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SUMMARY

Metallization-related failure mechanisms have been shown to
be a major cause of integrated circuit failures under accelerated
stress conditions, as well as in actual use under field operation.
The integrated circuit industry is aware of the problem and is at-
tempting to solve it in one of two ways: (1) better understanding
of the aluminum system, which is the most widely used metalliza-
tion material for silicon integrated circuits both as a single
level and multilevel metallization, or (2) evaluating alternative
metal systems.

As integrated circuit structures become more complex, addi-
tional processing steps are required to obtain multilevel metalli-
zation. Low temperature deposition of dielectrics is essential,
and etching through to interconnect the levels of metallization
is critical. In addition, smaller geometry and closer spacings
are required.

Aluminum metallization offers many advantages, but also has
limitations particularly at elevated temperatures and high current
densities. As an alternative, multilayer systems of the general
form, silicon device-metal-inorganic insulator-metal, are being
considered to produce large scale integrated arrays. This survey
defines the merits and restrictions of metallization systems in
current usage and systems under development. To offer any speci-
fic recommendations would be presumptuous without detailed know-
ledge of the device structure, applications, environmental condi-
tions and manufacturers capability. In cases where aluminum
metallization can be used the preference is obvious; since it is
a single metal system, well-investigated and lends itself to pro-
duction techniques. If field conditions and specific applications
rule out aluminum, then titanium-platinum-gold or titanium-
palladium-gold would be advisable. In either case beam lead tech-
nology appears to be well enough advanced technically to warrant
specification.
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INTRODUCTION

Metallization~related failure mechanisms have been shown to
be a major cause of integrated circuit failures under accelerated
stress conditions as well as in actual use under field conditions
(ref. 1). This survey will concentrate on inherent limitations
in material combinations, and methods of detecting these, to pro-
vide guide lines for characterization and selection of metalliza-
tion systems for silicon integrated circuits.

This section presents detailed technical information on
processing steps for the fabrication of large-scale integrated
circuits, subsequent to diffusion, and the effects of such steps
on metallization reliability. The critical steps in integrated
circuit fabrication are discussed, and properties of the metalli-
zation reliability are examined, particularly in terms of their
impact on long term reliability. Desired properties of the metal
films are considered relative to the rather extensive body of
available information on metallization related failure mechanisms
in integrated circuits, both of conventional complexity and LSI
arrays.

Metallization characterization tests are determined by:
(1) properties of metal thin films, (2) metallization require-
ments, (3) integrated circuit processing, and (4) long term
stress.

Both single and multilayer metallization systems will be
discussed as such, and as to their applicability to multilevel
integrated circuit fabrication. Figure 1 shows a schematic of
single metal, multilayer, and multilevel metallization.

A definition of terms used in figure 1 is as follows:

l. Silicon device-- a semiconductor made of silicon, and
including metal contact, may be a bipolar transistor,

a field effect transistor, a metal-silicon diode or an
integrated circuit.

2., Metallization system-- the interconnecting metal pattern
on a silicon device; the metal may be a single material
(e.g. Al) or a composite sandwich structure, (e.g.
Ti-Pt-Au). See figure 1 top.

3. Multilayer or multilevel metallization system-- two or
more metal layers separated by dielectric layers and
connected in such a manner as to optimize silicon
device performance. Commonly used in large scale inte-
gration (LSI- see figure 1 middle and bottom)



METALLIZATION FAILURES

Before discussing specific metallization requirements and
comparing various metal systems presently in use, we should be
cognizant of the potential causes of metallization failures. It
has been found that in some cases trends in integrated circuit
design and processing technology may in fact increase the relative
susceptibility of monolithic circuits to failure due to
metallization-related mechanisms.

Metallization related failures observed to date are occasion-
ally due to shorting, for example, reaction of metal with the
substrate, under-etching or metal-metal shorts between layers in
multilevel metallized arrays. However, the largest number of
metallization related failures are due to opens. Table 1 enumer-
ates the various causes of opens or localized reduced cross-—
sectional area in metallization. Quite often more than one cause
or mechanism contributes to a given failure. For example,
shadowing at steps can cause the localized cross-sectional area
to be reduced, which in effect can produce excessively high cur-
rent density and opens by electromigration. Figure 2 is a
Scanning Electron Microscope micrograph of the shadowing effect.

TABLE 1.- REASONS FOR OPENS OR LOCALIZED REDUCED CROSS-SECTIONAL
AREA IN MULTILEVEL METALLIZATION

1. Electromigration 13. Photolithographic de-
Localized melting of metal fects
due to excessive joule 14. Over etching of contact
heating areas enhanced by elec-

3. Metallization scratches trolytic action

15. Inadequately opened con-

4. Notches in the metal edge tact windows

at steps
. X t st 16. Residual oxide at metal-
>. Microcracks at steps metal contact interface
6. Filamentation of metalli-

zation at steps 17. Inadequate contact

alloying
7. Tunnels under metalliza- 18

tion at steps Overalloying (excess

Al-Si interface penetra-
8. Shadowing at steps tion in the case of

. i i iLon
9. Fatigue effects aluminum metallization)

19, Al1-Si eutectic formation

10. Stress cracking (applying to aluminum

1l. Loss of adhesion metallization)
12. Over etching of metalliza- 20. Kirkendall effect
tion due to poor photore- 21. Corrosion effects

sist adhesion at a step

————



In considering maximum current densities for cross-sectional
areas, important factors which should be taken into account are
film thickness, line width, current crowding at corners, and
various factors which influence the cross-sectional area of metal
films in localized regions, including scratches, notches, micro-
cracks and tunnels at steps produced during metal etch-back.

Other reliability factors unique to each metallization sys-—
tem include ability to form ohmic contacts to silicon, suscepti-
bility to peeling and corrosion, temperature cycling effects,
and bondability.

Many failures are a result of specific process conditions,
rather than the inherent limitations of the materials involved.
For example, in the case of Mo-Au layered structures, excellent
high temperature reliability (300°C) and relatively low suscepti-
bility to electromigration have been observed on some samples.
Other samples have had problems with peeling, Au-Si interaction,
undercutting and other effects.

Metal-dielectric interaction can be an important factor in
the reliability of integrated circuits. The most commonly used
dielectric is thermally grown Si0,, but it must be realized that
the extent of the interaction is determined by the exact nature
of the oxide, prior processes it has been subjected to, and the
presence of a borosilicate or phosphosilicate surface layer aris-
ing from the diffusion processes. Also, various deposited
dielectrics including silicon nitride, aluminum oxide, and phos-
phosilicate glass are appearing in large-scale arrays.

In multilevel structures, procedures have been developed for
insuring that the angle at the edge of a photolithographically
defined cut in the oxide is not excessively steep. One technique
described in the literature (ref. 2) uses a combination of r-f
sputtered SiO, and chemically-vapor-plated 8i05. The faster
etching SiOj on top results in a less steep angle into the con-
tact cut than would be obtained with a homogeneous Si02 film.
Another procedure uses a single deposited dielectric layer in
which the composition of the film is changed as deposition of the
film progresses. The net result is a film in which the initially
deposited layers have a lower etch rate than subsequently depos-
ited portions of the layers. An example of a system which can
be applied for this type of structure is vapor-plated phosphosili-
cate (the etch rate of phosphosilicate containing 3 to 4 percent
by weight phosphorus in buffered hydrofluoric (HF) is approxi-
mately twice that of chemically-vapor-plated §i02 containing no
phosphorus). Generally the metallization on such devices is
aluminum. Among available developmental multilevel arrays, alumi-
num has most frequently been used for both first and second-level
metallization. The molybdenum-gold system, modified to moly-gold-
moly in each layer, has been used for multilevel metallized appli-
cations.

e ——————



TABLE 2.- TEST DATA FOR SMALL CRYSTALLITE ALUMINUM FILMS
Film Thickness J x lO_6 T 103 MTF lO14
No. (R) (A/cmz) (°C) Ok (Hours) MTF J2
AD 7400 0.5 177 2.22 480 0.83
BD 7060 1.21 . 186 2.18 47 1.45
CD 7000 1.5 195 2.135 19.5 2,28
DD 6800 2.82 238 1.96 3.5 3.70
AB 7400 0.5 192 2.15 250 1.60
BB 7060 1.22 200 2.11 38 1.80
CB 7000 1.5 212 2.06 8 5.55
DB 6800 2.88 260 1.87 1.5 8.03
BA 7060 0.987 109 2.62 850 0.121
(69:1 7000 1.46 121 2.54 268 0.175
DA 6800 2.05 134 2.48 183 0.130

1
2 MTF

(%)z HOURS

L, 228 g% "098/KT
PR

Figure 3.- Mean-Time-To-
Failure as a Function of
Current Density and Film
Temperature: Aluminum
Films Evaporated from
Tungsten onto Cold
Substrate




TABLE 4.- GLASSED LARGE CRYSTAL ALUMINUM PERFORMANCE
Film Film -6 MTF 15 Film 3
Thickness Width J x lg Hours ;O Temp. l%—
(R) (mils) A/cm J° MTF
12,200 1.46 0.908 1700 0.713 212 2.06
12,200 1.46 0.860 1060 1.28 221 2.02
12,200 1.43 0.870 395 3.33 246 1.93

TABLE 5.- GLASSED LARGE CRYSTAL ALUMINUM PREDICTED PERFORMANCE

Film [Film Jx10_6 Esti- 1015 Film lo3 Sample|No.of| Hours
Thick-|Width 2 mated -—7———-Temp.-6—— Size |Fail-{ on
ness | (mils) [ (A/cm™p)| MTF J“MTF c K ures | Test
) Hours
12,200| 1.46 0.777 5,400/ 0.306| 203 | 2.10f 15 3900
12,200| 1.46 0.702 12,000{0.170| 189 |1.16 13 2590
12,200| 1.46 0.460 16,000{0.295| 200 | 2.1} 13 2333
e Tz"‘—" 1e8x107% (32

X *EXPERIMENTAL FILM FAILURE
© :PREDICTED PERFORMANCE

26 28

Figure 5.- Mean-Time-To-
Failure as a Function of
Current Density and Film
Temperature: 1,46 Mil
Wide by 12,200 A Thick,
Well Ordered Aluminum
Coated with 6000 A Thick
Glass Film
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Figure 8.- Aluminum Film
Resistivity Normalized
to Bulk Resistivity as a
Function of Film
Thickness

Figure 9.- Mean-Time-To-
Failure for Aluminum
Film Conductors as a
Function of Current
Density, Temperature and
Cross-sectional
Dimensions
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Etch Pits

A failure mode common in aluminum silicon contacts is the
growth of etch pits into the silicon at the positive terminals
(ref. 5) under high current density and temperature stress. The
pit formation may not be obvious prior to removal of the aluminum.
The formation is believed to be due to the dissolution of silicon
into aluminum to saturation and the transport of the dissolved
silicon by momentum exchange, enabling further dissolution of
aluminum. At 2359C about 0.003 weight percent of silicon can
exist in solid solution with aluminum. Because silicon will
preferentially enter aluminum at crystalline dislocations, rather
than uniformly over the interface, the process results in the
formation of etch pits. The process can continue until the junc-
tion beneath the aluminum-silicon contact is electrically shorted.

