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Instrumentation requirements for geo-

tors have exceeded the high temperature capa-
bility of silicon devices. As onc part of a
program to develop high temperaturc compound
semiconductor devices, four basic ochmic con-
tact systems for n-type GaAs have been cval-
uvated for contact resistance as a function

Ni/AuGe; Ag/Si and Ag/Ni/Si; Al/Ge and
A1/AlGe; and Au/Nb/S1 and Pt/Nb/Si, Optimi-
zation of processing parameters producced
viable high temperature contacts with all

but the Al/Ge systems. Aging at 300°C changed
the contact resistivity in only the Ag/Ni/Si
contacts. Film adhesion was excellent for
the AY/Ge, Ni/AuGe, and Ag/Si systems as mea-
surcd with ultrasonic Al wire bond pull
strengths. Lower adhesion was noticed with
Nb/Si systems mecasured with gold wire bond

» pull strengths.
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Introduction

ability,

The last four yecars have witnessed an
fexpansion in development and implementation

DISCLAMMER
is book was prepered as an account of work sponsored by an sgency of the United States Government,
Neither the United States Government nor sny agency thereof, nor any of their employess, mekes any

Tt IV

product, or process disclosed, or

ot any
that its use would not infrings privetely owned rights. Reference herein 10 any specific

or

ranty, express or implied, or asumes any legel lisbility or responsibility for the accurscy,

ANTIONS OF THIS REPORT ARE ILLEGIBLE,

commercisl product, process, of srvice by trade name, trademark, manufacturer, or otherwise, does
not necessarly constitute or imply its endorssment, recommendation, or favoring by the United

i

ag been renroduced from the best available

of solid state, high tcmperature microclec-
‘tronics. Downhole instrumentation for evalu-
ation of gecothermal resources provided the
initial impetus. In 1975 a ncar term elec-

was chosen to mcet the majority of then-
envisioned geothermal requirements. As 2

complcmentary industrial efforts, microelcc-
tronics for long term usec at 200°C is now a
commercial reality; a large.advance from the
long standard maximum use temperature of
1125°C.  In addition, some prototypc hybrid

' cated and ficld tested for usc in the 275-
| 300°C temperature range. )

More uses at higher temperature have
been defined as the maximum operational tem-
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components, and circuits have increascd.

X' Currcently the largest industry using high

& temperature clectronics is the oil and gas
well service; their deepest and most hostile

wells now rcach 225°C. In comparison, gco-

350°C can produce electrical power with

vastly grcater thermodynamic cfficiency than
those below 275°C,
operational temperature is occurring above
the ground. Microcomputer instrumcntation

term 260-300°C operation, while special ject
cxhaust transduccer-amplificrs neced %50°C
capability.¢ Ncutron

t the hroadest possible avm}
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apy to perm
allity.

of temperature (24-350°C) and time (at 300°C):

tronics goal of 275°C operation for 100 hours

spin-off of this DOE deveclopmental effort and

microelectronics and monolithic silicon inte-
‘grated circuits arc being commercially fabri-

peratures of commercial electronics materials,

thermal wells with bottom temperatures around
The same quest for higher
for jet enpgines is under development -for long

flux detector-transmit-
ters have been built for 250°C opcration with-
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in nuclear reactors> where higher temperature
rcactor core monitoring is now required.

To help fulfill these electronics needs
above 275°C, passive components (resistors,
capacitors, and transformers) have recently
been developed for operation to 500°C.4
Although more development is needed to opti-
mize the passive component properties at
§00°C, it appcars that the active devices are
the barrier to rapid utilization of microelec-
tronics above 275°C. In fact, for several
years 275°C scemed the fundamental limit for
silicon active devices. For example, the
reverse leakage of a silicon bipolar diode
becomes comparable to its forward signal cur-
rent at this temperature. However, ongoing
rescarch has shown that silicon integrated
devices arc possible which operate in an gna-
log mode at 325°C and digitally to 350°C.
The actual temperature limits depend on the
degrce of device performance degradation a
circuit designer can accept.

