device
t&pes. All tests were run on manufacturer hermetlcally packaged
dev1ces (TO cans) . The first test 1nvolved §ix MFE3001 under bias in
an air oven at 275°C. Perlodlcally drain icharacteristics were taken
over 1100 hours. Only one catastrophlc failure was observed durlng
this period and it was later attributed to a poor connection: at the
draln bonding pad During the test none of the six devices showed
apprec1able time variation in any of their characterlstlcs.‘“The second
test- involved five 2N4352 dévices aged under.bias at the zero temperature
coefficient point at 300°C; until fallure. Fajilure in this case was
characterized by an order of magnitude change in IDS (see Fig., 21).
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’Uaacceptable change in IDS commenced at the beginning of aging for
. some transistors and after 400 hours for others. 'Several experienced -
open bonds before 1000 hours, but other drifts in characteristics had
alreadykruled them unfit for linear circuits. The ‘last test 1nvolved
fivev2N4351 devices aged at 300°C -under'a VDS 2 v bias. Again, IDS
showed unacceptably large change at 100 hours and bond opening occurred.
During the last two tests abrupt changes in -gate voltage led to
one minute drifts in drain.current, ‘a symptom of mobileé impﬁrity ions
~ in the gate oxide.

e[ . 2N43%2 MOS
5 - Sip-channel
Vps=5V

300 °C

00 20 300
- TIME (HOURS )

Fig. 21. ngh temperature aging produced changes
o in drain-source current with f1xed blas.

Failure Modes .

“Three- condltions were reSpon51ble for the fallures seen durlng
MOSFET aging tests: lead—to—package breaks, moblle 1mpur1ty ions in
.gate oxide, and high- concentratlon of gold ions in semlconductors.
None of the functlonal or catastrophlc failures seen in MOSFET high
temperature aging appear fundamental that is, changes in the standard
fabrication technique should circumvent these failures.

The first indication of an open lead was an infinite resistance
reading, usually to the drain pin. Careful package autopsy revealed
an aluminum bonding wire lift at the gold drain pad of the package.
As described in the chapter on bonding in this report, gold films
exist which maintain bond pull strengths to aluminum wire under high

temperature .aging. -
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After hundreds of hours of aging at 300°C some devices exhibited
several minutes of drain current.drift whenever the dc gate voltage

_ was abruptly changed. 1In addition, if all biasing on the device was

removed for several hours, a: recovery to "standard" characteristics
would occur. These symptoms are associated with mobile impurity ions
in the gate oxide; often sodium:is“the culprit. Since all device

‘production lots tested did not develop this failure mode, it can be

assumed that MOSFET devices can indeed be manufactured without the

introduction of mobile gate impurity ions.

The presence of a high concentration of gold within the device
silicon can be deduced from diffusion constants applied to typical
industrial fabrication procedures and from the computer modelling
comparisons in this chapter. Typidal industrial processing involves
500°C temperatures or higher after the gold backing has been deposited
on the wafer. Under these conditions: gold solubility in silicon of
1014 ions/cm3 is possible. In addition, the-cohputer model generated
the experimentally measured 1arge“drain currents at turn-off gate
voltages only when gold concentrations approximating 1014 ions/cm3 were
included. The resulting relatively high drain current (leakage) even
at normally "off" gate voltages eliminated many circuit designs. Thus,
high gold solubility caused a partial functionél failure for 300°C
operation. However the gold is distributed within the transistor after
fabrication; it is not in equilibrium during 300°C operation. At this
temperature diffusion lengths equal to the chip thickness can be
achieved in a few hundred hours. Heﬁce, the amount of gold in solution
or gradients in gold concentration will change perhaps by precipitation
into particles or interfacial layers. Such an alteration would slowly
change conductivities and the gate voltage effectiveness. Such drifts
were seen during high temperature operation. Fortunately gold backing
is not necessary in MOSFET processing as long as the gate, sourée,'and
drain contacts all appear as aluminum pads on the top of the die.
Although gold impurities act as trapping centers, they are not the only
possible cause of excessive high temperature drain current.  The comple~
tion and testihg of gold-free MOSFETs will help sort out the other

causes.

O
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CHAPTER 2 - JuNcTioN F1ELD EFFECT TRANSISTORS
INTRODUCTION

. 8ilicon . junction. field effect‘transistors (JFET) have become the
“backbone-of Sandia's high temperature mlcr001rcu1ts. This utilization
was justified by two test results. First, JFETS dlsplayed drain
characteristics with a zero temperature coefficient reg;on, a gate
voltage range for which the drain current varies little from 25 to
-300°C. .. Secondly, 300°C aging under bias produced llttle darift 1n JFET
characteristics over ‘1000 ‘hours, in marked ‘contrast w1th the substantlal
drift seen in MOSFET tests. (R

‘This chapter starts w1th a basic descrlptlon of JFET operatlon and
parameters 1ncorporated by a computer model which is usable over the
;complete temperature range.' The characterlstlcs generated by the model
are then compared w1th those taken 1n oven tests. Lastly, the aging
test results for JFETs are descrlbed B

CoMPUfER MoDEL

A simplified view of a’ typlcal n—channel Junction Fleld Effect
Transistor (JFET) is glven in Flgure 22., ’ ‘

-
‘-"-—-v'

’ “channel

-------h-----—

| pt | |<5" L ‘%?.
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Fig. 22
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The top and,bottom gates may be electrically connected by a deep p+
diffusion at the ends of the device. In that case no top metallization

is required for the gate contact, simplifying the design and manufacturing
processes. I

The device 6peration for the case of zero gate and source voltages
is illustrated in Figure 23. 1If a small, positive voltage is applied

to the drain, electrons will flow from the source, through the channel

bét%eenithé two gates, to the drain.. As long as the drain voltage
remains small the channel acts like a fixed resistor, causing the I,

‘vSs. VD characteristics to be linear. However, as the drain voltage is

increased the gate/channel junction depletion-region near the drain.

‘'widens, causing the cross-sectional area of the channel to decrease

and, hence, the resistance of the channel to increase. If the drain
voltage is increased to a suff1c1ently hlgh value the two depletlon

‘regions touch, ‘creating arcondltlon called plnch-off or saturation:

the voltage at which this occurszls VDSAT The source and drain elec-
trodes are now completely separated by a reverse biased depletion
region, a zone which would not normally>conduct unless carriers were
generated within or injected into it. 1In the case of a JFET in satura-
tion the voltage drop between the source and the point in the channel
where pinch-off occurs will remain constant and equal to VDSAT‘
Therefore, the channel between those two points will carry current and
the carriers arriving at the pinch~off point will be injected into the
depletion region and drift to the drain contact. If the drain voltage
the current will remain essentially constant

is raised above VDSAT ’
since‘it is determined by the voltage drop across the conducting
channel; this voltage drop will be equal to VDSAT because that is the

voltage required to cause the two depletion regions to touch. (Actually
the current increases slightly due to the gradual shortening of the
channel). The preceding discussion is also valid for negative gate
voltages except the two depletion regions will be wider. Therefore, the
channel resistance will be larger, resulting in lower drain currents.

In addition the pinch-off condition will be reached at lower drain
voltages because of .the added reverse bias across the gate/channel
junction. Shown;in Figure 24 are théAdréih'characteristics of a typical

device.
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the MOSFETs both a linear and saturation region exist.




Drain Current

The standard equation relating the gate and drain‘VOltages to the

drain current in an ideal n-channel JFET isl3
zqu, N_d 2¢e ,
_ n'D _ 4 [5s gy 3/2 _ _ 3/2]
Ip = =% |bs ~ JAYaN, [(Vos + Vpi ~ Vgg)® (Vs = Vgs! ’
< > - .
VDS b3 VDSAT v Vog = VT (Turn-off Voltage) ;

Vbi is the built-in voltage of the-gate/channel junction and ND is the
donor doping concentration in the channel. Unlike the MOS transistor,
the JFET has regions near the source and drain whose resistances are
not under gate control. As can be seen in Figure 25, the existence of
thesé zones causes the voltages at the beginning and end of the channel
to be different than the terminal voltages. '

& v

[ XNANNNNNN

Fig. 25. Schematic illustration of resistances inherent in JFETs.

Vg = IpRg + Vp =V = IRy
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ps = Vp = Vs = Vp = Ip(Rg + Rp) .
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The expression for the drain current may now be rewritten as

2¢e

zqu,Npyd ' 4 s
ID = — VD - ID (RS + RD) - 33 m[(VD - ID (Rs + RD)
- _ 3/2 _ _ 3/2])
+ Vg = Vg * TpRg)” (Vg = Vg + IpRg) ‘
or
zqup _N.d [2e :
- n D - _ _ 4 S - - 3/2
Ip=—% {VD Ip(Rg *+ Ry) = 33 qNDI}VD Ipfp * Vpi = V!

V37240
(Vbi - vc + IDRS) ]} .

In order to evaluate this expression, an iteration scheme using the
Newton-Rapheson method was set up to find the zero of the function

= 3/2
G(ID) = ID - Cl{VD - ID(RS + RD) - Czl:(VD - IDBD + Vbi - VG)

3/2
= (Vp; = Vg * IpRg) ]} '

where
zqunNDd
€, = L
and
c =fl._ -2—€-§.
2 3d aN, *

The slope of G at any point is given by

3C

=96 _ 4 _ _ 2 - - 1/2
§ = 31, 1 Cl{ (Rg + Rp) + —5 [%D(VD IpRp * Vi = V¢!

1/2
+ Rg(Vp; = Vg + I RS) ]} .



Given VD"VG' and a first guess for'ID, the next approximation to the

root is

o1 _Slb@)

D(2) D(1) SZID(l)j ¢
The cycle can be repeated until thevdesired accuracy is obtained. 1In
the computer model the iteration was terminated when G(ID(n)) was less

than 5 x 1078,

At this point it should be pointed out that these equations apply
exactly only for the case of a step ﬁunction at the gate and uniform
doping in the channel., However, it has'beenvshownl‘z'15 that the device
characteristics are nearly independent of.the doping profiles.

Saturation Region

The equation fdr.the width of the depletion region of a one-sided

step junction is

‘ 2€S
W= qN, (vbi + Vrev) ' ‘ -

where V. is the reverse bias across the junction. The channel is
pinched off when each depletion region extends halfway into the

channel: ‘-

Nj

2e R 2e_
= aﬁ; (V‘bi + vV, - VG) = Eﬁg (Vp; + Vp = IpRp - Vo) -

Solving for VD = Vhsar yields

2

d qND ;
Vpsar T Beg. T Ve ¥ To®p 7 Vbi -
Subst;tutlng'the valug VDS = _§Eg_7+ VG "Vbi _4IDRS back "into thg.
expression for Ip gives the saturation current o '
zgu N.d§|, - f2e_(V, . - V, + I R.) gN.d
I =—DD 4 o8 bi G "BS _q|(v. -V, +IR) + gm0y .
DSAT L 3d 0 : gND = bi G D°S 24es
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This equation was also evaluated using the Newton-Rapheson iteration

scheme.

6Ty = Ip - cl{[?Z\ﬁ&ﬁ_- Ve * IpRg ~ 1](Vbi = Vg t IpRg) # C3}

where
zqunNDd 4 Zes qNDd2
¢, = T r G =33 aN, and Cy = 24e_ °
3C :
- 8G _ 1772 _ 1/2 _
S(ID) = §T; 1 ClRS[ 3 (Vb VG + IDRS) l] .
Then
. _ ¢(*pn-1
D(n) D(n-1)  S(Iy 1)) °
Turn-Of £

It is possible to cause the entire channel to become depleted if
a large enough negative bias is applied to the gate. This voltage is
By using the equation for the width

called the turn-off voltage, VT'
of the depletion region of a one-sided step junction, VT can be

calculated to be

2
gN_d
Vo =V, =~ —L2

T bi Sss

Drain and Source Resistances

The resistance of an n-type semiconductor sample is

L

R=—2—,
qu,nA

where L and A are the length and cross-sectional area of the sample,
respectively, and n is the electron concentration. If the source

and drain resistances are specified at room temperature (300°K), then

the resistances at any temperature can be found from

-~ un,300ND
s,D,300 un,TTND ¥ ni) °

R D(T) = R

S,

-



/

/
The factor N /(N + n, ) arises from the fact that at room temperature
nearly all of the donors are ionized and n; << ND At elevated
temperatures, however, the intrinsic carrier concentration may not be

negligible compared to the d0ping‘concentration so that n = ND +‘ni.