Aluminum-Silicon Reaction

Another failure mode is the reaction between aluminum and
silicon dioxide. The reaction is initially important in device
fabrication to effect good ohmic contact; but this reaction may
play in the degradation of the reliability of devices under stress
and at elevated temperatures. Figure 13 presents a plot of the

15
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Figure 14.- Penetration
Rate of Aluminum Reaction
into Thermally Grown SiO2
as a Function of
Temperature

Figure 15.- Penetration of
Aluminum into SioO
Extrapolated to Lower
Temperature




Even in systems which do not form compounds, diffusion of
one metal into another can result in contact resistance increas-
ing by orders of magnitude. This failure mode is more serious
than generally realized and this type of deterioration is usually
not recognized during the early stages of device design and manu-
facture. Diffusion can occur through any of several processes,
including vacancy, interstitial dislocation, and grain boundary
mechanisms. The predominant diffusion mechanism depends on the
type, temperature, structure and geometry of the metallurgical
system.

Diffusions have been observed to occur in Ag-Pb, Au-Cr, Au-Ti,
Cr-Ni, Cu (NiCr), Cu (Pb-Sn), Ti-Al-Si and Ti-(PtSi). Compounds
have been observed to form in Al-Ni, Al-Ta, Au-Ti, Au- (NicCr),
Au-(Sb-Sn), and Ti-al-Si (ref. 8).

Metal-Oxide Interaction

Metals are known to interact with oxides as a result of
solid-state reactions at elevated temperatures, and this type of
interaction has been shown to occur with aluminum on Si0y and on
phosphosilicate glasses. Adverse effects can result from this
interaction on any type of circuit, but circuits with thin oxide
regions are particularly susceptible. For example, the oxide
over gate regions of MOS transistors is typically 0.1 to 0.15
microns thick. Accordingly, an important attribute of a metalli-
zation system for MOS integrated circuits is the ability to ad-
here well to oxide but not to react extensively with the thin
5i0y layer under the gate metal region. There is also a similar
requirement for capacitors in bipolar circuits, where such capaci-
tors frequently have 0.1 micron thick oxide, prepared either by
anodization or by thermal oxidation. Electrical shorts in MOS
structures have been attributed to a solid-state reaction between
the electrode metal and SiO,. The details of oxide preparation
can also be a major factor in determining the incidence of such
electrical shorts at temperatures of 500°c.

Dielectrics other than Si0y are also used at times in inte-
grated circuits. In particular, silicon nitride has been used in
a number of types of integrated circuits, and aluminum oxide has
been used in MOS circuits. Aluminum adheres well to both of these
dielectrics, and has less tendency to react with silicon nitride
at elevated temperatures than with 5i0jy.

Thermal Stresses

Any metallization system used for integrated circuits must
form continuous conducting lines which go up and down steps re-
sulting from topography in the integrated circuits. 1In bipolar
circuits, steps arise at contact cuts to the emitter regions,
collector regions, and base regions, as well as between different

19



Scratches in Metallization Stripes

Aluminum and gold, being soft, are quite susceptible to the
possibility of scratch formation during device fabrication.
Scratches typically would form during the steps of scribing,
breaking, and handling the chips to mount them on headers.

Harder metals such as molybdenum and chromium are considerably
less susceptible to scratches during handling. On the other hand,
their lower ductility can result in problems if relatively thick
layers are used and are processed through temperature cycles.

The problem of scratches in the aluminum metallization can to a
very large extent be solved by the process of depositing a dielec-
tric layer over the aluminum prior to scribing. The additional
steps required to accomplish this include vapor plating the oxide,
typically at 400°C, and using photolithographic techniques to open
up areas of the contact pads prior to bonding. The deposited
dielectric in this case causes significant improvements in yield
through the process and also considerably less susceptibility to
reliability problems as a result of scratches and smears of the
metallization. Glassing also has the merit of protecting the
patterns of closely spaced, adjacent current carrying stripes

from corrosion effects, either electrolytic or chemical, and im-
parting additional freedom from the possibility of shorts due to
particles which might bridge between conducting metal stripes.
With glassed circuits the only exposed metal is in the area of
bonding pads. The spacing between such areas is considerably
greater than that between lines in the circuits. Since SiO;
adheres to aluminum, a wide range of thicknesses of glass can be
used.

Deposited dielectrics generally have poor adhesion to gold.
Thus wafers in which the top layer in the metallization system is
gold are difficult to protect with deposited dielectric unless
thick glass layers are used or an additional layer such as chro-
mium or molybdenum is put on top of the gold.

METALLIZATION SYSTEMS

The metallization systems in use today for fabrication of
integrated circuits in production can be divided into those used
with single-level metallized circuits and those used for multi-
level systems containing two or more levels of metallization.

The most common metal used in single-level metallization systems
is aluminum, and the most common metals used in the layered compo-
site systems are molybdenum-gold and titanium-platinum-gold. All
three systems are used in the fabrication of commercially avail-
able bipolar integrated circuits. The titanium-platinum-gold sys-
tem is used in beam-lead fabrication. The systems Al-Si (homoge-
nous) and Ti-Al (layered) are also in use. For MOS integrated
circuits, a number of metallization systems are currently in use.

21




Table 9 shows the theoretical bulk value resistivity for the
better electrical conductors and the ohms per square for a film
of this geometry. The total resistance of such a conductor run-
ning 10 mils in length is also given. It should be remembered
that metals, in general, when deposited as films, exhibit volume
resistivities greater than the theoretical bulk resistivities
making the table somewhat optimistic.

- TABLE 9.- RESISTIVE PROPERTIES OF VARIOUS METALS

Metal Theoretical Volume Ohms/Square Resistance of a ,
Resistivity in for 6000 & 10 mil Long |
Micro-ohm-cm Thick Film Conductor, 2 Microns
Wide X 6000 & Thick
(ohms)
Ag 1.61 2.7 x 10~2 3.4
Al 2.74 4.6 x 10~2 5.8
Au 2.44 4,1 5.2
Cu 1.70 2.8 3.5
Be 3.25 5.42 6.9
Mg 4.3 7.2 9.1
Mo 5.3 8.8 -11.2
Rh 4,7 7.8 9.9
Ni 7.8 13.0 16.5
W 5.3 8.8 11.2 |

Chemically, the metallization must resist deterioration in
oxygen at 500°C to survive the post metallization processing
steps. Therefore, a metal which produces a thin continuous pro-
tective oxide inhibiting further reaction is desirable. Such
metals generally are those in which the oxide is less dense than
the parent metal. The oxide must also possess a low vapor pres-
sure and must not deteriorate under humid conditions.

The first layer of metallization must act as a reducing
agent for silicon dioxide to reproducibly make ohmic contact
through the thin oxide layer that readily forms on silicon. When
considering the use of multilevel metallization, it is desirable
that the metal does not react sufficiently with the dielectric to
form conductive electrical paths between the metal layers at the
crossover points. It is therefore necessary that the metal be
only slightly a reducing agent and that the temperature at which
the reduction takes place be reached rapidly and only once to form
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Fabrication Processes

It is very important in the selection of a metallization
system to consider the processing steps required in the fabrica-
tion of an integrated circuit. These steps are:

l‘

Deposition of metallization (silicon containing p-n
junctions and dielectrics is heated to 200-500°C prior
to vacuum deposition and deposition times range from
10-20 minutes for each metal)

Heat treatments (5-15 minutes at 300-500°C to insure
good ohmic contacts)

Glass deposition (200-500°C for 10-20 minutes)
Application of solder or eutective bonding material on
back of silicon wafer (5 minutes at 200-500°C)

Bonding chip to header or package (5 minutes at
400-500°C)

Lead bonding (room temperature to 350°C)

Sealing package (5-30 minutes at 200-500°C)
Operational life stress tests at elevated temperatures
(300°C for 1000 or more hours.)

Single Metal Systems

Aluminum is the predominant metallization system used in the
fabrication of silicon integrated circuits for the following

reasons:

l.

11.