In addition to upgrading of silicon
devices, there are good reasons to also pur-
sue the compound semiconductors. Larger
bandgap scmiconductors have a smaller density
of thermally generated carriers at a given
tcmperature, Tests run on GaAs diodes made at
McDonnell Douglas and GaP diodes fabricated at
both Sandia and Western Electric showed leak-
ages at 350°C measured in nanoamperes compared
to the milliamperes of comparably sized sili-
con diodes. However, during life tests on
these I11-V diodes and commercial GaAs MESFETs
dcgradation was scen in the contact metalliza-
tion; surface migration, phase change, and
incrcase in spccific contact resistivity were

_apparent.

The most frequent metallization systems
used on commercial GaAs are based on the AuGe
eutectic, although an Al system is also avail-
able. AuGe.can also be used with GaP, but
AuSi and AuBe are more common. None of these
systems, as uscd commercially, appear to hold
up at 300°C. Of course, these device contacts
were designed for high frequency and perhaps
high power applications, not for high tempera-
ture use.

~There are many differences between an

ohmic contact system optimized for high power
and/or rf{ operation at room temperature ambi-
ent as compared to a low frequency, low power
operation at high tempcrature ambient. The
necessary specific contact resistance, bond
pad size, aging rate, sintering temperature,
and film adhesion are different:

1. _Specific contact resistance of 1076 to
10°7q-cn? is required for r{ devices whereas
10°5 to 10-%g-cm¢ is satisfactory for low
power nceds. Extremely low contact and bond
pad resistance is required by rf and high
power devices to minimize local Joule heating.
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In coptrast, contact resistances of 1a typi-

‘cally dqvelop in present 300°C low power, low

frequency hybrids with no resulting perfor-
mance degradation. (VFor perspective, a con-
tact _pad that is 4 mils on a side and 10-4
- cm? presents 1Q).

2. The allowable contact size is related to
the specific contact resistancc, Rf devices
require small arca contact pads and electrodes
to minimize capacitance and transit times,
wherecas fecatures of audio devices can be 10

to 100 times larger. Therefore, an increcased
specific resistance can be countered by

larger contact cross section in low frequency,
high temperature devices,

3. Temperature tolerance for an rf device is
typically measurced in hours of operation when
overstressed in a 150°C environment. In com-
parison, high tecmperature devices must oper-
ate for thousands of hours at 300-400°C
ambient.

4. For both high frequency, high power and
low frequency, low power devices the anneal-
ing temperature for contact formation must be
higher than any further processing tempera-
ture and higher than any operational tempera-
ture. Since operation in the latter casc is
contemplated above 350°C, an annecaling tem-
perature of 450°C or higher is advisable,
Furthermore, since the surface of GaAs can
degrade within minutes above 600°C, the anneal-
ing temperaturce should lie between 450 and
600°C.

S. Contact adhesion is more critical in rf
devices because of the need to use small bond-
areas and sub-mil diameter bond wires. Film
adhesion can be an order of magnitude lower
for low frequency devices having larger bond
arcas and using 3 mil bonding wire,

This investigation used as q contact cri-
teria the followin§: 1) specific contact
resistance of 410 °q-cmé, 2) stability for
1000 hours at 300-400°C, 3) anncaling temper-
atures well above 350°C, and 4) film adhesion
supplying greater than 1 gram pull strengths
for 1 mil wire. This paper will first present
the basis for the metallization and dopant
choices.  Next, the simple experimental
scheme for quick and inexpensive cvaluation
of these materials as ohmic contacts will be
described. Last, the contact properties as
a function of temperature and aging will be
discussed, '

EXperimenta]