‘Junction Built-In Voltage, Vps

Shown in Figure 26 is a simplified band diagram of a p'n junction

under equilibrium conditions.

i

ceeen oo wedone ---. PR Y T

n-type p'-type
Fig. 26, Band diagram illustrating built-in voltage, Vbi'
wc and ¢G are the Fermi potentials in the channel and gate regions,
respectively. Follow1ng the equatlons set forth in the MOSFET section

.of this report, the Fermi potentials are

N._. + N. + 4n

oN
- |\J

KT D
P = ~= n): ,
c qg. o 2ny | ’
' N"+",/iqf Y an2
G q . 2n, ’
o o L
and Vbl' kw + ¢G' where Nb‘and NA are the.donor and acceptor concen-

trations in the channel and gate regionsinrespeqtively. A plot of
Fermi potential versus temperature ié éiVen{ih“the MOSFET section.

Mobility and Other Temperature Dependent Terms

The bulk moblllty expressions presented in the MOSFET section of

this paper were used to describe the channel mObllltleS in the JFET.

Equations for the intrinsic carrier concentration ‘and band gap shrinkage

were also used without modification.
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P-Channel JFETs - : ’ &._f

The equations for the p=-channel -device characteristics are very

similar to those of the n-channel JFET. In normal operation the

p-channel JFET has positive gate voltages and negative drain voltages. .
The charge carriers are holes, hence the device conducts in the opposite
direction. However, if the current is defined as positive when the
carriers (holes) flow from source to drain, then

. = 3/2
AID = Cl{'VD - Io(Rg + Rp) - Cz[k—VD = IRy + Vi + Vi)

3/2
- (U + Vg + ;DRS) ]}

below saturation, and

psar = Cl{[cz VWoi * Vg + IpRg - 1] (Vpy + Vg + IpRg + C3)} '

where Cl' CZ' and C3 have the same meanings as before. The saturation
and turn-off voltages are given by

2
qNAd

DSAT ~ T TBe, + Vi * Vg - IpRp

\'

and

2
qNAq

Voo = 57— = V... &
T 8es bi

Comparison of Measurement to Model

The 2N4391 n-channel JFET was selected for the purpose of comparing
the model to experimental data. Shown in Figure 27 is a diagram of the
top surface of a 2N4391 chip.16 Connection to the gate is made to the

. back plane.

w
L]

2.6 X 2.6 mils -

(=}
"

3.2 x 2.7 mils

suostrate

- @
]

Fig. 27. Electrode geometry for Motorola 2N4391 geometfy.
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The chip dimensions are 19 by 19 mils. The gap between the source and
drain fingers is 10.6 um in all cases. Allowing 2 um between the
drain/source regions and the gate diffusion leaves approximately 6 um
for the channel length. The total width, z,'of the channel found by
summing the lengths of all of the fingers is 3206 um.

The gate Junction breakdown voltage was found to be 62 volts.
Doping concentrations can be directly related to breakdown fields.
If the radius.of curvature at the ends of the gate region is assumed
to be 3 um (typical for this type of device with these dimensions),
then a breakdown voltage of 62 V corresponds to'a doping concentration
pof 5 x 10 3. The turn-off voltage at room-temperature was

measured to be ~5.6 Volts. _Knowing VT and'ND, the channel depth can

17,18

now be calculated.
. ‘-qNDdzi, .
VT = TBe, +vbi

]

or

(Ve = Vo) 8e o
o bi 7T s _
- d “‘/. N, . 27T wm .

The only remaining deVice parameters are the source. and drain
resistances. Recall that for a given gate voltage ‘the ID vs.iVD
characteristics are linear for small drain voltages. _The reciprocal
- of the slope in the linear region corresponds to the total re51stance
of the device. For the 2N4391

="‘o.oo V, Vpg = 0.50 V .

= 13.1 mA at V DS

Ip = 3.1 - Vs

(Linear region operation was verified by an 1nspection of the draln
characteristics.) This 1mplies a dev1ce re51stance of 38.2 Q. The |
‘channel conductance in the linear region for VG = 0 1s,_

,:",'zgu'N al = feew o ’jf .ii_v V i ;“
g=—-‘——§‘ﬂ—lf-. —5—12’— =9.215x 1072 5.0
aNpd e
" The 2N4391 is a symmetrical dev1ce (the source and drain leads may be
interchanged) so that o '

= Ry = _38. 29 - 1/9 _
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The device parameters are summarized below.

Parameter - Symbol " Value
Channel length - L 6 ﬁm
Channel width ’ z 3206 um
Channel depth d 2.577 um
Source Resistance Rg 14 Q
Drain Resistance Ry 714 Q

Theoretical and experimental results are given on the following
pages. - Model agreement with the measured data is very'good: the model
follows the observed temperature dependence of drain current and
threshold voltage quite well (see Fig. 28). The zero temperature
coefficient (zTC) point is quite evident on the graphs, If the device
is biased with gate voltage less negative, thermal runaway is impossible.
A rise in temperature caused by internal power dissipation causes a
reduction in drain current. This, in turn, brings about a reduction
in the power dissipation and eliminates the possibility of any further
increase in temperature. On the other hand, a device biased with gate
voltage more negative may be unstable. Heating of the device caused
by internal power dissipation would effect an increase in drain current

and more internal heating.

From the comparison of modelvto measurement, it is obvious that
the 2N4391 is performing according to its design at elevated tempera-
tures. Figures 29 and 30 show the theoretical model results of using
the 2N4391 geometry, but changing the channel doping concentration
slightly. In all three cases the zero temperature coefficient point
occurs at a drain current of approximately 1 mA but at different gate
voltages. As a rule, the zero temperature coefficient point should
occur at more negative gate voltages as the channel doping concentration
is increased; obviously the same is true of the turnoff voltage. The
magnitude of the changeAin current with increasing temperaﬁure is less
for the device with low doping; however, the 0.40 ratio of peak current
at 275°C to peak current at room temperature is approximately the same

for all three doping levels.

For comparison purposes the theoretical transfer characteristics
for a p-channel version of the 2N4391 are given in Figure 31. Because
of the lower mobilities involved the drain currents are lower and the
internal resistances are higher. The currents in the p-chénnel device

also show a larger temperature dependénce.
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Fig. 28. Comparison of model and experimental transfer characteristics.
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Fig. 29. Theoretical tranéfer characteristics of 2N4391

with ND

4 x 10%° cm™3,
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Fig. 30. ‘Theoretical transfer characteristics of 2N4391
with ND = 6 X 1015 cm-3.

55




I, (A)

10 ;

T | 1 T
25C
150C
=2
10 - ZZSC -
1073 | -
TRANSFER CHARACTERISTICS "FORS
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Fig. 31. Theoretical transfer characteristics of (

. p-channel version of 2N4391.



Figure 32 shows the model output for an n-channel JFET of a
different design:

e 4nl6 =3
ND = 10 cm -
L=6 um
.2 = 1000 um
B d-= 2 um.
RS = RD>= 5 9 ‘

' The zero temperature coefficient point for this device occurs at a
lower drain current than in the 2N4391 (this could be a disadvantage
in some amplifier circuits). However, the variation of drain current
'~ with temperature is lower for this device. A range of compromise is
available for designing devices for wide temperature range use.

H16H TEMPERATURE AGING OF JFETSH

, The drift of electrical parameters with high temperature aging of

. JFET silicon devices wes small enough to allow extended operation of
analog circuits. The’ results of five p-channel JFET 2N52705 placed
‘under a 5=volt bias durlng 300°C aging in a forced air .oven are

typical. Characteristics were taken at 24-hour intervals for 1000 hours.
"The aging and test c1rcu1ts are shown in Figure 33. For gate-voltages
from 0 to' 5 V there was at most a few percent drift in I ‘_during this
test. No device failures occurred.

Other aging tests were run on 2N4856 and 2N4220 n—chAnnel devices.
‘Again, no catastrophic failures were noted, but one set of tests run
at Clemson University19 detected a' substantial increase in pinchoff
‘current during a few hundred hours of the 1000-hour test. No physical
1cause of this intermittent change is known.

The Sandia high temperature c1rcu1t for the platinum thermometer

‘ logglng tool involves 25 JFETs. To date four such complete. ‘circuits
have been fabricated and exposed to 300°C oven and field tests. In
eddition, numerous circuit subsystems (voltage regulators, line drivers)
have been assembled to undergo oven cycle and aging tests in order to
'ascertaln‘c1rcu1t rellablllty. .Therefore, a.total-of- several hundred
clrcult—commltted JFETs have each. operated for 200+ hours at 300°C under
bias without device failure or,51gn1f1cant drift. Rigorous inspection
and electrical high temperature prescreening, as described in Chapter 6
of this report, certainly coutributed to this performance record. To
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Fié.’32. Theoretical transfer characteristics of redesigned JFET.
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‘Pig. 33. " Circuits used to age and monitor
'JFETs under bias conditions.
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date, devices used in circuits and reliability tests are: 2N4220,
2N4391, 2N3994, 2N5270, BT4856, 2N3823, and U403.

Due to some initial reliability problems with chips from several
manufacturers, all devices now used are supplied by Motorola. Their
product reliability during this hybrid microcircuit development has
been excellent. However, the use of Motorola product should not be
interpreted as resulting from an exhaustive search of madufacturers,
but rather as a continuing satisfactory choice based on little initial
data.

LEAKAGE

The test circuit shown in Figure 33 was used to measure the gate to
drain leakage as a function of temperature for n~channel JFETs 2N4391
and MMF-2., The bias voltages were set with VGS = 0 and VD = +2,5. In
both cases the gate leakage was less than 1 uA for temperatures below
2005C. Above this temperature the leakage scaled approximately as a
standard silicon diode; that is, with a slope of E§/2k showing domination
by depletion region generation. The leakage at 300°C was between 27 and

55 uA for the devices tested.

A second set of leakage experiments involved the n-channel JFET
2N4220. In this case the back bias leakage from source to gate, drain
to gate, and source-drain to gate were measured as a function of voltage
and temperature. There was little difference between these three
measurements indicating that either contact to the n-region addressed
thé total np interface. The temperature effects were again similar to
ordinary silicon diodes with the leakage dominated by thermal generation
in the depletion region. The maximum leakage at 300°C (5V bias) was
8 uA.

This extremely small leakage is attained for at least four reasons.
First, the cross section area of the junction is rather small, 30 square
mils for the 2N4220. Secondly, the JFET geometry_eliminates most oppor-
tunities for surface current leakage. Thirdly, the channel material is
fully depleted under bias so can only contribute thermal generation
currents--not diffusion currents. Lastly, diode leakage current depends
on minority carrier currents whereas JFET materials are purposely-
fabricated to facilitate majority, not minority, carrier currents.

s



CHAPTER 3 ~ BipoLAR DEVICES

Introduction

When first contemplating 300°C electronics, it was hoped that
bipolar silicon devices could be utilized. These devices would be
advantageous for the following reasons: most diodes used in solid
- state circuits are bipolar; bipolar transistors are available for high
frequency and hlgh power operation; bipolar dev1ces are available as
chips,- hermetlc cans, -and gold beam leaded format, blpolar dev1ces are
ubiquitous in integrated chips as electrostatic’ 1nput protection diodes,
_as junction isolation regions and as circuit-deVices;‘andllastly, many
standard circuit designs already exist in blpolar dress.