(ref. 10)

Aluminum can be used in a single-metal system which
provides considerable simplicity compared to multimetal
systems

Aluminum is a low-cost source material

Aluminum films have a high electrical conductivity,
close to that of the bulk material

Aluminum evaporation by a resistance heated tungsten
coil is simple

Aluminum adheres well to oxides

Aluminum layers delineate well by photolithographic
techniques

Aluminum is easily etched without dissolving SiOj or
silicon

Aluminum reacts with residual SiO5 in contact areas
Aluminum forms low-resistance contacts to nt silicon
and p-type silicon

The solid solubility of silicon in aluminum is such
that Al-Si alloys can be used to adjust the amount of
penetration at alloying and reduce the amount of pene-
tration as compared to that of pure aluminum

There are no compounds in the Al-Si system; thus brittle
compounds are not possible, and void formation
(Kirkendall effect) has not been a problem at Al-Si
interfaces
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6. Aluminum recrystallizes at fairly low temperatures
causing hillocks of metal which could break through a
dielectric or be difficult to cover

7. Reaction of aluminum and SiOj can be significant at
temperatures of about 500°C

8. Aluminum forms compounds with gold which tend to be
brittle and result in decreased electrical conductivity

9. Gold wire bonded to aluminum results in reliability
problems due to the Kirkendall effect

10. Aluminum is soft and easily scratched

11. Silicon dissolved during contact alloying may precipi-
tate at grain boundaries in aluminum and cause relia-
bility problems

12. Aluminum is typically under stress as deposited

13. The thermal coefficient of expansion of aluminum is
greater than that of silicon which results in consider-
able stress in aluminum during temperature cycling

14, In multilevel metallization structures, the problem of
making good aluminum-aluminum contacts has not been
completely solved

15, Aluminum is electronegative and corrodes in electrolytes

16. Aluminum is not directly solderable by conventional
soldering techniques

17. Aluminum has a higher work function than some metals,
and thus results in higher threshold voltages in MOS
devices

18. Aluminum dissolves to a small extent in solutions used
to etch contacts in deposited dielectrics in multilevel-
metallized structures.

High Current Density Tests

High current density tests on aluminum metallization as con-
ducted at 100°C, 150°C, and 175°C and current levels
(1-2 x 10%a/cm2 yielded results shown in Table 10.)

Table 11 presents Mean-Time-To-Failure for aluminum metalli-
zation as a function of resistivity and current density.

Examination of the failures showed a single dominating fail-
ure mode, i.e. a random opening of the interconnection, occurring
in a porous rough-textured metal. During the processing, the
aluminum is subjected to 450°C for perhaps 30 minutes, and changes
from a smooth, nonporous film, beginning to develop a characteris-
tic roughness. This roughness and porosity can be increased by
subsequent thermal treatments. The intentional addition of mois-
ture to the dry air furnace has no significant effect. The same
rough texture is reported to appear in high current density tests
in dry nitrogen sealed To-5 cans. The proposed failure mechanism
is that a thermal reaction causes a porosity and reduced cross-
sectional area, with a localized increased current density.
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TABLE 11.- MEAN TIME TO FAILURE FOR ALUMINUM METALLIZATION AS A

FUNCTION OF RESISTIVITY AND CURRENT DENSITY

3 = 10% a/cm? 0.5 1.0 1.2 | 1.5 2.0 2.8
= 2.6 - cm¥* -—- 1500 hours -= 69 -
= 4,0 < cm -— 470 -- -- 25 -
= 6,0 - cm -——- 130 -- - 13 --

All available 480 560 17 20 30 4

data

*Resistivity varied by deposition rate

This causes localized hot spots and accelerated reaction at
these sites. Failure occurs when the voids form continuous
breaks across the strip. This is illustrated in figure 16. The
1/2 mil strip was heated 48 hours at 450°C in wet air.

Additional experiments demonstrated the thermal nature of
the reaction, Devices with 1/2 mil lines were tested at
2 x 106 A/cm? and an oven temperature of 175°C. These units had
normal processing, i.e. gold backing, bonding, and To-5 packaging.
The mean time to failure was 25 hours. A second group was pre-
baked at 450°C for 2 hours prior to the high current tests.
These units had a mean time to failure of 24 hours. A third
group was prebaked 8 hours at 450°C before the high current tests.
The mean time to failure was reduced to 15 hours. The aluminum
metallization included vacuum evaporated metal using tungsten
filaments, tantalum filaments, and electron beam heating. Both
normal (10-® torr) vacuum and high (10-8 torr) vacuum samples
were included. The films were approximately 6000 A thick, and
were generally deposited from 1-10 minutes. All the aluminum
tested showed the thermal changes described.

Current induced metal migration is the problem resulting
from induced high current density stress. The failure depends
on the structure of the film, but lifetime is generally related
to the current density by some form of the equation:

L = ag”2 exp. &/KT
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0.5-Mil Line After 48 hrs
450°C

0.5-Mil Line 10® A/cm2
1150 hrs Film Temperature
~1800C

1-Mil Line - No Current

Figure 16.- Photomicrographs of Aluminum Lines

31




1000 —

100 -

MTF IN HOURS FROM PROBABILITY PAPER

] 1

| 10

100

MTF IN HOURS FROM RELIABILITY SLIDE RULE

TABLE 12.- DEPOSITION DATA AND PROPERTIES

Figure 18.- Correlation
Plot Comparing Mean-
Time-To-Failure from
Distribution Plots and
from Reliability Slide

Rule

1000

OF W AND Mo

Deposition Rate
Substrate Temperature
Deposition Pressure

Film Resistivity

Adherence

Ohmic Contact (Si)

RF Sputtered

Electron-Gun

Mo W Mo
250 &/min | 100 &/min 10-20 &/sec
200°C 200°C 200°C

5 microns

15 micro-
ohm-cm

Fair

5 microns

25 micro-
ohm-cm

Fair

Fair, but difficult
to reprodpce

107° to 10 torr

30-40 micro-
ohm-cm

Marginal

Poor adherence to Si02

eliminates the high conductivity
metals, e.g. Au, Ag and Cu, as single layer systems.

It there-

fore appears that no single layer system will replace aluminum.
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The as-deposited resistivity of the Cr-Au composite films
ranged from 6-15 micro-ohm-cm due probably to the relative
amount of Cr and Au in the composite film. Increases in resis-
tance after 450°C air bake are shown in figure 19, It is inter-
esting to note that the resistances of films with Cr thicker
than 1000 & increases 200-600 percent within an hour at 450°C
and then tapers off. The films with heaviest interface blending
(second metal deposition started before the first metal is com-
pletely deposited), tend to increase more. Recent studies of
Cr-Au (ref. 1) have noted resistance increases as large as 170
percent after 50 hours at 350°C in nitrogen ambients. The re-
sults found on sputtered Cr-Au are similar, and the magnitude of
the resistance increase is too large to be a simple oxidation of
Cr from under the Au. The more plausible explanation lies in
the solid state diffusion of Au into the Cr (or Cr into the Au),
which results in the formation of a higher resistance inter-
metallic compound.

+ l
€00 2600 TO 800 R Cr(A) T

=900 TO 1400 R cr (B)

= 1800 T0 2600 R cr{cC)
500

21200 7O 2000 R cr(D) —

<1400 TO 2800 & cr
/ WITH HEAVY INTERFACE

—0

D oo xoe

400
/
vy’
f

+.1
2

100

AN

N NSNS

AN
|
I
|
j’

A AN

o ——
*fsf —

0.1 1.0 10.0 100.0

HOURS AT 430°C

Figure 19.- Resistance Change in Cr-Au Films,
Au Thickness 5000 A&
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1l mil wide and 54 mils long, the remaining Ti was removed by
chemical etching in a dilute Hp80, solution. The wafers con-
taining the etched patterns were then scribed into three pieces.
Measurements were taken, samples were baked at 450°C in air, and
remeasured at one hour intervals for 24 hours. The resistance
of Pt-Au composite films increased with time at 450°C. The
changes shown in Table 14 are scattered, but there is a trend
indicating that films containing both small and large amounts of
Pt have less of an increase than an intermediate composition
film.,

TABLE 14.- AR OF Pt-Au FILMS WITH 450°C ATIR BAKES

Platinum, Ipitial p +AR After AR After 7. (R) T (R)

Percent Micro-ohm- 2 Hours 4 Hours Au Pt

of Film cm Percent Percent
23 3.7 75 90 11,000 3,300
25 3.6 120 150 6,700 2,300
25 3.6 110 135 6,700 2,300
27 4.6 150 160 4,350 1,650
31 4,5 - 120 150 5,600 2,500
32 4.6 150 150 4,100 2,000
35 4.6 125 143 6,000 3,300
50 7.6 115 120 1,650 1,650
70 9 125 130 1,100 2,500

The Pt-Au films, after 24 hours at 450°C, were heated to
1000°C for 30 minutes in forming gas to permit them to proceed
to a more complete reaction and the final resistance was
measured at room temperature. Table 15 compares the experimental
resistivity data on Pt-Au after the 1000°C bake with various
literature values (refs. 21 and 22) and shows fair agreement.
These results indicate that the layered Pt-Au film resistivity
can increase by a factor of 10 if complete alloying occurs. The
results also show that the resistance change of Pt-Au composite
films will be smallest for Pt concentrations less than 35 atomic
percent. Hence, the Pt thickness in Pt-Ti-Au should be as thin
as possible consistent with retaining the barrier between the Au
and the underlying silicon.

The Ti-Pt system likewise undergoes a resistance increase
upon thermal treatment at 450°C. As presently used in Ti-Pt-Au
systems, the Ti is about 2000 & and the Pt is 2000 &. The
resistivity of the sputtered Ti is 200 micro-ohm-cm and the
sputtered Pt is about 25 micro-ohm-cm. . The resistance of a
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The previous discussion indicated that for a minimum change
in resistance the volume ratio of Au-Pt should be large or the
Pt should be as thin as possible, consistent with preventing the
Au from reaching the Ti. This minimum Pt thickness was sought
in a series of Au-Si glloying tests in which the Pt thickness o
ranged from 450-2100 A. The contacts consisting of Ti (1500 A)-
Pt-Au (7000 A) on 20 mil2 and 100 milé areas of silicon, were
baked at 450°C for times ranging from 15 minutes to 4 hours. The
test results are summarized as follows:

1. After 4 hours with 450 A Pt, 10 out of 120 large areas
and 5 out Qf 120 small areas alloyed

2. With 2100 A Pt, 1 out of 120 large areas and none out
of 120 small areas alloyed after 4 hours

3. No well defined minimum Pt thickness existed which
would prevent Au-Si alloying

4. Larger areas alloyed first for a given Pt thickness.

The area dependence indicated that pinholes in the Pt were more
important than solid-solid diffusion. Assuming that pinholes are
the major problem,then the Pt should be as thick as possible to
reduce the probability of pinholes, and the Au made correspond-
ingly thicker to reduce thermally induced resistance changes.