Material Choices

Over the last few years Sandia has per-
formed 300°C aging tests on GaAs devices with
AuGe and Al contacts, and on GaP devices with
AuGe and AuSi-AuBe systems. - All materials
had dcgradation by surface migration, phasc
change, contact resistivity incrcase; and
adhesion failure. Tor example, scveral mils
of lateral spreading of the contact (migra-
tion) on thec device surface took place with
the Au based systems after a few hundred
hours at 300°C. In addition, precipitation
of compounds (phase change) occurred in the
AuGe cohtacts. Recent investigations? of

GaAs contacts at high temperature have identi-
fied several mechanisms which lecad to failure:
sensitivity to mismatched expansion coeffi-
cients because of the large operational tem-
perature range, loss of contact integrity when
the operating temperature is comparable to the
eutectic temperature, and rapid diffusional
degradation at high temperature.

Based on the results of these contact
aging studies and the four contact criteria,
the following contact systems have been inves-
tigated:

1. AuGe was included in this study as a point
of comparison with the commercial contact
metallizations, The film was deposited in the
form Ni/AuGe, where the nickel layer was
intended to improve the adhesion of the AuGe
by wetting the GaAs surface,

2. AlGe was tested because of its higher
eutectic temperaturc {424 compared to 356°C

for AuGe). In addition, the possibility exists
of an all aluminum system, with Al schottky
contacts, aluminum bond wires, and AlGe die
down preforms.

3. The eutectic temperature of silver with
common dopants (Si, Sn, Ge) are higher than
those of gold (for example, AgSi is 830°C
whereas AuSi is 370°C). Moreover, silver has
a comparable diffusion rate in GaAs to that of
gold. ® To complete the silver contact system
a silicon dopant layer was used to bencfit
both from the high AgSi eutectic temperature
and the slow diffusion rate of Si in GaAs. A
nickel layer was included in one variation of
this system (Ag/Ni/Si) to improve adhesion.

4, Niobium was used in an effort to match the
thermal expansion coefficient of the contact
with GaAs over the intended large temperature
range. Two variations, Pt/Nb/Si and Au/Nb/Si,
were tested.

Bulk substrates were used instead of
epitaxially grown layers in order to eliminate
the quality of the particular epitaxial mate-
rial as a variable, This material was pur-
chased from Morgan and Crystal Specialties.

As a consecquence of using bulk substrates,
aging effects of these contact systems on an
np interface cannot be measured. These
effects will be indepcndently measured to
ensure long life of device junction interfaces
lying beneath contacts. Only n-type material
has been studied to date. Two basic doping
levels were used, undoped (1016 c¢p-3) and
moderately doped (5 x 1017 cm‘3), in order to
span thc bulk doping range which contacts
encounter.

Contact Resistance Measurement Method

The use of bulk GaAs material eliminated
many ‘common Contact resistance measurement
schemes that rely on current flow riitriction
to the two dimensional epilayer.lo' Thus,

-it was nccessary to use a method that is more

tolerant to material thickgess. A common
problem with bulk methods is the difficulty
in distinguishing between the contact resis-
tance and the series resistance of the semi-
conductor. To circumvent this, the concentric
ring pattern shown in Figure 1 and a four-wire



measurcment technique have been used.
N . 1

A constant current (I) is applied be-
tween the first and second rings developing
a nct voltage which includes a potential dif-
ference (V) across the non-zero contact
resistance of the first contact ring to GaAs
semiconductor interface. All current flows
radially and symmetrically out from the first
ring and thus the bulk material ssurface in-
terior to this ring is at the samc potential
as that of the bulk surface immediately below
the first ring. Using a high impedance volt-
meter, the potential from the first ring to
the interior metal dot is monitored. This
measurement is cqual to V¢cRr provided negligi-
ble current is flowing intecrior to the first
ring due to the voltmcter or assymmetry in
current 1. The specific ohmic contact
resistance is then given by