There was expectatlon for hlgh temperature performance of silicon
bipolar devices for several reasons. FlrSt, manufacturer specifications
showed continuous Operatlonal Junctlon temperatures of 200°C for many
bipolar devlce types,'much closer to geothermal temperature limits than
most'other"components. Secondly, standard blpolar geometries involve
little temperature dependent surface states or troublesome thin oxide
layers. “In’ contrast, there existed good reason to suspect loss of
functionality at high temperature; the Shockley bipolar diode equation
has an exponential dependence on temperature of the'leakage current, a
clear impediment to circuit design. In this chapter we will briefly
present the formulas describing “the operatlon of blpolar diodes and
transistors and compare these to exper1menta1 measurements made up to
300°C., - Results of the high -temperature aglng tests will also be dlS-
cussed. Desplte the- drastlc temperature dependences,vseveral modes of
bipolar device utilization will be presented. c

T

Blpolar Dlodes o

The standard formula for the current dens1ty in a blpolar dlode is
J = J (qu/kT - 1)" I : 2 f:,'/ v -

where J = qupno/Lp -qD npo/Ln.‘ In this- expre551on, D 1s the carrler
~d1ffu51on coeff1c1ent, L is: the ‘carrier -diffusion length, ‘and’ p is the
~ hole concentratlon in the n-~type. semlconductor in thermal equlllbrlum.

Unfortunately, D,sL, and p(n) are temperature dependent.-

Pro ™ T,,exp(-Eg/kT)
D= (kI/qu ~ T 0% .
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L has a small but complicated dependence which in general is experi- \ 5
mentally rather than theoretically determined. In this derivation, L
is taken as increasing in temperature. With these dependences the

current equation becomes
= ™ exp(—Eg/kT), n<4«4-.
It is oleer that the extent of temperature dependence is almost entirely

determined‘by the size of the energy gap. Thus, design changes in’
geometry or doping profiles will do little to ameliorate the extreme

’Vtemperature_dependence of bipolar diodes as compared with a change of

the basic semiconducting material to one of larger energy gaps (such as
GaAs). Essentially, for reverse bias, the current increases as
exp(—E /kT) with temperature, and in the -forward direction one gets

'approx1mately an exp[--(Eg - qV)/kT] dependence._ In Figure 34 the .

measured diode leakage currents are plotted versus l/T to compare the
slope of the data with -E /k For silicon diodes the results compare

"best with an analytic slope of Eg/2k In 5111con dlodes the reverse

saturation current is often due to generation current in the depletion
layer. As shown in Chapter 1, this current varies only as the first

power of n, or exp[E /2kT].

Given this large but predictable temperature dependence, diodes
can still be used in some circuits. For example, silicon diodes have
been used in circuits as rectifiers up to 300°C, albeit with much leakage.
A series connected positive coefficient thermistor can be used to help
temperature stabilize a silicon rectifier. As another application, the
forward biased characteristics of diodes have been utilized as linear
temperature transducers (see Fig. 35). Thirdly, despite the change in
breakdown voltage and some loss in breakdown voltage distinctness over
the temperature range, voltage regulation by zeners is possible up'to
300°C. The breakdown voltage for zener diodes undergoes a 10% change
from 25 to 300°C., Some zener types (RaYtheon beam leaded BZ821) have
built-in temperature compensation which is of some help for extended
temperature operation. This compensation is achieved by using back-to- -
back diodes so that the change in forward characteristics with tempera-
ture compensate the change .in reverse breakdown (see Figs. 34, 36). o . -

- Once the circuit has been made tolerant to the diode temperature
dependences, the next most important consideration becomes the aging

‘properties of the diode. For the most part, high temperature aging

depends on the diode packaging. Discrete high voltage, high power ( J
diodes are packaged with extreme junction temperature operation in mind.
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For example, operation of Semtech high voltage diodes for 1000 hours at
300°C produced typical leakage current changes of 10% at a fixed 5-volt
back bias., However, about 1/4 of the devices tested showed extreme
drifts (X5), but this did not create a threat for circuit fabrication
since large degradation behavior could be predicted by changes in the
first 100'hours of aging. Similarly, beam leaded and hermetic TO can

. packaged diodes have been successfully aged at high temperatures.

Although no GaAs pn diodes are currently commercially available,

it was possible to use the McDonnell Douglas JFET device as a diode by

shorting the source and drain leads together. The results of this

' approach are shown in Fig. 34, a considerably smaller temperature

dependence of leakage current was detected. Simple theory predicts a
slope of -16,595°K (-E_/k) whereas the measurements only gave a slope
of -1,000 to -3,000°K. No explanation for this has been found, but the
leakage for these diodes was extremely dependent on voltage. This>

-~ suggests a shunt resistance exists, perhaps due to surface or package

leakage.

‘Bipolar Transistors

There is a slight difference in the analytic expressions for the
expected leakage of a bipolar diode and a diode in a bipolar transistor.
For example, the formulas for the base-collector diode leakage in a PNP
transistor is

D_P Dn
B BO +

J o <
(B~C)S 7] Lc

CcO

where the diffusion length in the base (N region) has been replaced by
the shorter width of the baée, W. In an alloy or epitaxial transistor
it is possible for n.,
The following bipolar transistors were tested from 25 to 300°C:

2N3771, 2&3866, 2N3743, 2N3742, 2N3728, 2N3964, B2T3965, B2T2222, and
B2T2907. Collector characteristics were taken at 50°C intervals with

attention paid to change in gain and leakage with no base current (ICEO).

Some representative pictures of the characteristics are shown in

Figure 37.

One device had considerably lessvleakage current at high temperature.

Figure 34 illustrates the base-collector leakage current as a function
of temperature for a 2N3866 silicon NPN transistor.20 Notice the slope

is similar to that of an ordinary silicon diode. This base leakage must

<< Ppo’ allowing the second term to be neglected.



2N37L2

30 °C

200 *C

300 °C

Fig. 37. Representative collector characteristics for bipolar
transistors (2N3742) over temperature range. Hori—
. zontal is collector-emitter voltage; vertical is
collector current, base current is parameter.
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essentially be multipliedfby the static éommon—emitter current gain B

to obtain the emitter-collector leakage. Collector characteristics for
this device are shown in Figure 38. The 2 mA of emitter-collector
leakage for zero base current at 300°C was fdundAto.be excessive for
most circuit applicatidnsi although circuits‘meant to opérate in a
narrow temperature range around 300°C (for example, in a thermostati-
cally controlled oven environment) could have compensatioh for the large
but constant 1eakage.r All other bipolar transistors tested had emitter-
collector leakages of 10-200 mA at 300°C.

For a transistor of fixed current cross section the leakage can be
minimized by use of high doping. For example, using the simplest
analytic expressions for'semiconductor‘diode conduction we find the

leakage
D
1
J“—E,«——_'
s Lc (No)2.3

where No is the doping concentration of the lightly doped diode region.

Thus, for a fixed unit cross section the leakage can be minimized.
However, two qualifications must be made: first for a fixed forward
voltage the current flow is reduced proportionately to the leakage, and
secondly, other transistor parameters such as the gain and breakdown
voltages are also affected by doping changes. Significantly, the one
bipolar transistor type found with low leakage (3866) also had higher
base doping than the others. The doping was calculated from the diode

breakdown voltages.

Designing bipolar transistors for extremely low leakage does not
appear possible, but the fact that at least one device type outperforms
others by a factor of ten is promising., As an example of the flexibility
for improvement, but complexity of the task, consider the static forward

current transfer ratio
*
o = yBa

where y is the emitter injection efficiency, B is the base transport
factor, and a* is the collector-body multiplication ratio. Each of
these factors have temperature dependences that are sharply dependent

on geometry and doping.

o



Fig. 38.

low leakage bipolar transistor 2N3866.

2N3866
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200 °C

300 °C
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CHAPTER 4 - GAAs F1eLp EFFecT DEVICES

Introduction

Slllcon field effect dev1ces appear to be reaching their usable
temperature 11m1t at 300°C. The exact limit is determined by metalli-
zation and doping level choices. A fundamental limitation between 300-

- 350°C is built into the silicon. The thermally induced carrier density

increases exponentially with temperature. This rate depends on the
band gap of the materlal, exp(-E /kT). Silicon has ‘a gap of 1.12 eV
and reaches a p01nt where thermally generated carriers are about as
dense as doped carriers at about 300°C. Gallium Arsenide (GaAs) with a
larger energy gap (1.4 eV) does not reach this point untii considerably
higher temperatures, hence the interest in GaAsbfor'high temperature

application.

First the general theory of intrinsic cutoff temperature, tempera-
ture dependehcé of gain, and leakage current of a Schottky barrier on
GaAs will be discussed. Then some data on commercial GaAs devices will
be presented and discussed.  The existing dévices are 6f'two types,
metal semiconductor field effect transistors (MESEETS)‘and junction
field effect transistors (JFETs). Finally a discussion of the future
of GaAs for high temperature work will be presented.

Intrinsic Cutoff Point for GalAs

The following equation is derived from standard semiconductor theory

found in any of many texts on this subject 5 6
. 2wm;K 3 2nm;K 3 E
n Ni = 4n 2 + ry in- h2 7 h2 + 5 &n T -~ _E_sz

) * ,
where ND is the carrier density, m is an effective mass, and Eg is the

electron band gap. For GaAs the numbers are

=)

\f

5
I

*/m, = 0.068
mp/mo = 0.5
E_=1.43 - (4.3'x 107 (T - 300) ev .



" Thus, the intrinsic carrier density becomes

3

_1.43 - (4.3 x 207 (7 - 3000 , ,, 3912]

i Dmin [2 T(1.725 x 10 )

- Figure 39 is a plot of this carrier density as a function of temperature
“both for GaAs and Si. The doped carrier density (extrinsic carrier
density) will typically be in the range of 1015 - 1017 for either
'silicon or gallium arsenide devices. In order for the differences in
-doping intensity to create the action of an active device the doped
‘carrier density of at least one of the device regions must exceed the
intrinsic carrier density. For example, in a simple p-n dlode the
‘current in either direction will be equal ‘and dominantly produced by
intrinsic carriers unless the doped carrier density in at least one
region exceeds the intrinsic carrier density. The degree to which.
the ‘doped carrier density must exceed the intrinsic density will be
arbitrarily taken as 10, a factor that in practice depends dn the
circuit. With this rule of thumb, Figure 39 shows 300-350°C as the
cutoff range of useful active silicon devices. Similarly, gallium
arsenide should be useful up to at least 500°C.

Gain in GaAs Devices with Temperature

The transconductance for GaAs f1e1d effect devices is hlgher ‘than

for silicon at room temperature. This is due to the higher carrier

Hpa
moblllty since I n Uy and -D-GahAs 4.73., Furthermore, the mobility

Unesi
in ‘gallium arsenide dev1ces decreases as lnverse temperature AT 1)
eompared to the sharper decrease in silicon (T ). Both the high

initial transconductance and the slower decrease in transconductance
with temperature enhance the interest in gallium arsenide for high

temperature work.

Gate Leakage Current

Operation below the 1ntr1nsic cutoff temperature and w1thin a
constant gain temperature range 1s not enough, ‘the gate leakage of a
field effect device must remain small for operation. A MESFET device
is a field effect transistor ‘where the gate function is supplied by a
metal semiconductor junction, with no oxide separation. Most

71




1018

N = N [CMTB]

11

10

Fig. 39,

72

250 300 350 400 450 500
TC°0)

Intrinsic carrier density as function of temperature for
silicon and gallium arsenide. For standard doping silicon
devices remain extrinsic up to 300-350°C, gallium arsenide
to 500°C.




metals form a contact with GaAs that has a boundary energy barrier of
2/3 of the energy gap of GaAs. 1In essence_i;,is this smaller barrier
height (0.8 eV) which results in large Qate leakage at elevated

temperatures. The semiconductor-metal barrier model to be used can be

found in Reference 5.