Summarizing, the Ti-Pt-Au system can increase in resistance
in 450°C bake cycles. This resistance increase is caused by
interdiffusion of the Au and Pt. Still, the system can be ex-
tremely useful at temperatures of 450°C by making the volume o
ratio of Au/Pt greater than approximately 3/1. 1500 A to 2000 A
of Pt is effective in preventing Au-Si or Au-Ti reactions at
450°C.

Cr-Ag-Au and Ti-Ag-Au.- In these systems the Ag and Au behave
similarly to the Pt-Au in that the Au and Ag form a continuous
series of solid solutions and the resistivity increases drastic-
ally during heat treatment. This is in agreement with published
values for Ag-Au alloys. For example, Mott and Jones (ref. 21)
show the resistivity of a 50 atomic percent alloy to be 24 micro-
ohm-cm compared to 1.61 for pure silver and 2.44 for pure gold.

In general, experimental data on Cr-Ag-Au as compared to
Ti-Pt~Au, show that the Cr-Ag-Au resistivity after several
minutes of 450°C bakes is higher, and that Ag-Au interdiffusion
can occur as low as 350°C in a relatively short time. The initial
values of resistance in the Cr-Ag-Au system are higher than ex-
pected from known individual film resistivities indicating a
reaction has already taken place during deposition and subsequent
processing. Table 17 shows typical resistance changes obtained
on Cr-Ag-Au and Ti-Ag-Au. In both systems the Ag is effective in
preventing the Au-Si eutectic formation.
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Mo-Au and W-Au.- As additional composite metal systems, Mo-Au
and W-Au systems have been considered. In the Mo-Au system as
with the other refractory metal-gold systems the thickness of
the molybdenum film is considered critical. In one set of ex-
periments to investigate the thermal stability of the Mo-Au gys-
tem, the molybdenum thickness was varied from 500 to 8200 R\
No resistance increases were found after four hours at 450°C,
provided the ratio of Au/Mo was greater than about 3/1 and no
interface mixing of the Mo and Au was used during deposition.

In films which had blended interfaces during deposition and thin
Au (1500 A Au/2000 A Mo), the resistance increased 20-50 percent
after four hours at 450°C. Using relatively good vacuum of 10-6
to 10”2 torr and sequential deposition of the Mo and Au in the
same pump down, the Au to Mo adherence is excellent and no
interfacial blending is necessary to promote adherence. It has
been reported in the literature (ref. 23) that the thermal be-
havior of sputtered and electron-gun Mo covered with filament-
evaporated or low pressure triode sputtered Au are similar in
that no increases in resistance are observed. However, it was
noted that the low pressure triode sputtered Au had 2-3 times
the resistivity of the evaporated Au (ref. 23). The high Au
resistivity is attributed to scattering at grain boundaries.

The gold films contain extremely small crystallites due to a
large number of nucleation sites which are enhanced by the
sputtering mode of deposition. Using 2100 A of Mo prevents
Au-Si alloying at 450°C.

The Mo-Au and W-Au systems behave similarly in thermal sta-
bility tests even after 4 hours at 625°C. Any resistance change
was less than 5 percent and it usually decreased, indicating an
annealing effect. Tungsten is as effective as molybdenum as a
barrier metal.

Unfortunately, the adherence of both Mo and W to SiOj3 is
marginal, so an additional adherent layer is sometimes used.
Titanium has worked as an excellent "glue" for these materials.
Even with the titanium, the thermal stability of Ti (500 &)-Mo
or W (2000 R) and Au films is satisfactory. Data on typical
films are summarized in Table 19.

Ni-Au or Co-Au.- The behavior of these films is not similar to
any of the others discussed. A slight reaction between the
metals occurs; but tests show that after one hour at 450°C the
surface of the Au becomes discolored and the film is hard and
rough. This could make wire bonding difficult. In the case of
Ni-Au the nickel did not prevent Au-Si alloying.
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Resistance Change and Au-Si Alloying

Some fairly comprehensive data are summarized in Table 20.
Combining results from tests along with adherence properties and
fabrication difficulties indicates that no one system will meet
all requirements listed in the previous section.

TABLE 20.- SUMMARY, RESISTANCE CHANGE AND Au-Si ALLOYING

+ AR at 450°C Au-Si (1 hour at 450°C)
Metals Examined 2 Hours Alloying
Al 0
Ti-Pt 0
Ti-Rh 0
Ti-Pt-Au <50 percent No
Ti-Ag-Au >100 percent No
Ti-Mo-Au 0 No
Ti-Ag 5-10 percent
Cr-Ag-Au >100 percent No
W-Au 0 No
Zr-Au <50 percent Yes
Nb-Au <100 percent No
Ni-Au <100 percent Some
Co-Au <50 percent Some
V-Au >100 percent Yes
Ta-Au <50 percent Some
Cr-Au >100 percent Yes
Ti-Au >100 percent Yes
Mo-Au 0 No
Hf-Au <50 percent Some

In general, the systems which most nearly meet these re-
quirements may be separated into two groups:

1. Those destined for low temperature applications, e.gq.
beam leads or plastic encapsulation

2. Metallization for systems requiring relatively high
temperature long processing schedules, LSI multilayer

systems.
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CONTACT RESISTANCE

The amount of contact resistance and linearity of resistance
introduced by a metallization process is an important problem in
the successful fabrication of integrated circuits. This section
summarizes the results of contact measurements using metal layers
of Al, Cr, Mo, Ni and Ti; with and without a platinum silicide
layer on both N and P type silicon. The PtSi process used here
is similar to the process described in reference 20.

Experiments were conducted on N and P type silicon samples
with approximately 5000 R thermal oxide, photomasked and 4 x 5
mil contact areas spaced approximately 4 mils apart etched through
the glass down to the silicon. The various metals were deposited
by a filament evaporation, electron beam evaporation, or low
pressure dc sputtering.

The measurement technique included probing four adjacent
metallized pads, two with the DVM leads and two with the constant
current leads. The contact resistance as measured included the
effects of spreading resistance (ref. 24). To check for non-
linearity, measurements were made at 10 and 100 mA. and visually
monitored on a transistor curve tracer. These results are shown
in Table 21 and represent the average from several runs.
Generally, values were reproducible to better than +25 percent.

The data of Table 21 shows that various metals have low
ohmic contact resistance on low resistivity n and p type silicon.
As the silicon resistivity increases, the contact resistance.
increases, as does the nonlinearity. All of the metals exhibited
rectifying contacts on n type silicon above about 0.01 ohm-cm.
Although the contact resistance increases, the Al p-type silicon
contacts are ohmic at least up to 1 ohm-cm particularly after a
mild bake, (450°C - 10 minutes). It is of interest to note that
this same heat treatment increases the contact resistance of
aluminum on n type silicon (0.1 ohm-cm).

The use of Pt-Si is known to lower the contact resistance
regardless of the metal used, especially on mid-resistivity n
type silicon, where an order of magnitude reduction is obtained.
The resistance values for the various metals on PtSi-Si is al-
most independent of the metal used, suggesting that the potential
barrier is in the PtSi-Si region. An independent measurement of
the resistivity of PtSi shows that it is approximately 100 micro-
ohm-cm (bulk Pt = 10 micro-ohm-cm). For the areas of the con-
tacts used, this yields a figure of 10”2 ohms and therefore would
not be detected in these measurements.

In addition to lowering the contact resistance, the PtSi
yields ohmic contacts to higher silicon resistivity. For example,
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the Al-N-Si contacts rectify at 0.01 ohm-cm. This figure is
increased to approximately 0.05 ohm-cm for Al-PtSi-N-Si.

In the early use of platinum contacts it became obvious that
the silicon must be as free as possible of oxide and contaminants
if the platinum is to form the silicide. The platinum silicide
process used includes:

1. the deposition of platinum after a pre-ohmic etch,
with either an electron gun or sputtering.

2. Sintering at 600-700°C to form the silicide.

3. Chemically removing the excess platinum from the
SiO2 masked surface.

Since platinum will not reduce the silicon oxide it is imperative
that silicon in contact areas be oxide free. If this is not the
case then the PtSi will not form.

TEMPERATURE STABILITY

Air bakes at 450°C for 15 minutes generally lower the con-
tact resistance (but rarely more than 50 percent) if the surface
is clean and proper shielding of the substrate is used during
the initial evaporation or pre-sputter. An exception to this
was aluminum on n-type silicon, where the resistance increased
25-50 percent during the bakes. In general, the changes were
less on PtSi units. Evidence of the stability of metal PtSi
contacts is shown in Table 22. These data compare the contact
resistance obtained on AlSi and Al-PtSi-Si contacts with heat-
treatment, and indicate the stability of the PtSi at elevated
temperatures. Other tests conducted, with MoAu on PtSi-Si con-
tacts, also showed extremely stable behavior on long term storage
at 250°cC.
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CURRENT DENSITY

In this section various metal systems in use will be dis-
cussed as to current density capabilities and high temperature
operation reliability. In each case the results will be com-
pared to relative data on aluminum metallization.

Chromium-Gold

Some chromium-gold test results are given in Table 23.
Related groups are averaged to increase the sample sizes. The
mechanism of the chromium-gold failures was discussed previously
in reference to the thermally induced resistance rise. The
observed doubling of the conductor resistance in 500 hours at
about 220°C is in agreement with the self-diffusion enerqgy for
gold, or about 1l.8eV. Although the resistance rise occurred in
all samples, including those not carrying current, many of the
samples continued to conduct for many hours, although with
increased power dissipation. Eventually, burnout occurs. Glass-
ing of the chromium-gold system did not improve the life at the
lower current levels, but merely accelerated the resistance rise
mechanism by the elevated temperature processing.

Chromium-Silver-Gold

As indicated in the thermal testing section, the addition of
silver to the chromium-gold metallization improves the thermal
stability. Samples under discussion were prepared with 22 per-
cent silver by volume of the gold. The films were patterned and
glassed. The resistivity rose to 15 micro-ohm-cm for the en-
capsulated units. Current density tests at 2x106 A/cm2 and 222°c
gave a mean-time-to-failure of 600 hours. A sample at 1x10°A/cm2
and 195°C gave an estimated mean-time-to-failure of 6700 hours.
These failures are both of the catastrophic open and the resistance
increase type. Since these samples have high resistivities, and
were glassed, a direct comparison with the chromium-gold binary
system is difficult. However, it appears that there is a sig-
nificant improvement in the lifetime over the chromium-gold
system, although the mechanism of failure is similar.