where A = the arca under the first ring,

Procedure

GaAs substrates were subjected to a
standard solvent cleaning, including a 2-
minute IHC1 etch. All metallization was per-
formed in an E-bcam vacuunm deposition system,
Samples were baked out at 300°C for an hour
in vacuum and then cooled to 150°C for dcpo-
sition. Deposition was accomplished at 10~
Torr. Films were deposited both in layered
and alloy form; for cxample, on one set of
substrates a film of Ge was deposited fol-
lowed by a film of Al, and on another set, a
film of eutectic alloy AlGe was deposited.
Pattern masking was accomplished using
1350J photoresist., Wet chemical etching was
used for Al, Au, Ag, and Ni. Gold ctch was
used for tho eutectic AuGe and Al etch for
AlGe. Plasma CF4q and CFg/02 ctching was
used for Si, Ge, and Nb. Ion milling was
nceded for Pt rcmoval. Anncaling was per-
formed in a tube furnance with a flow of
forming gas (10% Hy). The furnance tempera-
ture was controlled to within 5°C. Samples
from each contact system were anncaled at
three different temperatures., Electrical
measurements were performed on a probe sta-
tion with a substrate hecater. A constant
10 mA current was injected between the inside
and middle ring, while the voltage was mca-
surced betwecen the central dot and the inside
ring (sec Figure 1). To ensure radial sym-
metry of the current flow, multiple probe
contacts and thick metallizations were used.
Samples were aged in a 300°C recirculating
air oven without current loading. Contacts
that retain useful properties for 1000 hours
are then tested at 400°C,

Results and Discussion

The specific material thicknesses,
anncaling temperature , and deposition rates
are listed in Table I. The systems varied in
their .sensitivity to annealing time and tem-
perature with Ni/AuGe being the most tolerant
and Nb/Si the lcast (seec Tables II-IV). All
systems except the AlGe showed initial con-
tact rosx~t1v1ty from 24 to 350°C of
~10"5a-tm?. Nickel was used in two systems

as a wetting agent, however, in all cases but
one, there was good wetting and adhesion.

The exception occurred with the Nb/Si system.
Whether this was caused by poor wetting or
thermal mismatch is not yet known. Aging in
an air recirculating oven at 300°C produced no
significant contact resistance changes except
in the Ag/Ni/Si system where the resistance
incrcased by a factor of S over 300 hours.

Recasonable spccific contact resistances
have not been achicved with the AlGe system
despite many variations on fabrication tech-
nique. Measured values were greater than
10 20-cm?. Good film adhesion was always
achieved whether a single alloy film or con-
secutive Al and Ge films were deposited. Vari-
ation of anncaling tcmpecrature and contact
resistance monitoring during annealing indi-
cated an optimum processing temperature below
400°C. Unfortunately, this optimum tempera-
ture is lower than the envisioned device oper-
ational temperature. Although the physics
of the inadequate contact alloying is not yet
understood, it is clear that the Al/Ge system
was not compatible with processing used in
this study.

Film adhesion was ascertained by affixing
fine wire bonds and measuring the pull
strengths to failure. Ultrasonic aluminum
wire bonding was tried on all contact mate-
rials. A Kulicke and Soffa 484 bonder with a
Microswiss Titanium Carbide Concave Tool
No. 423-10-03 was used with 1 mil Al wire
(1% Si) having a tensile strength of 15 grams.
The contact samples were patterned and
annealed before bonding but had seen no aging.
Excellent adhesion was measured for Al/Ge,
Ag/Si, and Ni/AuGe systems with an avecrage
pull strength of 10 grams. For these three
systems the useful range of bonding paramecter
was large; the ultrasonic power and duration
could be adjusted by a factor of 2 with only
a 40% decrease in pull strength., Bond failure
occurred both at the contact film to GaAs
interface and at the bond pad heel, 1n con-
trast to the excellent adhesion measured in
these threce systems, the two variations of the
Nb/Si system could not be ultrasonically
bonded with aluminum wire. Surfacc contamina-
tion resulting from ion milling of the Pt cer-
tainly contributed to this problem; moreover
spalling of the¢ semiconductor surface during
bonding attempts suggests a high surface stress
exists in these films, Internal stress was
again implicated when samples annecaled above
600°C showed edge pecling. For this reason a
thermocompression gold wire bond pull strength
test was used. Pull strengths greater than 1
gram werc achievable, but strength variability
existced from sample to sample. Processing
variations (deposition temperature, film
thickness, anncaling time) are being performed
to optimizc this marginal adhesion.