Thermionic Emission Component of Leakage -~ The metal-semiconductor
barrier height can be calculated with the formula

¢BH = C2¢m +Cy

where for GaAs C2 = 0.07 and C3 = 0.49. Assuming a Au/Al metallization,
- the work function for conduction electrons is q¢_ = 4.5 evV. Thus,

¢BH = ,.805 eV. The thermionic current density can then be written from
diode theory as

Jrs = ar® exp(-q¢BH/kT)[exp(qV/kT) -1],

where A is the Richardson constant. In device operation the reverse
"bias (=V) is large enough so that exp({-qV/kT) << 1, Thus, we can
simplify the ‘expression for I

2 -933 2
Jrs = ~100T exp(—gg—é) amp/cm” ,

This is plotted in Figure 40.

, Diffusion Component of Leakage -- For the same metal-semiconductor
system the diffusion current density of leakage can be written as follows.

[q(Vbi - V)81rNd

Irs = quNcl €

s e

exP( KT

]1/2

si

11.7 eo

il

‘ € .
vwhere si

2mTm *kT 3/2 :
N, = 2[ L ] = g.55 x 10%? ¢3/2
7 h” . ‘
14 -3
ND = 10 cm
Vbi = lf5 v
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¢BH = ,805 eV
c 3/2 .
N L BT e,
H=7x 103 (measured)

Thus, p = 2.1 x10~¢ 771 cmz/V«sec or 210 1

¢BH decreases slightly with increasing temperature, the variation is
small compared to T_l. Inserting these values gives

m2/V sec. Even though

1/2 1/2 -9333.33]
I

J_. . = 5,347 x 109T exp[ Amp/m2 .

rs (1.5 + Vre )

v
Figure 41 uses this equation to plot leakage current versus reverse

voltage with temperature as the parameter. Figure 42 exhibits the

leakage current versus the temperature at various reverse biases.

. The thermionic emission and diffusion components of leakage are
additive, It .is CIear_thatithe gate leakage for GaAs MESFETS are too
large at high temperatures to be useful.  For example, the leakage of
a GaAs/Al-Au contact of area 10-4 cm2 at Veev = 4 volts at 300°C is
.5 mA. The combined theory of leakage in a metal-semiconductor junction
{(as in Szes) gives a similar result.

The gate leakage in GaAs JFETs was also calculated and found to
increase with increesing temperature. However, this leakage wasn't
found to be so high as to exclude JFETs from effective use at high
temperatures. This smaller leakage is essentially due to the larger
"barrier height" that exists between n and p GaAs as compared to that

between GaAs and a metal. These leakage calculations followed Grove,

page 178.

Evaluation of Commercial Devices

.There are many GaAs device types presently available from>many
suppliers: Plessey Optoelectronics and Microwave, McDonnell Dohglas,
Texas Instruments, Hewlett Packard, and Dexcel. The GaAs MESFET devices
found in the market today are made for microwave frequencies and
therefore are n channel (to utilize the higher mobility of electrons).
Being n channel a negative gate voltage is needed for operation and the
drain source current is maximum at zero gate Voltage; The fact thae
commercial devices are designed for microwave operation encourages |
internal device microwave oscillation when dc bias is applied. Through-
out these tests ferrite beads were placed on the device leads to suppress

such oscillation.
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In this report we will describe in detail several samples of a
Plessey Optoelectronic and Microwave MESFET, the GAT 1, and several
prototypes of a McDonnell Douglas JFET which was originally designed
for high radiation tolerance. All devices were subjected to identical

test procedures.

Test -- Devices were mounted inside a high temperature forced air
oven.  Wires were attached to the device leads and run to connectors on
the outside of the oven. All drain characteristics were taken with dc
biasing, no pulse measurements were made. The standard sequence of
tests were: characterized at room temperature, characterized at 150°C,
soak at 150°C at full bias for 65 hours, characterized again, 275°C
characteristics taken, soak at 275°C under bias for 191 hours, return
to room temperature for last characterization. In addition, temperature
cycling was done to test for structural endurance. The test circuit

used is shown in Figure 43.

Plessey GAT 1 MESFET =-- The metallization system used on the GAT 1
GaAs FETs is as follows:

1. Gold/indium/germanium for ohmic contacts
2., Aluminum gate
3. 0.001 inch gold bonding wire in P10l package

Figures 44 to 47 show detailed characteristics for two samples of this
device, No. 2 and No. 3. These characteristics are quite different for
two of the same device type, indicating perhaps a sensitive design.

Device No. 3 displayed drain characteristics which could be used
in circuits operated up to 300°C; however, the drain source leakage at

" high temperatures was excessive. This device showed high gain

(gm = 12 mmhos at T = 25°C) and stable characteristics under temperature

cycling and aging.

Device No. 2 showed a maximum of 165 pA leakage current at high
temperature. This value could be tolerated in a useful circuit. The
aging drift of device No. 2 was small but measurable. The only signifi-
cant difference between No. 2 and other devices tested at room tempera-
ture was its low transconductance, In = 5.6 mmhos. This device‘did not
perform as expected from the simple theory above.

JFET -- The McDonnell Douglas JFETs functioned well at temperatures
below 225°C. At higher temperatures the characteristics irreversibly
degraded with time, becoming extremely leaky within 100 hours at 277°C
(see Figures 48, 49). 1In reference to the characteristic plots of
these JFETs it should be noted that leakage current was measured by
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Fig. 43. Test circuit for characterization
of GaAs devices.
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Fig. 44. Temperature variation of drain characteristics ( j
of Plessey GAT | sample #3.
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taking voltage measurements across the 1 kQ resistor. Thus, the voltage
across the gate was different from that recorded on the chart recorder
by the voltage drop across the 1 kQ resistor. This accounts for the

increase in slope as VDS was increased.

Conclusion

This preliminary investigation indicated that in principle GaAs is
a good high-temperature device material due first to its large gap and,
secondly, to the high electron mobility. . Despite thisrpromise, presently
available commercial GaAs field effect devices are not suitable for high

temperature use.

The McDonnell Douglas JFET would handle high temperature if aging
stability were achieved. This instability was due to metal migration
on the device surface caused by the relétively low mélting temperature
gold alloy used in the electrodes. This migration noticeably altered
the device characteristics after only 10 hours above 250°C. Since the
electrode details are on the order of é few microns for high fregquency
GaAs devices, migration distances to failure are small, This failure
mode is not fatal, however, in the sense that a higher temperature
metallization or surface barriers could circumvent the migration.
Current contracts with McDonnell Douglas include looking at both
possibilities.

MESFETs with standard metal gates are doomed to failure at high
temperature due to the small barrier height between GaAs and metal.
Recent GaAs Schottky barrier research involves compound gates with
larger barrier heights; such modifications appear well down the com-
mercial road. With current metallization only samples with low room
temperature transconductance were capable of circuit operation at high

temperature.

Future of GaAs

Commercial rf GaAs devices were at best adequate in performance
when tested up to 300°C, Current ohmic¢ and Schoftky barrier.dontacts
will not allow continued operation above 300°C. The growing volume of.
rf GaAs devices has produced enough demand for GaAs to make available
low impurity, low surface state density wafers; the first necessary
step for any semiconductor design. Device fabrication technology has
also expanded21 leading to better ways of etching, metallizing, and
passivating.22 For example, current Schottky barrier gates’are limited
in temperature operation by the barrier height being only 2/3 of the



GaAs band gap, but the study of hlgh electronegat1V1ty contacts may

lead to usable, larger barrlers.23 In addltlon, investigations of
compatlble ox1de surface layer depos1tlon w111 lead to insulated gate
field effect devices. Lastly, hlgher temperature metalllzatlon, surface
passivatlon, and 1arger spaced contact geometry w1ll 1mprove the basic
McDonnell’ Douglas Junctlon f1eld effect dev1ce, enabling higher tempera-
' ture performance.

Although the electronlc houses are not headed for high temperature,
low frequency,_solld—state devices, :the general trends in GaAs material,
fabrication,’and design, technology are-making such device development
Simpler..,A emall effort on design and metallization study over a few
years should prepare the way for commercial prototype device runs. The
high temperature possibility inherent in . the large band gap of GaAs has
not yetkoeen tested. :
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CHAPTER 5 - BoNnDING

Most attachment techniques used for hybrids whichnoperaté in
standard temperature ranges are not able to withstand 300°C without

_ failure. -In particular, active devices with éluminum meta;liZation
‘present metallurgical problems when bonded into a Au based conductor

circuit. ~Fortunately, some active device types are available with gold
metallization (such as the beam leaded format of the Siliéon junction
field effect. transistor 2BT4856), but most devices are available only
in aluminum metallized chip formats. ' ~Indeed, beam leaded devices were
routineiy thermocompression bonded to fritlessvgold thick‘filmsiwhich
were then successfully aged at 300°C. Unfortunately, gold wire could
not be used to bond aluminum metallized chips because of well known
Au-Al interface reactions discovered in thin film hybrid investiga-
tions.24' Thus, Al wire was used with three new techniques being '
investigated for the necessary bonding of the aluminum wire to the Au-
based thick film: (1) aluminum wire ultraSonically bonded directly
from the chip to a special gold thick film, (2) aluminum wire from the
chip to a diffusion barrier pad which, in turn, was thermocompression
bonded to the gold film, and (3) copper beams with gold plating and
nickel bumps in a tape carrier format. '

A. DIRECT BoNDING

In response to aging degradation of Al-Au interfaces, several thick
film manufacturers have produced modified Au thick films which inhibit
the formation of Au-al intermetallics.25 One of these modified
materials was compared to three standard conductors in high temperature
bond aging studies; the modified DuPont 9910 fritless Au was compared
to Cermalloy fritless Au 4399, Cermalloy fritless Pt-Au 4121, and DuPont
fritless Au 9791. All tests were made with a thick film dot test
pattern (see Fig. 50), placing aluminum wires from pad to pad to form
70 bonds in electrical series on each sample. Three mil Al wire was
used for the general survey and 1 mil Al with 1% Si wire was used for
the extensive test of DuPont 9910. Air oven aging was performed at 250,
300, and 350°C with periodic resistance measurements being taken. Pull
strength tests were performed before and after and-in some cases during
the aging. Although many different test runs were performed, the results

can be collated into three studies.




o

Fig. 50. Bonding dot test pattern. 70 bonds in electrical
series allow interface resistance measurement
during aging.

Test 1"Comparison of'Thick'Film Materials -- Comparison bonding
tests were made among the follow1ng thlck film materlals. ‘Cermalloy 4121
and 4399, DuPont 9791 and 9910. Only frltless thick f11ms were used

due to initial work done with Cermalloy frltted Pt=-Au 8653 which indi-

cated bond adhes1on dlfflcultles on a frltted surface., Three m11
aluminum wire was bonded to the standard«thlck fllm‘dot;patterns; four
samples of each ink were prepared. A Kulicke & Soffa 484 Al wire ultra-
sonic bonder was used. . ;,f’,P G L T

One sample ‘'of each 1nk was pull—tested 1mmed1ate1y after bondlng,
the other three were placed in air ovens of temperature 250, 300, and
350°C. Periodic resistance measurements were taken of the series bonds
by momentarily coollng the substrate to room temperature. At the end
of the 1000-hour aglng period pull tests were performed with all samples.

For comparlson of materlals the 300°C aging data was typical. . The

“two frltless Au 1nks had exce551ve re31stance increase with time (see"

Fig. 51). Pull strengths also decreased catastrophlcally after 500 hours
of aging£A (from 38 to 1.1 grams) for 4399, .and - (from 34 to 1.3 grams)
for*97§1; In consequence, neither of these systems qualified for high
temperature clrcults, presumably due to the rapid. intermetallic formation
along the Al-Au 1nterface.
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Fig. 51. Rates of bond resistance increase at 300°C vary enormously
among thick film conductor compositions. Three mil pure
aluminum wire was used for bonds. -

Test 2, Temperature Effect on Aging —-- The sensitivity of the bond
degradation with temperature is illustrated by the results at 250, 300,
and 350°C in Figure 52. Comparing the aging of aluminum wire bonds to
DuPont 9910 at 250 and 350°C shows a 165 times faster resistance increase
at the higher temperature.