Titanium-Gold

The titanium-gold metallization results have been promising
at current levels greater than 2x106A/cm2. A study of the
titanium-gold metallization system and its thermal stability was
presented previously. This revealed a potential failure mech-
anism for the titanium-gold system as a resistance increase,
followed by a burnout in a localized area. This failure mode
appears similar to that seen in about 500 hours with the chromium-
gold system and about 7000 hours with the molybdenum~-gold system.
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The titanium-gold data is given in Table 24. There appears
to be a strong dependence on initial resistivity, and therefore
on the titanium thickness. Films with approximately 6.5 micro-
ohm-cm resistivity are characterized by about 1000R of titanium
and good high current performance. Lifetimes of 19,000 hours at
1x105 A/cm? and 7,500 hours at 2x106 A/cm2 are indicated. At
higher current densities, the lifetimes are greatly reduced.

The distribution of the failure times are shown in figure 20.
From these results, the titanium-gold system on Si0y continues to
show promise as a low temperature system, if the titanium thick-
ness is less than 1000R. However, these thin titanium layers are
inadequate to prevent alloying of the gold with exposed silicon,
if elevated temperatures (>3700C) are involved. This limitation
of the titanium-gold system was discussed earlier.

TABLE 24.- TITANIUM-GOLD HIGH CURRENT TEST DATA

Resis-

tivity

(micro- 6 o Fraction Total 50%
Sample | ohm-cm) | J x 10 T(°C) Failed Test (Hrs.) MTF
1-5 6.5 0.98 179 4/10 91,300 20,000
1-4-2 8.5 1.56 153 4/7 20,240 5,300
2-4-2 8.5 1.58 176 9/9 7,650 760
1-10 6.5 1.88 193 8/10 68,680 7,800
1-4-1 8.5 2.9 186 10/10 19 ' 1.7
2-4-1 8.5 2.91 243 10/10 21-1/2 2.0

Titanium-Platinum-GoId

The initial thermal and high current density tests of the
titanium-platinum-gold films have indicated a need to study the
thickness effects in this system more completely. A sample of
etched titanium-platinum (35002) was coated with evaporated gold
to a total thickness of 8000&. The titanium thickness was
estimated to be 2000R. Initially, the resistivity was 4.4 micro-
ohm-cm. However, after gold backing and mounting, and encap-
sulation, the resistance had risen such that the resistivity was
4.8 micro-ohm-cm. 1In order to gather information, titanium-
platinum-gold samples were placed on test at current densities
even higher than normal. Also samples were sputter-etched from
a film of 350014 titanium-platinum, with a gold layer of 2,220R%.
The initial resistivity was 6 micro-ohm-cm, but after processing
and encapsulation, the resistivity had risen to 8.9 micro-ohm-
cm. . The ambient temperature for these high current tests was
125°C. The results are shown in Table 25. The 1.8x106 A/cm2 and
higher current density samples showed primarily a resistance rise
prior to failure,
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Figure 21.- Ti-Pt-Au Total Thickness (9000&) Normalized Resis-
tance as a Function of Time on Test at 3.5 x 106A/cm2 and 225°cC

film consisted of about 3500& of titanium-platinum and 45008 of
gold. The adjacent 1l-mil conductor (no current) showed no sig-
nificant change in resistance. In a 6.3 x 106A/cm2 test, where
the film temperature was 500°C, the adjacent conductor (no
current) showed a 4.5 percent increase in resistance, although
the test was less than 1/2 hour in duration. Examination of the
ohmic failure at 3.5 x 106 A/cm2 showed a very roughened surface.
The edge around the gold pattern is the titanium-platinum layer,
which was left slightly wider than the evaporated gold. This
sample showed an ohmic increase as would be predicted by the 450°C
thermal tests.

Although these tests were not as complete as those of the
other metallizations, they indicate a resistance mode of failure
may be induced in Ti-Pt-Au at elevated temperatures and/or high
current densities.
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Molybdenum-Golid

Considerable data on the molybdenum-gold system is shown in
Table 26. This metallization appears to be the most promising to
date. The results show that good reliability is obtained at 2
1759C ambient temperature and current levels up to 2 x 106 A/cm”,
At higher current levels, the lifetime is higher than for the
other metallizations. The glassing does not appear to significantly
increase the lifetime on the high current tests. The failure
mechanism appears in the long life samples as a resistance in-
crease. Opens have occurred within the first 200 or so hours of
operation of samples at low temperatures (185°C), and low current
densities. At higher temperatures (>185°C), the characteristic
failure mode is characterized by a doubling of resistance in about
7,000 hours. Analysis of the five long life groups gives a
sample of 50, with 2 opens occurring at 28 and 200 hours. The
rest of the failures have been ohmic (resistance doubling). The
distribution of these failures is shown in figure 22. A typical
resistance failure is shown in figure 23.

Each sample consisted of a chip mounted in a TO-5 can with
both a 1/2 and a 1 mil wide conducting strip wired to the pins.
The first tests were on the 1/2 mil lines. Following the failure
of the 1/2 mil conductor, the resistance of the 1 mil conductor
was verified. Following the verification of the 1 mil lines, the
samples are often returned to the test sockets, using the 1 mil
conductor. The applied voltage and external load resistors were
the same as used for the 1/2 mil test, so the current through each
test conductor was about the same as before, but the current
density is about half the first test value. The load resistors
were generally at least ten times the resistance of the test
conductor, to minimize the current density variation due to sam-
ple resistance changes. Each test was started after a 24-hour
-preheat before applying current to the samples. The current was
increased slowly over a several minute period to the desired
value.

One sample of evaporated molybdenum-gold in the tests at
150°C oven temperature showed an early increase in resistance.
This molybdenum-gold conductor, 1 mil wide x 54 mil long initially
showed a higher than normal resistance (7.35 ohms vs 5.91 ohms).
This sample showed an increasing resistance during the early
portion of the test, and doubled its resistance in about 28 hours.
The other eight samples of this group did not show this change.
However, the average temperature for the group was 247°C, while
this particular device operated initially at 260°C, due to its
higher resistance. As the resistance increases, the current falls
slightly, and the temperature rises. The resistance and the cal-
culated temperatures of this sample during the first 60 hours of
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test are shown in figure 24. When this device was opened for
inspection, it was discovered that the die was bonded poorly to
the header, which would reduce the thermal transfer to the
header, raising the sample temperature considerably above the
estimated values based on a good thermal transfer. The 1/2 mil
strip showed a normal gold burnout failure occurring under the
silicate glass (figure 25). The 1 mil strip showed a large area
of missing or spotty gold under the cracked glass, Some of the
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Figure 24.- DC Resistance of Moly-Gold 1-mil Strip
(#2-81) as a Function of Time at 1.96 x 106 A/cm2 -
Estimated Film Temperature 247°C (average)
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TABLE 27,- CURRENT DENSITY TEST RESULTS

Resis-
Current tivity
Density J (micro- Average 50%
106 A/cm2 ohm-cm) Temperature MTF (hours)
Al 1.0 4.7 167gc 780
2.0 4.4 185°¢ 19
Cr-Au 1.0 7.8 195°¢ 13,500
2.0 7.6 219°c 1,500
(@}

L 0.98 6.5 179°% 20,000
Ti-Pt-Au 1.88 6.5 193°¢C 7,800
Mo-Au 1.0 4.2 177gc 6,700

2.0 4.4 194°¢ 5,250
Ti-Pt-Au 0.9 8.9 1sogc 4,600
1.8 8.9 190°c 2,500

higher resistivity samples have a reduced lifetime. At 2 x 106
3 x 105 A/cm2 and 210°C the life was only 1.9 hours.

The Ti-Pt-Au samples wyere from a lot which had only 2,000 A
gold deposited over 1,500 A Pt, From the thermal tests dis-
cussed in a previous section, this combination of thickness in
Au-Pt is expected to exhibit a thermally induced resistance
increase. Even though the current density samples were not of
optimized thickness, the lifetime was longer than 2,500 hours at
1.8 x 106 A/cm2.

The extended lifetime of the Au based systems is further
exemplified by the data on the MoAu samples. Even at 2 x 10°
A/cm4, the lifetime of the MoAu samples exceeded 6,000 hours.

The current density studies reported here on the Au based
systems were not designed to be as intensive as those reported
on aluminum (ref. 3). Consequently, the results do not nec-
essarily indicate that Au migration is a predominant failure
mode in the metal Au systems tested. The intended result of
gualitative comparison in lifetime was accomplished, and shows
that the Au based systems are capable of lifetimes of 10 to 100
times longer than aluminum at a very high current density.
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with most glass combinations. The sputtered film showed a high
resistivity and earlier tests showed cases of severe "nuggeting"”.

Therefore, the tantalum filament evaporated aluminum was
chosen as a reference metallization. This material showed
deterioration when unprotected, but was greatly improved by the
use of any of the glass combinations. (See figures 29 and 30).

(1000X) (1000X)

Figure 29.- Aluminum (Tantalum Figure 30.- Aluminum (Tantalum
Filament Evaporation) after 18 Filament Evaporation) and Si0,
Hours at 450°C in Air after 18 Hours at 450°C in Air

The higher temperature Si0, operation caused some mild deteriora
tion of the metallization, which was reduced when an initial thin
layer of sputtered quartz or low temperature glass was applied
prior to the Si0, operation. All the glasses adhered to the
aluminum metallizations and no cracking, or loss of glass was
noted.