Table ITI revecals that the ohmic resis-
tance for samgles obtained from wafer No. 6
(doping 5x101 3) are almost an order of
magnitude smaller than t oge obtained from
wafer No. 3 (doping 1010 ¢m-3). This is
explained by the fact that current flow at
the interface is assisted by a tunneling
mechanism across the barrier width which is
made narrvower by the higher doping in the
substrate.



In summary, considerable optimization of 4,
" parameters and testing remain in qualifying
a high temperature ohmic contact system.
“Nonetheless, the 300°C results for Ni/AuGe
and Ag/Si systems satisfy the criteria of 5.
adhesion, contact resistivity, high anneal-
ing tempcraturc, and high temperature aging
stability. The 356°C cutectic temperature .
of AuGe, however, poses a potential problem
being within the operational temperature
range. Better adhesion and bondability must
be obtained in Au/Nb/Si and Pt/Nb/Si contacts 7.
and lower specific resistivity in the Al/Ge
and A1/Ni/Ge contacts bhefore either can be
considered for high temperature, The results
of 400°C aging will be reported in the pre-
sentation.
8.
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METAL THICKNESS AND EVAPORATION RATE OF CONTACT SYSTEMS TESTED

Materials Thickness (A) Evaporation Rate (A/scc)
L]
N- Ni /AuGe 500/1500 3/3
A 40072000
400/1600
800/3000
Ag/Si 4000/800 10/2
Ag/Ni/Si 10,000/700/1000 10/3/3
Pt/Nb/Si 4000/2000/600 3/3/3
Au/Nb/Si 8000/2000/1000 10/3/3
Al/Ge 10,000/1000 40/3
A1/A1Ge 5000/5000 40/3




Table 11

Ag/Si METALLIZATION

Alloying Specific Ohmic Contact, f-cm?
Temp Time ' 90 hrs at 147 hrs at
(°C) (min.) Room Temp. 275°C 300°C
600 5 3.3x10°° 3.1x107° 3.6x10-5
590 3 2.5x10°5 3.9x10°5 5.8x10°°
575 5 3x10-4 1.3x10°3 6.5x1072
550 5 3x107° 9x10°° 2.7x107°
Ag/Ni/Si
600 3 7.6x10°° 1.6x10°4 2.5x10-4
Table 111
Ni/AuGe METALLIZATION
Alloying Specific Ohmic Contact, Q-cm?
Wafer No.
Temp. Time °
(°C) (min.) Room Temp, Aged at 300°C
3 500 | s 6.1x10" 4 3.6x10° %, 245 nrs
6 500 5 3.2x10°5 2.3x10°°, 245 hrs
3 450 10 4.7x10°4 4.2x10°4, 145 hrs
6 450 10 2.0x10°5 2.4x10°5, 145 hrs
3 450 5 4.7x10-4 3.5x10°4, 162 hrs
6 450 5 3.0x10°5 2.6x10°°, 162 hrs
Table IV
Au/Nb/Si METALLIZATION
Alloying Specific Ohmic Contact, n-cm?
Temp Time Room Temp. 90 hrs. at 300°C
°C) ,
600 5 7.7x10°3 -
550 5 $x10°5 7x10° %5
500 10 1.9x10"1 -
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Microscope Photograph of Contact Ring Pattern
(Outer Ring - 66 mill 0,D. diameter)

Measurcd Voltage

Ring No. 1
. Disk Applied Current
Ring No. 2 :
Ring No. 3
i _.- Ohmic Resistance
S Bulk Material S

Schematic of Contact Rings and Measurcment Probe Locations

Figure 1
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