The simpiest model for such bond degradation would be formation
of a single intermetallic at the interface, rate limited by a dif-
fusion process. The standard diffusion coefficient equation for such
a simple process is |

D=A exp(-Ea/kT) ’

where A is called the frequency factor, and Eé is the activation energy.
Both A and Ea'can be considéred temperature independent. Since the
highly resistive intermetallic is forming ‘165 times faster at 350 than
250°C, it is possible to use the above formula to derive the activation
energy, Ea'= 1.43 evV/atom. Looking at the data for the other Au thick

- films (4399, 9791), the same activation energy is found over at least { ;

the first 50 hours at temperature. However, the'freqﬁency factor A is
much larger in the ordinary Au thick films than in the modified 9910.
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Fig, 52. Rate of bond resistance increase is highly temperature
dependent.  Three mil pure aluminum wire was used for bonds.

Thus, the same physical pfoeegs iéfieading to bond degradation in all
the Al w1re--Au tthk film systems. However, the Pt-Au 4121 thick film

.exhibited an actlvatlon energy of only .18 '@V with an extremely small

frequency factor. Thus, a different degradation process is involved
in this system. These activation energy values are not out of line
with past work done with Au-Al diffusion systems.26

Testv3, 1 mil Al Wire on 9910 -~ After the first two tests had
indicated the relative advantage of DuPont 9910 for Al wire bonding
(see Fig, 51), additional tests u51ng l-mil wire (99% Al - 1% Si) were
performed. A Kulicke & Soffa 484 ultrasonlc bonder was again used to
make bonds to 12 dot patterned substrates. All bondstwere formed at

one sitting to ensure consistency.

Initial reéistance‘readings were taken on all{saméles, and one
substrate had all bondé pulled for strength measurements. The other
samples were placed in a 300°C air oﬁen. Perlodlcally ‘the samples were
cooled to room temperature for resistance readlngs. At each reading
one of the remalnlng samples was pull-tested. FlguresfSB'and 54 show
the results of these tests. The resistance growth%was7epproximately
linear with time. The pullfstrengths showed a definite minimum. One
possible 1nterpre£atlon for these results would be (1) the initial
decrease in pull strengths resulted from an annealing of the Al wire
which was originally highly cold worked, and (2) the subsequent increase
in pull strength results from the mechanically”strpnger intermetallic
regions groWing'thrbughput‘the,bohding region,f,Theimejority of bond
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failures occurred at the thinned heel of the bond, the hard surface of
the thick film resulted in more wire deformation than occurs on evapor-
ated thin film hybrids. Typically the initial average bond strengths
were 6-8 g with a standard deviation of 0.8 g. DuPont 9910 metallization
has proved reliable and adequate for Al wire bonding. |

Some general conclusions can be made from this work. First, there
exist large diffusion rate differences between different thick films
used 1n bondlng even when they-all-are mostly Au. Second, all thick

:fllms have hard surfaces which cause excessive wire. deformation upon
ﬁbond formation. Third, aluminum wire annealing causes initial loss in
‘bond strength regardless of -thick film. Eourth;fbond.degradation rates

depend strohgly on the temperature.

L

B, DifFusioN BARRIER PAD INTERCONNECTIONS - -

Higher bond strengths and slower bond degradation are possible by
placing a diffusion barrier pad between the Al wire and the thick film.
Figure 55 shows schematics of such padsithat were tested. Although many.

different materials could be used for pads, the most natural choice for

‘a pad is a diffusion proof wafer with Au on one side and Al on the other.

In this way the Au can be thermocompression bonded to the Au thick film
and the Al surface will accept Al wire bonds. Since the wafer itself
blocks diffusion there is no Al~-Au iﬁtermetallic_problem. Nickel, kovar,
and silicon have been used as diffusion barrier wafers. The metal wafers
were 1 mil thlck and 30 mlls in diameter. Care was taken in annealing
to obtain large grains so that the slower bulk diffusion was dominant
over the faster graln boundary dlffu51on. The -Au and Al were evaporated

“onto the foil Wthh was’ then punched out as dlsks. To make silicon

buffer pads, a standard hlghly doped S5-mil wafer had Au ‘and Al vapor

hdeposited and then was d1amond sawed to. produce 30-mil square pads..

The pads were eutectically attached to the thick f11m rather than
thermocompression bonded. These silicon bonding pads promise to be at

'least as long lived as the active devices themselves since the gold
" and alumxnum diffusion dlstances are the same. This bond pad system

has the advantage of belng ea511y fabricated in any sem1c0nductor shop.
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It was found that bonds could be directly made to the nickel wafer
without need of the Al film. This simplified pad fabrication but
presented a harder surface to the wire. Thus, standard Al wire was
excessively deformed. A harder wire, say a more highly cold worked wire,
with only 0.5% elongation could be used to be more compatible with the

nickel,

Tests -- The most exhaustive tests to date have been performed on
the Au-coated nickel disks. The Au surface was thermocompression bonded
with a wobble bonder to the standard dot pattern samples made of four
different thick films: 9910, 4121, 9791, and 4399. Al wire loops were
formed between adjacent pads forming 70 bonds in electrical series.

One sample of each was pull-tested immediately and the rest were aged at
250, 300, and 350°C with regular resistance monitoring and a final bond

pull test after 1000 hours of aging. Only a slight (5%) bond resistance
change was noticed during the test. Pull strengths decreased due to the
annealing of the Al wire. No failure of adhesion between pad and thick

film was ‘noticed, nor any degradation at the Al-Ni interface.

There are some obvious drawbacks to the use of diffusion barrier
pads. First, more substrate area is required for the 30-mil diameter
pads than for a simple bond; second, labor is required to secure the
pads to the substrate; third, the number of bond interfaces is doubled
introducing more chance of failures; fourth, the pads add expense to the
circuit (10¢ a pad). However, the complete lack of bond resistance
degradation and retention of pull strengths mark diffusion barrier pads
as a high reliability, high temperature system.

C. Tape CARRIER

Tape carrier technology is a new technology being introduced for
easier mass production of microcircuits.  Usually the carrier consists
of a tape of plastic film (not unlike a movie reel) with many identical
sets of metal leads etched on it (see Figure 56). The chips are attached
to the leads on the fiim, then the film is positioned over the circuit,
and, last, all the chip leads are fastened to the circuit breaking the
chip and leads off the plastic film in one step.
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Fig. 56. Microscopic views of high temperature tape carrier.
(Top) Four copper beams are supported by polyimide
tape. Each beam has a breakaway neck for final
attachment to hybrid. (Bottom) Close view of 2-mil

wide beams show nickel bumps used to bond to
aluminum pads on silicon die. { x
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; Special modlfled tape carrlers were made for high temperature
\"/ bondlng.28 The copper beams were bumped with nickel at the ends, each
bump being 2 mils in diameter to fit within the standard chip bonding
pad. The bumps were then coated Wlth az2 um - fllm of alumlnum to facili-
« tate the bump-pad ultrasonlc bond The reverse 51de of the beam was
gold plated so that the beam could be thermocompreSSLOn bonded to the
' thick film. ' Initial tests have proved fea51b111ty but have not revealed

rellablllty or 11fet1me. '

D Au-Ge SOLDER

Gold-Germanium eutectic solder (M.P. 356°C) has been used to attach
actlve dev1ces in TO cans to printed c1rcu1t -boards and also small
“'dlscrete components dlrectly to hybrid substrates (rectifiers). Success
has been found w1th DuPont Formon 8513 thick film Au-Ge solder ‘ink paste.
Reflow is created w1th a. hotplate set slightly below ‘the flow temperature
and a small torch or hot iron to cause reflow one connectlon at a time,

It is also p0551b1e to solely use an 1ron or torch.z

i
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CHAPTER 6 - PRESCREENING AcTIVE DEVICES

Introduction ) RN

Within a speeific lot of a device type, there exists large
electrical characteristic dlfferences at elevated temperatures. Thus,
the normal reasons for pretestlng a dev1ce before commitment to a
particular circuit are more 1mperat1ve for high temperature circuitry.
In circuit fabrication to date, four needs fof pfescreening have
developed: (1) rejection of devices that have excessive temperature
dependence, (2) tailoring of the hybrid to fit the exact device charac-
teristics, (3) matchingrdevices,and (4) -eliminating infant'mortality.

The spread of characteristics due to temperature dependence can be
large even within a given device lot. Circuit de51gn ‘and callbratlon
are greatly simplified by eliminating any device showing above average
temperature change 1n characteristics by prescreenlng. '

In most cases when a device is needed for a llnear functlon, it is
necessary to bias the dev1ce at its zero temperature coefficient point
(see Figure 28, for example). Since the bias current or voltage to
achieve this zero point differ significantly within a lot, each device
must be characterized from 25 to 300°C and then the resistor biasing
network in a particular hybrid must be custom trimmed for that particular

device.

A more exacting reason for pretesting devices was to find matched
devices for inputs in a differential amplifier. Not only must the
characteristics match at room temperature, but up to 300°C for all

working biases.

The most common prescreening motive in standard circuitry is to
enhance reliability. In any lot of devices there are a few which are
initially impaired, although this cannot be detected from standard
characterization. For example, a die may have a crack in the passivation
layer. Such a crack can severely shorten the operational lifetime since
corrosives can reach the active surface of the semiconductor; however,
initial test would reveal no fault because no corrosion has occurred yet.
However, a burn-in, operation under bias and perhaps elevated temperature,
for a hundred hours will cause precipitous failure (infant mortality) for
the defective parts. In contrast such a test will hardly shorten the
expected lifetime for the perfect devices (10,000-100,000 hours).



' - Three methods of prescreenlng have been investigated during this
study, dev1ce attachment to a ceramlc chip carrier, -segregation of the
‘dev1ce withln the ‘hybrid, and dev1ce attachment to. polylmlde film chip

carrler tapes.

‘Ceramic Chip Carriers/

A common method of prescreenlng dev1ces in hybrld fabrlcatlon is

the ceramic chip carrier. A small wafer of ceramic, perhaps 150 by
150 mils, has a metallization pattern alloming device mounting and
external lead connection (see Flgure 57). . In a typical use long gold

| ribbon was welded on. the outer pads of the ceramic chips. - One device was
" then eutectlcally attached to each chip. Aluminum wires connected the

k dev1ce pads to the ceramlc ch1p pads. The device-ceramic carrier unit
'was placed in the oven with the ribbon connected to binding posts. . After
characterlzatlon over the complete temperature range and. high temperature
aging the unit was ready for a circuit. The ceramlc,chlp was -attached to
. the hybrid substrate either w1th ceramic cement29 or with gold-germanium
““golder. The chip must have gold back1ng for the use of _solder. The
device is now electrically connected to the 01rcu1t by weldlng the short-

ened gold ribbons to the conductor pads on the hybrld substrate.

_' B

i

Fig. 57.  Ceramic chip carrier for die mounting
and pretesting at high temperatures.
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This pretesting method involves much attachment and fairly large
substrate area compared to the device Chlp area; however, in its favor

'no devices other than the faulty need be wasted. - That is, for any given

device characteristics a hybrid can be tailored or a matching device can
be found. A standard temperature version of this method of device hand-
ling has been around for at least 10 years (ch1p—1n channels) and has

‘been made hlghly reliable.

Dev1ce Segregatlon

To date in this project pretesting by device segregation has proved
the most convenient method. When the artwork for the conductor pattern

~was made, the bonding pads for the active dev1ce were made large enough

to accommodate a Au ribbon in addition to the alumlnum wire from the die.
In addition, these conductor pads were isolated from the rest of the

‘circuit by breaks in the conductor which were ribbon bridged once the

active device had been characterized at‘temperature.

The testing procedure4Was straightforward§ First, the active device
was eutectically died down and the wire bonds were made. Next, gold
ribbon was connected between these pads and the oven testing terminal.
Now characteristics Were taken over the complete temperature range of
interest and aging tests were accomplished. If the device was acceptable
for this circuit function, the rest of the network on the circuit was
adjusted (resistors trimmed for proper biasing) and bridging ribbons were
used to connect the active device to the circuit.