Molybdenum-gold and molybdenum—gold-m§lybdenum films were
prepared using 2000 A of molybdenum, 4000 of gold, and, in

some cases, 200 R of molybdenum as a top layer. The compatibility
of the metallization with various glassing processes was checked
by depositing a layer of glass over the patterned metallization
before the thermal tests. The evaporated molybdenum-gold and
molybdenum-gold-molybdenum films, sputtered molybdenum-gold, the
referenced metal aluminum and a titanium-gold film were rated

for compatibility with the various glasses in Table 2B. There
were cases of cracked glass and poor adherence, as indicated in
the table.

The unprotected films varied in performance. The aluminum

showed mild deterioration starting in 1/2 hour at 450°C. The
deterioration of the molybdenum-gold films was varied.
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Molybdenum films showed good stability after 18 hours baking
at 450°C in air. These films were not protected by a glass over-
coat and were deposited by sputtering onto a thermally oxidized
substrate. Dark edges are observed along the molybdenum-gold
films due to oxidation of the molybdenum out from beneath the top
gold layer, a frequently observed mode of deterioration unless a
glass passivation overcoat is used. If the top gold is thin and
a heavy interface is used, the deterioration becomes quite severe
even though a glass passivation is used. (See figure 31.)

Cracking of the glass layer was seen with the gold top
layers and sputtered quartz, sputtered quartz plus low tempera-
ture glass, sputtered quartz
plus SiO3 and the low tem-
perature glass. The only
glass adhering to the gold
(either evaporated or sput-
tered) was the SiO, (even in
this case adherence to larger
areas of gold was marginal).
The films with the SiOj
showed little or no deteriora-
tion in 18 hours at 450°cC.
The deterioration noted in the
cracked samples originated
around the exposed metal area
further suggesting that the
' : _ s diffusion of oxygen through
(1520X) the gold or glass is a prob-

able mechanism.

Figure 3l1l.- Sputtered molybdenum-

Gold Film and Low Temperature The above action is not
Glass After 18 Hours at 450°C in surprising. Gold when de-
Air (Thin Gold Layer) posited upon glass substrates

does not adhere well, and
glass deposited upon gold should behave similarly. The adhesion
in this case will be enhanced by the surface roughness or texture
of the gold film. The SiO, adhesion, however, is improved because
this passivation is deposited by vapor or gas plating. In this
method, corrosive constituents are reacted at an elevated tempera-
ture at the surface of the substrate. No doubt a certain amount
of reaction between the gold and one or more materials in the
vapors does occur before the actual glass layers start to form,
resulting in an improved metal-to-glass bond.

The molybdenum-gold-molybdenum film showed interesting prop-
erties. If the film is heated at 450°C with the top molybdenum
layer exposed to air, the sample deteriorates as expected. This
deterioration carries through to the intermediate gold layer. If
the top molybdenum film is removed before the baking, the results

Note: The term SiO, refers to gas vapor deposited material.
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film deteriorated rapidly and completely in the air bake at
450°C. The edges of the film showed little or no deterioration.
The edge was apparently an intact gold film which was undercut
during the titanium etch (see figure 33).

Both the sputtered quartz and the low temperature glass
showed cracking on this metallization, with severe deterioration
of the exposed metal, and mild deterioration of the protected
areas. The Si02 film did not crack and the protected metal showed
little or no deterioration in three hours and mild deterioration
in 18 hours (see figure 34).

(1520X)

Figure 33.- Titanium-Gold Film Figure 34.- Titanium-Gold Film
after 18 Hours at 450°C in Air and Si03 after 18 Hours at 4500C
in Air

The titanium-gold film had an initial resistivity of 3.4
micro-ohm-cm with no significant increase on baking. This is
surprising, in view of the obvious visible deterioration of the
film in many cases., However, the average measured resistance of
the 1/2 mil x 54 mil line before glassing was 18.8 micro-ohm-cm
and, after glassing and baking, 1 1/2 hours at 450°C, the value
was 19.2 micro-ohm-cm,
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Figure 36.- Normal Cross Section Figure 37.- 5

of Multilayer Molybdenum-Gold-
Glass-Molybdenum-Gold-Glass

o

Angle Cross Sec-

tion of Multilayer Molybdenum-
Gold-Glass Molybdenum-Gold
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Figure 38.- Schematic Representation of
of Molybdenum-Gold Multilayer Test

Vehicle
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(375X)

(375X%)

Figure 41l.~ Molybdenum-Gold
Multilayer Si0, Structure
After 18 Hours at 450°C in Air

Figure 40.- Molybdenum-Gold-Si03-
Glass-Molybdenum-Gold Multilayers
after 1 Hour at 450°C in Air
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generally gave more problems than those that were evaporated.
Even in the most difficult cases, the 3 micron lines were always
retained. Many of the 1 micron lines were etched successfully,
but were lost in subsequent cleaning and removal of the resist.
The problem is minimized by substitution of a gentle TCE rinse
for the normal TCE spray cleaning.

The normal photoresist retains the exposed portions, and the
unexposed area is removed in the development. In some processes,
it is convenient to use the Shipley AZ 1350 Resist, in which the
exposed portion is removed by the development step. Using
Shipley AZ 1350 Resist the fine-line pattern has been consistently
reproduced.

With the increased complexity and fine-line geometry of the
test patterns being used, the difficulties of consistently
patterning a complex metallization became more apparent. Spe-
cifically, the use of the present multilayer test pattern has
disclosed photoresist problems. The difficulty, generally, is
seen with the use of a vigorous etching solution, usually heated,
and appears in the form of lifting photoresist toward the end of
the etching process. While no definite conclusions have been
possible, several tendencies have been noted. First, the final
bake time and temperature are critical for these complex patterns.
Inadequate postbake, after development, commonly causes poor
adherence. There has also been a tendency for more adherence
problems with the molybdenum top coated metallizations, especially
where the molybdenum is thicker than a few hundred angstroms.

This problem is probably due to the undercutting of the resist
during the etching of the thicker bottom molybdenum layer. How-
ever, the use of controlled etching conditions has, to a large
degree, eliminated any serious problems. A common cause of
difficulty is the use of molybdenum etch at too low a temperature,
resulting in_an excessive etching time. The etching step for the
bottom 2000 & of molybdenum should not be much greater than 15
seconds, and never longer than 30 seconds. After etching, a rapid
and complete rinsing in deionized water is necessary. With an
adequate postbake (30 minutes at 1800C for the resist used in

this experiment), there has been little adherence problems. How-
ever, it has occasionally proved difficult to completely remove
the resist from the water. The use of an acetone rinse, 15
seconds in hot J-100 (photoresist remover), followed by a second
acetone rinse, and another 15 seconds in hot J-100 has proven
satisfactory in even the most difficult cases. The wafer is then
cleaned by an acetone rinse, and TCE sprayed.

Before any further processing, the wafer is rinsed at least
30 minutes in deionized water. Before metallization steps, a
5 second dip in very dilute (40-1) buffered HF etch, followed by
a deionized water rinse is performed. This produced wafers which
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width of tpe patterned line. The etching of these thick films
may be avoided in the gold systems by etching only a thin layer,
then plating additional gold on the patterned wafer.

Figure 44.- 5° Angle Cross
Section of Multilayer
Molybdenum-Gold-Molybdenum-
Glass Molybdenum-Gold-Glass

Figure 45.- Photomicrograph of Figure 46.- Photomicrograph of
Scratched Molybdenum-Gold Metal- Poorly Etched 3-micron Aluminum
lization - Line 2 mils Wide Film - Line 2 mils Wide
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Figure 47.- Diagram of Diode RF Sputtering System

temperature and the reactive gases in the vacuum system. The
removal rate increases with wafer temperature and can be
decreased by a factor of two simply by water cooling the source
target.

A second masking process has been used in beam lead work
(ref. 20). In this use only the Pt is sputter etched and the
thicker gold plated beams serve as the etch mask. After
deposition of the Ti-Pt, the gold is plated to 2 microns or
greater on the beams. The thick gold then serves as a mask and
only approximately 3000 A of the gold is removed in sputter
etching the 2000 A Pt £ilm.

Figure 48 contains photomicrographs of a portion of the
first layer metallization in a multilayer test pattern. This
pattern was photo masked with 9000 R of KMER (poise 0.15) and

the Au and Pt were sputter etched. The Au thickness is
approximately 8000 A and the Pt is 1500 R. Figure 48 (b) is a
blown-up view of a portion of the pattern in figure 48 (a). The
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The Cr and Mo metals were
being bombarded for a full
five minutes after the gold
cleared while waiting for
the thicker Au and Pt metals
to complete etching. There
was no indication of under-
cutting on any of the wafers
and a continuous film of
Cr, Mo or Ti remained on all
— wafers. Therefore the pro-
cess is easily controlled
l and is only limited by the
resolution of the masking
material and the relative
sputtering rates of the mate-
rials.

Sputter etching of the
Pt for beam lead work which
is the Ti-Pt-Au system, has
also been demonstrated. The
Pt is sputter etched using
A : d either photoresist as a mask

or the gold plating. In using

the gold mask, the Pt is not
etched until after the gold
plating of the beams is com-
pleted. The thick gold
(2 microns to 0.5 mil) then serves as a mask for sputter etching
the Pt. The sputtering rate for the gold is only slightly faster
than the Pt and approximately 3000 § of plated gold is removed
while sputter etching the Pt. The technique actually reduces
the number of resist steps in the beam lead fabrication process
by at least one from the required steps had chemical etching
been used.

Figure 49.- Cross Section of
Sputter-Etched Ti-Pt-Au

These results indicate the feasibility of the sputter etch
technique in delineating semiconductor contacts. The practicality
and adaptability of this technique for a production process
obviously depends on the metal system to be etched. Clearly,
its use in etching aluminum is limited. Even though excellent
definition is obtained in aluminum, the extremely slow etch rate
makes this technique impractical. However, for a system such
as Ti-Pt-Au the sputter etching technique is practical and
amendable to a production process.
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An early application of beam leads was 2 DCTL gates with
3 and 4 inputs of high frequency transistors, and nine beam-
leaded boron-diffused silicon resistors. Several circuits wired
as 3-stage ring oscillators with a fan-in of 3-4, and fan out
of 1, yielded measured propagation delay of 4.2 ns.

A specific application of beam leads to monolithic inte-
grated circuits was investigated by Waggerer (ref. 29). As a
consequence of etching away the unwanted silicon from under
the beam leads, isolated pads of silicon may be attained, inter-
connected by beam leads. The only capacitive coupling in these
small metal-over-oxide overlays is typically 0.05 pf.

The processing was developed to survive 350°¢ oxidizing
ambients (air or steam) continuously for 1000 hours without de-
gradation. The metallurgical system is Pt5Sip-Ti-Pt-Au.
Platinum silicide is used as the ohmic contact material for it
is the most stable of the silicon compounds, has extreme corro-
sion resistance and is a solid phase at 9800C (ref. 30). It
has an optical reflectivity different from either silicon or
platinum and forms ohmic contact to heavily doped silicon.

In this particular reference the platinum is sputtered and
heated to 700°C in an inert atmosphere. The platinum reacts
with silicon to form Pts5Sijy which is a solid phase and will not
ball up or creep beyond the edges of the contact holes as a
eutectic would do. Platinum over the oxide is removed, leaving
silicide inside the contact holes. Then titanium is deposited
which has a high oxygen activity, refractory in nature, an
ability to absorb almost half its weight in reaction products
interstitially and the natural oxide that it does form is com-
pletely self-passivating at temperatures of about 400°0C.

Table 29 lists some common metals and free energies of
formation of their oxides in order of activity (ref. 31). This
may be used as a guide for surface-bonding strengths. Titanium
is the first active metal after silicon and in addition to having
great bonding strength, titanium may be used to penetrate a thin
Si02 layer (gettering). Gold is used as beam lead material
because of its corrosion resistance, ease of bonding, low yield
point, high elongation and suitability with high resolution
electroforming. However, gold is a very reactive metal and
reacts with titanium chemically at relatively low temperatures
for form compounds which are undesirable. So platinum is used
in a sandwich structure for it has a low diffusion coefficient
with gold (D is less than 10-10 cm2/sec. at 9000C) (ref. 32).

Metal films are normally deposited by evaporation but in
this case, since there is a need for extreme adherence of
titanium to silicon dioxide, the sputtering technique is used.
Since sputtered metals have many times the energy of thermally
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8. Introduces a minimum amount of damage or surface
instability while being deposited
9. Compatible with multilevel processing
10. Beams must be ductile and easily bonded

Since the properties of a metal demanded by each function
vary markedly, it is difficult to find a simple metallurgical
system that will satisfy all the requirements. With the excep-
tion of the all-aluminum beam lead metallurgy (refs. 33 and 34)
all other metallurgical systems reported are composed of three
or more metals; the contact metal, the bond metal, the diffusion
barrier metal, and the beam metal. This section will discuss
beam lead materials, processing and reliability of beam lead
technology now in use or to be used in the immediate future.

The first level metallization must have high conductivity,
low contact resistance, must not degrade at high temperatures
or current densities and be amenable to production techniques.
Of the more commonly used metals: aluminum, chromium, titanium,
molybdenum, platinum, palladium, cobalt and nickel; each appear
to have advantages and disadvantages. In some cases these
characteristics have been discussed 1n previous sections; but
bear repeating.

Aluminum has high conductivity and low contact resistance
but will dissolve the silicon substrate at elevated temperatures
and/or high current densities. Chromium is an excellent contact
metal as well as a good bond metal but forms rectifying contacts
on P-type silicon over 0.02 ohm-cm. Nickel also makes rectifying
contact on high-resistivity P-type silicon and suffers from de-
gradlng intermetallic compounds at high temperatures. Molybdenum
is a good contact material and has good temperature stability
but does form rectifying contacts on high-resistivity N-and P-
type silicon (above 0.0l ohm-cm). Platinum comes the closest to
the ideal contact material., It does, however, have one property
that limits its use. Due to its very high melting point, it
must be evaporated by electron beam or sputtered so that xrays
are present during the deposition which can cause damage to MOS
devices. Recently, palladium has been suggested (ref. 35) as a
replacement for platinum on MOS devices since it can be evaporated
from a tungsten filament, thus eliminating any possibility of
xray damage. Since palladium has similar characteristics to
platinum and can usually be etched*, the consensus of opinion is
that palladium will replace platinum in beam lead technology.

In the case of either palladium or platinum, a silicide is formed
and markedly reduces contact resistance. See Table 30 (same as
Table 21 in a previous section).

Metal silicide- Sl contacts are prepared as follows. Silicide
films of about 1000 A in thickness are deposited onto oxidized

*Palladium can be etched in concentrated sulphuric acid at 60°C

85



silicon wafers with contact holes by vacuum evaporation. The
source silicides are prepared by melting the stoichiometric
mounts of their constituent materials with the use of an hf
jenerator in an argon atmosphere. In order to prevent oxidation
>f the silicide layer, the Pt layer of about 2000 & in thick-
1ess is successively deposited onto the silicide layer.
ivaporated platinum and silicide layers are chemically etched to
‘orm expanded contacts using photo resist techniques. These
specimens are then heat-treated for 10 minutes at a proper tem-
erature between 300°C and 700°C in an argon atmosphere. After
1eat treatment, a gold outer layer is deposited in order to make
:asy bonding of the lead wire for the electrical measurements.
rhe I-V characteristics of the silicide-silicon contacts have
>een observed using a diode curve tracer and the measurements

>f the contact resistances carried out by the ordinary dc four-
>robe method. The shear adherence of the silicide layer to the
310 surface is determined by the scribing technique (ref. 36).

The results of x-ray analysis show that as-deposited, sili-
cides are amorphous but when silicide-silicon contacts are heat
treated at temperatures above 400°C for 10 minutes the diffrac-
tion pattern corresponding to the silicides appears in addition
to those of platinum and silicon. In the case of CoSi-Si con-
tacts, the diffraction pattern corresponding to CoSi is observed
for heat treatment at 400°C and those corresponding to CoSi and
CoSiy at 500°C. 1In the case of PtSi-Si contacts, only diffrac-
tion patterns corresponding to PtSi is observed for heat treat-
nent above 400°C. From the features of the I-V characteristics
it has been found that the silicides such as CoSi, CoSi; and
PtSi provide good ohmic contacts to n-type silicon having the
resistivities less than 0.005 ohm-cm and to p-type silicon less
than 0.01 ohm-cm,

The results of the measurements of the specific contact
resistance, Rc for CoSi-Si and PtSi-Si contacts are given in
Table 30 along with those of Al-Si (ref. 37). All the measured
values are the average of at least four measurements. The
values of Rc are reproducible to +20 percent. It should be
noted that all of the silicides studied yield low resistance ohmic
contacts to heavily doped silicon and Rc is strongly dependent
on the resistivity of silicon, regardless of the particular
silicide contact. The effects of heat treatment on Rc are
remarkable when the resistivity of silicon is relatively high.

The shear adherence of silicides to Si0, is presented in
Table 31 in comparison with those of some familiar metals.
Shearing forces are calculated from the indentation hardnfess of
Si02 and the critical loads at which the silicide films are
stripped from Si0, leaving a clear channel (ref. 38). The
results are rather qualitative because measurements of the
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considered as bond metals because of their adhesive qualities.
Aluminum, in fact, has been used by itself to form a complete
beam lead system (ref. 38). This system, however, is limited to
low current ( 105 amps/cm2) and low temperatures (400°C). Since
all of these beam metals are very active, they are subject to
corrosive undercutting during defining; therefore, they must be
deposited in very thin layers.

As gold is most often used as the beam lead material, a
diffusion barrier layer metal is used to prevent gold diffusion.
Molybdenum is a good diffusion barrier and has the added
advantage of being inexpensive and readily defined by chemical
etching in the presence of the gold beam, eliminating several
costly fabricating steps. Tests have shown molybdenum-gold
metallization to be severely corroded in 85°C, 85 percent relative
humidity ambients in 48 hours, where platinum-gold metallizations
have exceeded 1000 hours in the same atmosphere (ref. 39). Since
the beam is the contact medium between chip and substrate,
special consideration must be given to its compatibility with the
substrate metallurgy as well as the chip metallurgy. In general,
a beam metal must have the following characteristics:

Good mechanical strength

Easily deposited in thick layers (>50,000 R)

Easily defined by controlled deposition or etching
High corrosion resistance

Low yield point

Coefficient of expansion near to that of silicon or
high elongation to overcome mismatch

. High conductivity

. Easily bonded.

AU W
* & o o o o

o ~J

Gold, aluminum, nickel (ref. 40) and copper (ref. 38) are
most often suggested as potential beam metals that could be used
in conjunction with a variety of bond and barrier metals. Un-
fortunately, many of these metal systems deteriorate rapidly in
corrosive environments which are accelerated if the metals are
under electrical bias. Table 33 shows the effect of electrical
bias on some of these metal systems while submerged in a boiling
1l percent solution of ammonium hydroxide in deionized water.

The vehicles used for testing the metals listed were silicon dice
upon which has been patterned parallel "dogbone" conductors to
which suitable bonded connections were made. A potential of

10 volts was applied to pairs of the strips while chips were
submerged in the electrolyte.

Although the all-aluminum beam lead system has too many
restrictions for general use, it does offer a simple, inexpensive
metallurgy for low current applications. A typical all-aluminum
system (ref. 34) consists of a conventional integrated circuit
on which a layer of silane glass is deposited and windows are
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Figure 50.- Aluminum Beam Lead System with
Separately Deposited Beams

2000 & sputtered and 6000 A pyrolythic quartz, the pinhole
density dropped to a minimum. Ninety seven percent of the cir-
cuits were free of pinholes. For the connection to the beam
leads, feed-through windows are cut in the deposited oxide and
layers of titanium (1000 R), platinum (3000 &) and gold (20008)
are sequentially sputtered onto the entire wafer. The beams are
then electroplated to the proper height. The sputtered gold

and platinum is removed from the unwanted areas by sputter etch-
ing and the titanium is chemically etched. See figures 51 and
52. Despite the fact that pure metal layers were deposited, all
devices with aluminum interconnections and Ti-Pt-Au beams showed
high contact resistance (up to 1000 ohms). The electrical
behavior of these contacts strongly indicated the existence of
an aluminum oxide between the aluminum interconnections and the
titanium. Therefore, it was necessary to introduce a sputter
etching step prior to the deposition of the titanium. With

this method and the sequential deposition of pure Ti-Pt-Au,
excellent contacts were obtained.