Several points of practice were found useful. If MOS rather than
JFETs were used, ribbon welds were made before the device die down.
Otherwise the MOS device woold be destroyved with the nearby current
pulse of the parallel gap welder. After the MOS was qualified, bridging
connections were formed by thermocompression gold_wire bonding. If a
device did not have satisfactory high‘temperature.behavior, it was
scrubbed off and a new one replaced it. A large thick film patch
(50 x 50 mils) was placed on the oircuit to'aoéonmodate several different
die without consuming all the Au thick film.~'0ne disadvantage of this
approach was that devices-not qualifying for the . exact spot they were
first located were wasted Another dlsadvantage was the need to make
the circuit on blte—51zed substrates so that each plece had only one or

two critical actlve dev1ces.

K_j
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Polyimide Tape Carriers

To date the most promlslng but least tested system is the polylmlde
tape carrier system (see Flgure 56). Varlous forms of thlS technology
have been introduced in commerc1a1 hlgh volume productlon over the last
5 years, ‘but no predomlnant varlatlon yet relgns supreme.v For_operatlon
at 'high temperature several spec1al considerations must exist: The tape
material must age well and the beam metalllzatlon must be compatible with
the common alumlnum pads on the ChlpS.l For these reasons a polyimide
tape was chosen and the standard copper leads were modlfled by plating
gold on the reglon to be bonded to the gold hybrld conductor and forming
nickel bumps (2-m11 diameter) on the beam end 1ntended for bondlng to
the aluminum pad on the dle.‘ Either the nlckel bump is directly bonded
to the alumlnum pad or a ‘thin fllm of alumlnum is evaporated on .the nickel
before bondlng. Aglng tests have not been performed to compare these two
approaches. '

The advantage‘othhis presoreening system is that it can also solve
the bondlng problem by a gareful choice of metallization. The penalty is
the need for spec1al bondlng equlpment and expertise. If the tape carrier
system;eventually,settled‘on hy industry has high temperature capability,
then the>availabi1ity»and,consequent lower cost of polyimide tape carriers
should greatly Simplify high'temperature hybridization. -
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ConcLus 10N

Four active dev1ce types have been 1nvestlgated for use in micro-

’01rcu1ts operated from 25 to 300°C., (1) The most promlslng device has

been the silicon Junctlon f1e1d effect tran51stor (JFET). Both n and
p-channel types have functloned up to 325°C and have been used in circuits
up to 300°C. These devices show llttlevaglng durlng a 300°C 1000~hour

‘test. Commercial JFETS perform o;oseiy‘to standard model predictions.

These models indicate fabrication parameter changes which would lessen

“JFET temperature dependenoe; (2) Slllcon 1nsu1ated gate field effect
“transistors (MOSFET) function well up to 300°C. Slgnlflcant aging .

changes sometimes occur after about 100 hours at hlgh temperatures,

""thereby llmltlng c1rcu1t use., Model comparlsons indicate -possible

improvement in temperature stablllty. (3) Slllcon b1polar devices
experlence elght orders of magnitude change in leakage current over the
temperature range 25 to 300°C, thus making them impractical in most

- circuit design. (4) GaAs devices have promise in theory. Existing

lo2

~ 'MESFET and JFET types tested showed more temperature dependence and

thermal aging than their silicon counterparts. Two high temperature
device redesign rules were found: First, elimination of gold in the
semiconductor would significantly reduce high temperature 1eakage,'and,
secondly, higher doping concentrations produce less behavior variation

with temperature.

Modification of commercial honding procedures was necessary to
attach active devices for high temperature operation. Special thick film
conductor was used to allow ultrasonic aluminum wire bonds which would
survive 300°C aging. In addition, diffusion barrier pads were developed
to serve as the go-between from Au thick films to aluminum wire bonds.
Beam leaded transistors were used where possible since their gold leads
formed a high temperature bond with the thick film. Tape carrier systems
showed promise for solving bonding and prescreening processes. Discrete
devices were soldered on with Au/Ge eutectic solder.

Because of the large temperature range of operation active devices
were pretested at high temperature. This pretest allowed elimination of
infantbmortality, rejection of extremely temperature dependent devices,
tailoring of hybrids to specific chips, and matching of chips. Three
systems were used to achieve pretesting at high temperatures: (1) ceramic

chip carriers, (2) polyimide chip carriers, and (3) isolated pads on the

hybrid itself.
To date several different hybrid microcircuits and prlnted circuit

boards have been tested from 25 to 300°C. Life tests have been run from
150 to 1000 hours with no active device failures or significant drift.



APPENDIX

The following four programs model silicon MOSFETs and JFETs.
program format serves Sandia' s "NOS" system, and can be ea511y adapted

to any standard time sharing computer system.

NMOS

C et we LR . -

PRDGRHM NMOs2

60005
00100
00110
ooig2o
00130
ag13e
00134
00135
00127
0013z8
00139
a0140
00150
00150
an1v7o
00180
00190
go200
00210
goa220
00230
00235
00240
00250
00260
oo2vo
goaso
00290
00300
00310
00320
00330
00340
00350
00350
0a37n
00380
Q0320
00400
00410
0g4e0

-00430
00440
00450

00460
aod7 0
00430
00420
00500

REM CORRECTED VERSION

READ HaksG1sD1sM1> M2, D3

DATA 6.6262E~34+1.38062E-23:1.60213%E-19

DATA 1.03594E-10:5.283545E-31,9.656134E-31

DATA 2.453132E-11 .

FOR ¥=1 TO 2

PRINT

IF %=1 60 TO 00132

PRINT "FOR THE DRAIN PEGIUP'"

=0 TO 001490 ,

PRINT "FOR THE BULK C(ZUBSTRATE>:"

PRIMT"ENTER THE DENSITY OF TRAPPING CENTERE PEP CURIC™
PRINT"CENTIMETERs TRAPPING CROSS SECTION FOR ELECTRONS™
PRINT"AND TRAPPING CRO3S SECTION FOR- HOLES IN SQUARE"
PRINT"CENTIMETERSs AMD THE HEIGHT OF THE TRAPPING"
PRINT"LEVEL ABOYE THE CENTER OF THE GAP (IN EV)."

F=1 :
INPUT N4(x);HE(¥)-H?(?)sE1fK)

M4 (%) =N4 (X) ¢EE

A2 Ky =RZ2 (K> +1E-4

A3 O =A2 (M ¢1E-4

NEXT X

PRINT

PRINT"ENTER THE HCCEPTDP COMCENTRATION IN THE"
PRINT"BULK AND THE DOMAR CONCEWMTRATION FOR THE"
PRINT"DRRIN (PER CUBIC CENTIMETER)."

INPUT M2sM2

PRINT

PRINT"ENTER THE LENGTH AND WINDTH OF THE CHAMMEL" .

PRINT"IN MICRONS AND THE ORXIDE THICKMESS IN ANGSTROMS.™

INPUT L1sZsD2

PRINT

PRIMT"ENTER THE AREA DF THE DRAIN-SUBSTRATE"
PRINT"JUNCTION IN SQUARE CENTIMETEPS."

INPUT A1 -

Nez=N2+1E6

N3=M3e1E6

Li=Lie1E-6

Z=Z+1E-&

Al=R1e1E-4

DE=D2¢1E~-10

PRINT

PRINT"ENTER THE METAL-ZEMICONDUCTOR MDPK FUNCTIDN"
PRINT"DIFFERENCE AT ROOM TEMPERRTURE <(EY> AND THE"
PRINT"DENSITY DOF SURFACE STATE CHARGE (NUMBER DOF

PRINT"STATES PER SQUARE CENTIMETER THAT CONTAIN CHARGE).™

INPUT Pls02
Qe=pZenie« 10000
T=300

The.
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ons1o
00520
00530
oos40

00550

00560
00570
00520
00590
00500
00510
00520
00630
00540
00550
D066 0
00670
00680
00690
00700
00710
00720
00730
00740
00750
00760
00770
00720
00790
00200
00310
00820
00330
00240
00350
00250
00870
0020
00390
00300
00310
00920
00930
00940
00950
00960
00370
00920
00990
01000
01010
01020
01030
01040
01050
01060
01070
01080
01090
01100

104

GOSUE 00630

AS=F1+Y7+L0G¢ HSxN1)+P2

PRINT :

PRINT"ENTER THE STARTING AND ENDING TEMPERATURES®
PRINT"IN DEGREES CENTIGRADE. FOLLOWED BY THE®
PRINT"TEMPERATURE IMCREMENMT TO EBE USED. "
INPUT Ti1.T2:T3

Ti=T1+273

Te=T2+273

FOR T=T1 TO T2 STEP T3

BOZUER 00s30

B0TO 00710

VP=K+T 01

E2=1.12-(T-3000+2.4E-4

HE=12¢ (2432, 141594¢M1eKeT He422 401 .5

MHE=2¢ (2432, 14159¢MZ4LKeT Hee2r 441, 5

H1=30R (HS+NSY $EXP (—E2.- 24V

P2=Y7+LOG {(HZ+IOR CHZSMND+I4MNI#M1I D~ (2eM1D )
P2=V7+LOG{ (HI+SAR (NT#NZ+deHieN1Y ) ~ (ZeH1D D
RETURH

C=03-D2

VE=Z4PZ2+ (2ACI+Z0R (D140 1eN2+P2)
VE=3.G74AE17eNZee (- FI71IT2
M3=5.3905E174Te+1.5

MI=M3I- (MN2+LOG 195006, 3¢T/N°¢*£1/ﬂ‘3**d+1)3
M3=1-1-M2+1- (2, 104ESeT+4 (-2 5223
M4=0.72672E1T7+Te¢1 .5

Mad=M4. (H2«LO5{ (195005, 3¢ T-NI+4 {1302 442413
Md=1- 1 MA+1 (2, 2414ESeTHe (=2, 72122

REM FHNA IT THE CHRARGE DISTRIBUTION IN PHPTILLE
DEF FMA (XY =0+Y¥

DEF FHECHY =1 ¢FNA D

FEM FHC () IS THE INTEGRAMD

¥=0

DEF FHC (X)) =XeFMHE ¥ ~TiI2

FOR X=0 TO D2-DI2~-1000 STEP D2-1000

V=CCFHC GO FFNC CA+D2-1 00022 22 «D2-1 000 +Y
MEXT ¥

P1=R2-¥7+L0OG NS M1 -P2

YWS=P1 -2 C~¥~

Wad=Z0R (3ekeT -3, 1 0958E~-212

IF F=0 G0OTO 01000

PRINT

PRINT"THE TURN OM YOLTAGE AT"ST-27¢35"C IS"sVa+vs: "

PRINT"DRAIN BREAKDOWN VILTASE="IVE
PRINT"ENTER THE LDOWER AND UFPPER LIMITS AMD"
PRINT"THE STEP =IZE FOR THE GRTE AMD"
FRINT"DRAINM YOLTAGRES"

INPUT v1c1m,v1<a),«1r33,v:¢1>-v:f=>,vam?:
FOR %=1 TO 4

PRIMT

HEXT %

PRINT 444944444 944¢4464404444444"

PRINT "TEMPERRTURE=":T-273%"C"
PRINT“TURN ON VYOLTAGE="3Va+VsS

PRINT

PRIMNT

PEINT" “G3 Yos Iins "
PRINT" V&GS v Ins"

#1=1

l\ll "




01110 FOR ¥1=Y1<1> TO ¥1<¢2» STEF ¥1¢3)

01120 FOR va=v2<1> TO Y2(2» STEP VY&i3

01130 Ji=v2

01140 wa=y1-ys5

01150 K1=(SOR(Di+Q1+N2Y ) C

01160 I1=0

01170 I2=n

01120 I13=0

01190 REM START LEAKAGE CURRENTS

01200 IF v2=0 GOTO 01400

01210 W=20R(24D1e (N2+ND -~ (H2eH34210)

01220 W=KW+SAR WV2+PE+PT)

012282 K1) =b (N2 H3+1>

01224 W (2 =l-¥ (1>

01226 FOR 3=1 TO &

01230 I(33=fDl¢H4(5*34(93(31¢H1¢913¢fHE<b7#V4*V(

01240 If?‘-l(?h/(ﬁ?(*ﬁ*E%PfEltiﬁfv?ﬁ+ﬂsf{)¢EHP( F1€°3JV??3'
01242 MEXT & , :

01244 I=IC1y+1(2

N1230 IF VW2<3e¥? BOTO 01290

01260 I2=Q1¢Mi+N1+A1+3I0R (Y7

01270 T4 =1/ C(RZ (1) +Yd4eNH4 (1

D272 T4 =1/ CAR2) #Y4eNL €203

01230 I12= IE*fbMP“MB‘/fNEOSDQfT4f1)55+BDRkN4)kaS*?ﬂPfT4fE))33
01290 IF ¥9>vs GOTO 01210

01300 GOTO G1400 -

01310 ¥3=YI-2eP2+K1eK1e (] SﬂPl1+?*”Qf(K1¢V1)})

01320 IF va>v3 60OTO 01350 S e

01330 La=L1

012340 G070 01370

01350 La=L1- snpf24n1¢rve V?‘/'ﬂ10ﬂ°‘ﬁ

01350 Wa=v3 . L

01370 I3=V2e (VO-2eP2-y2. 2y ‘ ’ '

01380 I23=I3~ fE*SnP(E)*Vlf***(iVE+E¢P2)**1 o= (3¢PE§¢01 51
01330 I3=I2eZ¢M3I¢Ce 452 . RN .
01400 T4=I1+I2+13

01410 2=

01420 PRINT USING“#2,8".v13
01420 PRIMT" "3

01440 PRINT UTING”##.#"sVE§
01450 PRINT" *§

01460 PRINT ucrwr RTINS P
01470 PRINT". - .
01480 IF ¥1=1 GDTD 01520

01490 PRINT" *

01500 ¥1=1

01510 5O0TO 01520

01520 X1=2

01530 NEXT V2

01540 NEXT 1

01550 F=0

01560 MEXT T

01570 EMD

READY.
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PMOS

PROGRAM PMOS2

00005
goioo
ag110
0oteo
00130
00122
00124
00134
00127
00132
00139
-00140
00150
ooiso
00170
no1g0
00130
00200
ng210
oo2eo
ooz20
00235
00240
00250
gnzen
onz2vo
Goz20
nges0
0o0z00
00310
aoz2n
00230
00340
on3s0
00350
Daz?o0
00320
003230
00400
0n410
a04z20
a0430
00440
00430
oods0
0047 a
00420
00430
00500
00510
00520
00320
00540
00350
00550
Q0s70
00sSs0
00520

106

REM CORRECTED VERSIONM
READ HsXsD1sD1sM1sM2s D3
DATAH 6.63635—34!1.38062E—3391.60319E-19
DRTA 1.03594E’10!5.883545E—3199.656134E—31
DATA 3.453132E-11
FOR %=1 TO 2
FRINT
IF ¥=1 60 TO 00139
PRIMNT "FOR THE DRAIN REGIONM: "
G0 TO 00140
PRIMT "FOR THE BULK CSUBSTRATE) :
PRIMT"ENTER THE DEMSITY OF TRAPPIMNG CEMTERS PER CURICH
PRIMT“CENTIMETERs TRAPPING CROZE SECTION FOR ELECTRONS":
PRIMT"AND TRAPFING ‘CROSS SECTION FOR HOLES IN SQUARRE™
PRINT"CEMTIMETERS,: AMD THE HEIGHT 0OF THE TEAPPIMG"
PRIMT“LEVEL RROWE THE CENTER OF THE GAFP (<IN EW"
F=1 -
INPUT M<Ky yA2 D s AS XIS EL €3
M4 (0 =M4 () ¢ 1ES
A2CHI=R2 (X1 +1E-4
R34 =A3CKI+1E~9
NEXT %
PRINMT
PRIMT"ENTER THE DOMNAR COMCEMTRATION IM THE"
PRIMT"BULK AMD THE ACCEPTOR CONCENTRATION FOR THE *
PRINT"DRAIN ¢PEP CLEIC CENTIMETER» . ™
IMPUT H3:NP2
PRINT ‘
FPEINT"ENTER THE LENGTH AMD WIDTH OF THE CHAMHEL"
PEIMNT"IN MICRONS AMND THE OXIDE THICKMESS IN ANGESTROMS. "
INFUT L1s2,D2
PRINT
PRINT"ENTER THE AREA OF THE DRRIM-SUBZTRATE"
FRINT"JUNCTION IN SOUSRE CEMTIMETERS, "
INPUT A1
o=MZ+1E5
H3=HI+1EL
Li=L1eiE-5&
Z=Z¢1E-£
Al=AleiE-4
2=D2+1E-10
PRINT
PRINT"EMTER THE METAL-TEMICOMDUCTOR wWORK FUNCTION™
PRINT"DIFFERENCE AT ROOM TEMPERATURE ¢EV) AND THE *
PRINT"DENSITY OF SURFACE STATE CHARGE ¢HUMBER DF"
PRINT"STATES PER SQUARE CENTIMETER THAT CONTARIN CHARGE)."
INPUT P1.02
QZ=QC+Q1+10000
T=200
GOSUE 00520
AZ=P1+V7+L 06 (HS-M1Y-P2
PRINT
PRINT"ENTER THE STARTING AMD ENDING TEMPERATURES"
PRINT"IN DEGFEES CENTIGRADE. FOLLOWED EY THE"
PRINT"TEMPERATURE IMCREMEMT T EBE UZED. "
INPUT T1.T2,T3
T1=T1+273
T2=T2+2732



00500
DOELD
00520
00&30
.00640
00650
=T
00&70
00&30
Q0A20
a7 N0
00710
00720
aa730
06740
00750
Q0760
onv7eo
00720 M
00790
goz20no0
o0310
apz20
00230
00240
00250
a02e0
00370
00230
003940
oo300
go210
ga920
00930
00240
00930
]el=T41
Qo970
00930
00930
01000
01010
oi02a
pi030
01040
01050
01050
01070
gi1020
01090
c1100
‘01110
01120
01130
01140
01150
01150
01170
01180

FOR T=T1 TO T2 STEFP T2 7y
BOSUB 00630 - : e

GO0TO 00710 i pes e
Vr=KeTrR1 R
E2=1.12-(T-30(h +2,4E-4

MHS=12¢ (243, 14159e¢MiekeT -He421441.5
ME=24 (243, 14159 ¢MZ+E e T HeeZ) 441, 5

H1=S0R (NO#NE) ¢EXP (~ER/ (TeV7P2)
P2= V?*LDb((N4+THP(H3¢H°440N10N

PETUEH

C=I3-D2

YB=—2eP2—(2/C) +SOR (D1 e 1 sNI+P2)

VE=3,5746E17¢NI4e (-, 71717

M4=5.7867EE17+Te+1.5 e

Ma=Md (NIGLOG (195005, 34T /N30 103> 4024130

Ma=1/ (1 M4+15¢3, F3414ES s Toe'¢2E,7y5H" " R

mq 5.5905E17¢T+41.5 ceet
M°/(NEGLDGf(lQSUDb.?OT/HE*‘f1/3ﬁ>¢¢2*1)) r]v;q,{u

M3 1/ (1 /M3+17 (2, 104ESeTe¢'c=2t5y 55 "7 , ’

REM FNA IS THE CHARGE DISTRIBUTION IN PARTICLESACC |

DEF FNA ) =0+ ,

DEF FHE (¥ =01 4FMA D

REM FNC (%) 1S THE IMTEGRRND

¥=0

DEF FNC ¢} =3eFNE (X) /D12 T

FOR ¥=0 TO De~Debitbv STER™ 2100~ o

Y= CCFNC (M) +FHC CX+D2/1 00073 /2>« D21 000+Y

NEXT ¥ ,

P1=RS-Y7+_06 CHS/MN1) +P2 I

VS=Pl~R2,C=Y L0 , ' -

Y4=S0R (2¢Ke T/, 109S6E-21) seic e et

IF F=0 5O0TO 01000 e T

PPIHT Pt

PRINT"THE TURN OM VOLTAGE AT"iT-273;"C I°"'V8+V5'“v

PRINT"DRATN BREAKDOWN YOLTRAGE="j;Va"y" .

PRINT"ENTER THE LOWER AMD UPPER LIMITS AND"

PRINT"THE STEP SIZE FOR THE GATE AND"

PRINT"DRAIN VOLTASES CINCLUDE THE SIGNS»."

INPUT Y1<10 W1 (22 V130 M1 s V(Y s YECDD

FOR %=1 TO 4

PRINT

MEXT %

PRINT "€44444644 402404404824 044"

PRINT"TEMPERATURE="sT-273; "C"

PRINT"TURN ON YOLTRGE="}Va+¥5S

PRINT

PRINT

PRINT" VGS YDE O IDS es"s

PRINT" V¥&3S 315 Ins"

¥1=1

FOR Vi=vic¢1d TO ¥1¢2> STEP U1«3>

FOR W2=Y2¢1> TO Y2¢2) STEP V2(3)

J=y2 '

Vasyi1-vs

Ki= (*D?(Ul#@l#ﬂ?;h/c

I1=0 -

12=0

13=0

by




01190
01200
uizio
g1z2z0
olz2z22
01224
. 1226
01230
glz40
o124g
01244
01250
0izen
01270
a1ave
0i1za0
01230
01200
n1310
01220
01330
01340
0613350
01380

a137v0 IB=
I3=I3~(2+IQAR (22 ¢k 1,32« ((~N2+2¢FEr ¢¢] , S—(2eFP2D 441,

013280
01390
01400
01410
01420
01420
01440
01450
011450
01470
01430
01420
01500
01510
01520
01530
01540
01550
U156 0
01570
FRERDY
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REM ETRART LERKASE CURRENTE

IF ¥2=0 GO7TO 01400

W=S0R (Z+D1e (NZ+NIY ~ (H2eNTeQ1 2D

b=li+Z0R (-V2+P2+P30

W1y =hls rHEoN2+H1Y

IRy =W-¥r1y

FOR 5=1 70O 2 .
I(SH=CRLI+NI S D+ (RICSISMLSALY # A2 (S +YdeY (50

ICSy=T (22~ (A2 (SVEXP(EL (E2 #Y72 +A3 (X1 ¢EXP (—E1 () #Y72 2

MHEXT =

I=IC1>+I42>

IF ~Y2<2+¥7 GOTO 01290
IZ=C+MNI+MN1+A1+IQR (V7D
T4C1r=1-CAZ 1 +VdeNd (12D
T2y =1 {AZ(2) #YdeMHg4 (20D

Iz= I:*fa@?(M?3f(N?GSDWfT4f1}33+€ﬁP(N4)/fH’¢”OPfT4fE)})}

IF va<vg 50TO 01210

S0TO 01400

VI=YO+2eP2-klek e 1 -SR] - :.vq;¢w1.K1J;)
IF va24v2 6070 01350

L2=L1

cOTO 01370

LE LI-SQR(2eDie WY/ (1 #M3 D

=3

WE (WIL2HPI-VESD

I3=13eZeMde 45402
I4=—0I1+I2+13>

W=

PRIMNT LISTHG" s, 8" Y1
PRINT" ]

PRINT USING i, #2335
PRIMT" "3

PRINT USTME"#n, aan """y 143
PRINT” «+"3

IF ®i=1 OTO 01520

PRIMT" ™
®i=1
S0TO 01%:
Hi=g
HEART V2
NHEXT V1
F=0

MEXT T
ENHL

03

L
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NJFET

PROGRAM NJFET

. 0100

00110
00120
00130
00140
00150
00160

00170
00130

00120
00200
on210
opz220
00230
0n240
002sa
0o2sn0
UnE7o
ooz220
00290
00200
00310
onz20
Qo330
anz490
o0z2S0
0360
Qo370
00z80
00220
o400
00410
00420
go430
_ouodd0
onds0
00460
00470
go420
- 00490
00500
onsS10
00320
D052 0
00540
00sS50
00sSsn
aasvo

00520 E

00520
00500
00510
0020
00530
00&40
00ss0
Q0S8R0

READ Hak»@1aDisMisaM2 - oo

DATA 6.6262E-34s 1.380562E-23: 1. 60219E~19
DATA 1.03594E-10:5.28345E-31, 9. 6561 34E-31
PRINT"ENTER THE DONAR CONCENTRATION IN THE®

PRINT"CHANNEL AND THE ACCEPTOR CONCENTRATION IM THE"

PRINT"GATE ¢PER CUERIC CENTIMETER)."