A copper system (ref. 38) was also developed with the pur-
pose to increase the radiation resistance of integrated beam
lead devices. Again silicon nitride is used as passivation on
top of the thermally grown oxide. Platinum silicide provides
the semiconductor-metal contact (ref. 41). Titanium (1000 R)
platinum (3000 R) and copper (2000 %) is then sputtered sequen-
tially and the interconnections and beams electroformed to the
desirable height. Sputter etching is again used to remove the
sputtered copper and platinum from unwanted areas. The titanium
bottom layer is etched away chemically. Along with the work
referenced above, two multilayer interconnection systems for
integrated circuits have been developed. In both systems,
platinum silicide provides the necessary semiconductor-metal
contacts. The first layer interconnections consist of titanium,
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Platinum and palladium have not been evaluated as beam
metals but they have potential in this application for high-
reliability devices which are subjected to very severe corrosive
environments. The cost would be higher and the bonding would be
more difficult but the thermal expansion mismatch would be less
and the corrosion resistance would be far superior to any other
metal system.

For most applications gold beams are almost the unanimous
choice due to ease of bonding and fabrication. In addition,
gold has a relatively high corrosion resistance. While gold on
titanium and platinum is the technique most widely used, there
are recent reports on gold beams on aluminum (ref. 34) and
molybdenum-aluminum (ref. 44).

This survey was intended to cover only metallization; but
one might say that a metallization system is only as good as the
dielectric under or on top of it. Currently three dielectrics
are used; silicon dioxide, silicon nitride and aluminum oxide.
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contaminate the oxide layer composite it covers and will act as

a barrier to impurities if it is free of pinholes.

The quality

of the oxide is extremely critical in MOS structures as the con-
ventional oxide remains and the silicon nitride is deposited

over this oxide.

In the contact windows the silicon dioxide is

regrown prior to silicon nitride deposition producing a more uni-
form stress-free film and minimizing pitting of the highly
phosphorus doped silicon during the nitride etch.

TABLE 34.- SUMMARY OF PHYSICAL PROPERTIES (ref. 46)

SlO2 Sl3N4 513N4 Sl-OXNy
Amorph. Cryst. Amorph. Amorph.
Melting Point (©cC) ~1600 ~1900 - -
Density g cm™3 2.2 3.4 3.1 --
Index of Refraction 1l.46 2.1 2.05 l1.60-1.88
Dielectric Constant 3.8-3.9 9.4 7.5 4.77-6.12
Dlelegtrlc Strength ~5 x 106 L ~1 x 107 ~5 x 106
vV cm
Infrared Absorption | 4 4 10.6 11.5-12.0] 9.3-12.0
Band um
Energy Gap (e.v.) 8 3.9-4.0| ~5.0 -
Thermal Expansion 3.0-3.5
Coeff./°C 5.6x10"7 | x10~© - -
Thermal Conductivit
cal om-1 seo-1 OC_X 0.0032 0.067 --
dc Resistivity ohm-cm
at 25°C 1014-1016| 1015 ~1014
at 250°c -- - --
at 300°cC -- -- -~
at 350°C - ~1013 ~2 x 1013
Etch Rate in &/min in
10:1 NH4:HF 1000 <0.1 5-10 33-400

(Thermal Expansion Coefficient of
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which etches silicon nitride much faster than silicon dioxide.
Typical etch rates with this solution would be 150 &/min for
silicon nitride and 20 A/min for silicon dioxide. Silicon
nitride etched contact windows are well defined and do not have
the slope of an oxide window. This causes difficulty with stress
and shadowing of deposited metal contacts. Generally, the sili-
con nitride is deposited over a thin silicon dioxide film in the
contact windows. The etching of the oxide is accomplished using
the silicon nitride as a mask. This procedure in many cases
causes "shelving" (see figure 53) of the silicon nitride at the
oxide interface due to lateral etching of the oxide. This can
cause shadowing of the metal deposit, stress and cracking under
thermal cycling. The so-called "shelving" causes the oxide step
under the nitride to have a lateral etched shelf, possibly
causing:

Discontinuity in metal film contact

Stress in deposited metal film

Variation in thickness of deposited metal films
Alloying at elevated temperature (400°C) due to
cracking or shadowing in barrier metal (Pt, Pd).

> W N

The scanning electron microscope is a valuable tool for de-
termining the extent of this problem, and for determining process
control improvements needed to minimize the effect in etching
this composite film.

CONTACT WINDOW
SILICON NITRIDE

METAL DEPOSITION
SHADOW AT SHELF

SHELVING

SILICON
DIOXIDE

Figure 53.- Shelving in Oxide-
Nitride Dielectrics

SILICON

sodium ions and water vapor.

computed from oxygen content for Si

figure 54.

The barrier capability
of silicon nitride can be
monitored using the same MOS
capacitor C-V measurement
used on silicon dioxide. 1In
this case, films of silicon
nitride-silicon dioxide com-
posite can be intentionally
contaminated. It has been
found that the etch rate of
silicon nitride in buffered
HF (25°C) is a very good
measure of film density and
quality. Etch rates greater
than 25 R/min are an indica-
tion of films which will fail
to mask the diffusion of

A graph of etch versus density,
3Ny4 films is presented in

Exposure of oxidized silicon surfaces to ionizing radiation
brings about permanent changes in the motion of a positive space
charge in the insulation, and an increase in density of fast
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METALIZATION

Metallization on an oxide-free surface is very important.
A thin oxide or organics will prevent the formation of a uniform
contact area. The following procedure has been used which has
consistently yielded excellent results. Removal of organics
takes place in an oxygen glow discharge (asher) for 30 minutes
followed by a two minute etch (600 HO, 15 HF, 7HNO3) immediately
preceding evaporation. Sputter etching for precleaning (refs.
58 and 59), is used; but generally not preferred since it heats
the silicon wafer and can reoxidize the surface if a sufficient
amount of oxygen is present. Various metals have been investiga-
ted and evaluated as ohmic contacts to silicon; however, only
platinum has seen extensive use in beam lead technology. Elec-
tron beam evaporation and dc and r-f sputtering of platinum are
being used but the best results are obtained with r-f sputtering.
The sputtering system consists of a sputtering electrode for
each metal and one backsputtering electrode with four water-
cooled platens for slice holding., After an initial pumpdown to
106 torr, the chamber is backfilled with ultrahigh purity argon
to slightly higher pressure (25 to 100 microns) while pumping
against a restriction (e.g. partially opened high vacuum valve).
This facilitates plasma initiation after which the electrode is
presputtered for five minutes with the shutter in place.
500-800 R of platinum is then deposited in six minutes using con-
ditions outlined in Table 36.

TABLE 36.- SPUTTERING CONDITIONS

Source to substrate distance 1-1/4 inches

Chamber pressure 25 microns

Atmosphere Ultra high purity argon
RF power 100 watts

Platen diameter 7 inches

Formation of platinum silicide takes place at temperatures
from 550-700°C. It can be formed inside the vacuum chamber or
preferably in a tube-type furnace. Heating in the vacuum system
requires jigging which, when heated, adds considerably to the
pumping time and makes frequent maintenance necessary. In order
to prevent the silicon surface from oxidizing through the thin
platinum layer, the wafers are loaded immediately after deposition
onto a cool boat in a vertical position parallel to the gas flow.
After a five-minute flush, the boat is positioned in the tube
outside the furnace end before heating for 20 minutes at 640°C.
The boat is cooled at the tube end for 10 minutes. Before heat-
ing, the platinum surface is uniformly colored and afterwards is
gray in the contact windows. If a change in color is not ob-
served, then silicide is not formed. The excess platinum over
the oxide is removed using room temperature aqua-regia which does
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of 100 &/min to a total thickness of 900 R. Platinum is deposited
at a rate of 200 R/min to a thickness of 2000 R preceded by
another five-minute presputtering step. Either of two processing
procedures are used: the platinum properly masked with photo-
resist covering the metallization pattern, is etched in
HCL/HNO3/H,0 at 80°C. Thus, the titanium becomes the conductive
metal for gold plating. The second procedure requires gold
plating directly on the platinum using titanium and platinum as
the conductive metals for gold plating.

Gold beams are electroformed in two steps using separate
photoresist techniques (ref. 61). A positive type resist is used
for the interconnecting metal since fine line geometries are
needed. In the second plate, where fine geometries are not
needed, a negative resist is preferred becuase of better dura-
bility for the longer plating times required. Acid type gold
baths (refs. 61 and 62) having a gold content of 0.7-1.5 troy
ounces per gallon, a density of 14° to 16° baume, and operating
at a temperature of 45°C are used. In addition to adhesion,
thickness and ductility are of prime concern. Thicknesses are
checked optically during plating. A microhardness test after
plating is used as a measure of ductility. Interconnecting
metal is plated to 0.1 mil and the beam buildup requires a total
thickness of 0.5 mil. The gold plating is baked in a nitrogen
atmosphere at 350°C to improve beam adherence. The titanium is
etched from between the beams, the gold beams themselves acting
as the etch mask. Over etching can be a problem which results in
a weakening of the beam adhesion. An alternative sputter-etch
technique involves the removal of platinum using gold beams as
the mask. Uniform removal from areas having a width of <0.2 mil
are practical without undercutting the larger areas, which is
sometimes a drawback for chemical etching. Either of two pro-
cedures can be followed for effective platinum removal. One is
the use of argon as the ionizing gas; the bombardment continues
into the titanium layer requiring a thicker titanium layer. 1In
the second procedure, oxygen in argon is the ionizing gas. In
this case the titanium forms an oxide which protects the titanium
film from attack. This thin oxide is subsequently removed by
sputter-etching. In the case of titanium-molybdenum-gold, each
metal is removed selectively using chemical etches.
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