INPUT HisN2 )

IF M2>=50eN1 GOTO 00210

PRINT"WARNING: THIZ PROGFAM ASSUMES A DHE -F1DED "
PRINT" JUNCTION AT THE GATE."

G0O0TD 001320

PRINT T B
PRINT"ENTER THE LEMGTHs WIDTHs AND DEPTH <JUNCTION®
PRINT"TO JUNCTIONY DOF THE CHAMMNEL IN MICRONMS, ™
IMPUT LisZsD2

PRIMT

FRINT"ENTER THE STHPTIHf AHD EMDING TEMPERATURES™
PRINT"IN DEGREES CENTIGRADEs FOLLOWED BY THE"‘
PRINT"TEMFERATURE INCREMENT TO BF U\ED " ;
INPUT T1sT2+T3 -

PRINT

PRINT"INPUT THE SOURCE AMD DRAIM EETI\THHPE
INPLIT Ri,R2

Hi=M1+1E5

MHe=MH2+1E6

Li=L1+1E-4&

Z=Z¢1E~%

D2=D2+1E-H

Ti=T1+273

Te=T2+273

T=200

GOSUE 00590

R3=R1+M3

R4=RzeM=

C2=4+S0R (2eD1/(D16MN1I )~ (3eD2D

C3=01¢M1eD2+N2 (24«1

PRINT

PRINT"ENTER THE LOWER AND UPFPER LIMITS AND *
PRINT"THE STEP SIZE FOR THE GATE HHD PPHIH“

PRINT"VOLTASES (INCLUDE THE SIGHE).

INPUT v2<1v.vec¢>,ve<:>,Vsc1>,v?fa\ HS(
FOR T=T1 TO T2 =STEP T3
FOR ¥=1 T0O 4
PRINT
HEXT ¥ » _ T _
PRIMT " 4440444446044 0406444"
PPINT"TEMPEPHTUPE—"' -2738"C"
Wiz=KeT 01 :
2=1.12-(T~- 300)*2 4£-4
NS=12¢ (262, 14159¢M1 KT HI 22 441, 5

,N6=e+(203.141594M3¢K0T1H04234¢1.5

N2=ZS0R (NSeME) ¢EXP (—E2/ (2eV¥72D>
P1=¥7+LOGC((NI+SAR (N1eN1+4¢H3 N3 1~ (ZeN2D )
P2=Y7+L0G  (NZ+S0R (HZ N2+ 4+ MR 4N 2 ~ (2eNT) )
Vi=P1i+P2

Yo=Yi-01eN1+DZeD2/ (B+D12

PRINT"TURN OFF YOLTAGE="3493"y¢"
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NOS70 GOSUB 00590
00520 FOTO 00730

00530 MI=S5.590SE17¢T++1.5

00700 M3=M3- (N1+LDS¢ (195006, 30TfN100f1f3))¢¢°+1))
00710 M3=1-C1 -M3+1/ (2, 104ESeTee (=2, 5)3>

00720 RETURH

00730 C1=Z+01+MI3+N1+D2-11

00740 R1=R3/M3

00750 RP=R4-M2

00760 PRINT

00770 PRINT K

00720 PRINT" VYG3 MDS IDE  ee"j
007290 PRINT" V&S vYDE Ips”
00300 F=1

00310 FOR ¥2=v2(1) TO Y2¢2» STEP W2 ()
00320 IF va<¥e s0Ta 01220 T

00830 I23=0

00240 REM IDSAT ITERATION

00350 Ii=0

00250 G=CR+SORV1I-V2+I1+R1> -1 .

00270 G=T1-Cle (G¢N1-YE+I14R1Y+02)

00330 IF ROF(G,7»=0 GOTO 00920 ol '

00290 I=1-CleR1+ (1, S+02+3OR (Y1~ V?+11¢R1) =1’

002300 Ii=I1-G-%

00910 GOTO 00860

00320 REM END IDSAT ITERATION WITH 1DSAT=I1

00930 FOR W2=V2c1d TO V22> ITEP ¥3¢

003440 IF ¥3=0 G0TO 01090

00330 VS=3eC3-V1+v2

00360 IF Y3<yS+I1eR2 30TO 00920

00370 I2=I1

00320 5070 01020

60390 RPEM START ID ITERATION

01000 I3=Ii-2

01010 G=C24 ((WI-TI¢RE-Y2+V1) 441, 5= (V1-V2+I34R1) ¢+1,5)
01020 G=I3-Cle¥I-I3+ R1+RE) -5

01030 IF ROF(5:7y=0 GOTO 01020

01040 S=1.54R1¢ZOR(V1-VZ+I34R1) +1. SeRZ*IOR (WI-I2eRE- HE+W1‘
01050 S=1-Cle = (R1+R2) +CP43)

01060 I3=I3-G~%

01070 GOTO 01010

01050 REM END ID ITERATION WITH ID=I3

01090 PRINT USING™#u, #" .23

01100 PRINT™ "s
01110 PRINT USING s, #" V33
01120 PRINT" "3

01130 PRINT USING"%, sasnsan, 133
01140 PRINT" ++";

01150 IF F=1 GOTO 01120
01160 PRINT

01170 F=1

01180 6OTO 01200

61190 F=2

01200 HEXT V2

01210 MEXT w2

‘01220 MEXT T

012306 EHD

READY.
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PJFET

PROGRAM PJFET

00100
00110
00120
00130
00140
00150
00150
00170
00120
00190
00200
00210
00220
00230
00240
00250
00260
00270
00230
00290
00300
00210
00320
00330
00340
00350
00350
00370
00380
00390
00400
00410
00420
00430
00440
00450
00450
o047 0
00420
00420
00500
00510
00520
00530
00540
00550
00560
00570
00550
00590
00600
00610
00620
00630
00540
00650
Q0660
00570

READ HsKsQ1sD1sMis M2 :

DATA 6.6262E-24+1.38062E-23,1, 60919E 12

DATA 1.035%94E-10:5.258345E-31.9, 555134E-531 o
PRINT"ENTER THE ACCEPTOR CONCENTRATION IN THE" <
PRINT"CHANMNEL AMD THE DONRR CUHLENTPHTIDH IM THE"
PRIMT"GATE (PER CUBIC CENTIMETER).

IHPUT MiseN2

IF N2>=50eN1 50TO 00210

PRINT"WARNING: THIS PROGRAM HESUNES H UNE SIDED ¢
PRINT” JUMCTION AT THE GATE."

o070 00130

FRINT o '
PRIMNT"ENTER THE LEMGTH. WIDTHs AND DEFTH ¢JUNCTION®
PRIMT"TO JUNCTION OF THE CHAMMEL IH MICRONS." .
INPUT Li1+2sD2

PRINT ~
PRINT"ENTER THE STARTING AND ENDING TEMPEPHTUPEf“l

PRINT"IN DEGREES CEMNTIGRADEs FOLLOWED BY THE™
PRINT"TEMPERATLIRE INCREMENT -TO BE USED."
INPUT T1:T2s T2

PRINT

PRINT”INPUT THE SOURCE AMD DPHIH PESI*THHPE* AT PUDM TEMPERATURE, ~

INPUT R1,R2

Hi=H1+1E&

H2=MHZ+1ES

Li=L1e1E-6A

Z=Z¢1E-6

D2=D2+1E-6

T1=T1+273

T2=T2+273

T=300

GOSUR Q0520

R3=R1eM3

R4=RZ2+M3

ca= 4*SQP(E¢D1/f01¢H1))/(?*DE>

C3=Q1+MN1+DZ¢D2/ (24¢Di1d

PRINT

PRINT“ENTER THE LOWER AND UPPER LIMITE AND * .
PRINT"THE STEP S1ZE FOR THE GRATE HND DRAIN"
PRINT"VOLTRGES (INCLUDE THE SIGHSY,

IMFUT Vacdir VE(E):V2(335V3V15uVQ(E)qu(SF

FOR T=T1 TO T2 STEF T3
FOR X=1 TO 4

PRINT

NEXT ¥

PPINT“400*4404040&000000440"
PRINT"TEMPERATURE="3T=273: "C"

VWi=KeT 01

E2=1.12-<(T-300 ¢2,.4E-4

NS=12¢ (22, 14159¢M1eKeT Hee2)¢¢1,.5

NE=24 (243, 14159¢M2+ e T/ Hea2) e¢1.5
N3=SQR(N5«N6)0EXP(-EEK(EOV?)i

Pl=Y7¢LOG ((N1+ZOR (H1eNI+44N2e¢N3D )~ (2¢N3I D -
P2=V7+LOG ( (MN2+IOR (NZ+N2+4+NI3¢ND 2 ~ (2¢N2 D
Vvi=Pi+P2

YVo=-Y1+01+M1eiZeD2 - (2+D1)

PRINT"TURN OFF YOLTAGE="S¥ai"¢"

GOSUE 00690 ’
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00eE0
00530
00700
00710
0avao
anv30
adv4Q
a?so
aoven
00770
noraon
00790
oosS0oo0
00210
ao220
002324

6070 00720
M3=5.F857FRELI7¢Tee1.5 /
MI=MIA HISLOG (195006, 3¢ T HL 44 (12302 €924+17)
M3I=1- 1 MI+1 /(2. 34 14ESeTee (~2 7222

RETURN S :
Ci=Z+Q1eMI+N1eD2 L1

R1=R2IeN1- M3+ CH1+HA .
R2=R4+N1- M3+ HI+N32 >

PRINT

PRINT

PRINT" NEZ VDE Inz L2
PRINT" WGS YDE Ips*

F=1 '

FOR va=v2(1> TO va<2> 3ITEP V<3

IF v2:>v9 G3TO D1220
I3=0

0040 REM IDSAT ITERATION

00350
00240
00870
00880
00890
DOF00
00910
00320
00930
00940
00950
00960
DOS70
00950
00930
01000
01010
01020
01030
01040
01050
01060
010670
01030
01090
01100
01110
01120
01130
01140
01150
01160
01170
01180
01190
01200
01210
01220
01230
READY.
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I1=0

B= (V1+VE+T14R1) + (ST TOR (V1 +V2+I1eR1Y - 1)
G=T1-C1+¢ {54030 ,

IF ROF<¢Gs7>=0 GOTO 00920
S=1-CleR1+ (1, S4C24SOR (W1 +YE+T14R11—1)
11=11-6,3

50TO 00260

REM EMD IDSAT ITERATION WITH IDSAT=I1

FOR ¥3=%201) TO ¥3¢2> ITEP V3(3
IF ¥3=0 5070 01090
VI=—3e03+M1+V2

IF ¥3¥VY5-I1eR2 GOTO 00390

I3=11

50TO 01090

REM START ID ITERATIDOM

I3=11-2
B=(-WI-TI4RZIVI+VIV #41  S=CVI+VE+I2eR 1 41,5
G=I3-C1e (-W3-13+ (R1+R2> —C2eE2
IF ROF(G.7>=0 5OTO 01020
S=RZ¢TIR (—YA-TI+RZ+V 1 +VEI +R14SOR CW1+Y R+ I 3+R 1
S=1-Cle (—(RI+R2M+1,SeC2¢ 30
I12=11-6-%

G070 01010

REM EMD ID ITERATIOM WITH ID=I3
PRINT USING 3, 47y W25

PRINT" "3

PRINT UZING"#e, 2" V35

PRINT™ "3

PRINT LIZIMG©, s#annnnt, 133
PREINT" e+"§

IF F=1 60OTO 01190

PRINT

F=1

2070 01200

F=2

HEXT V3

HEXT w2

NEXT T

EHD

C
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