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‘Hybrid intraconnections join thin film networks and applique

components into an electrically functional hybrid microcircuit
(HMC). Thermocompression (TC) bonding processes were developed

to make intraconnections between beam lead devices (BLDs), applique
components, such as capacitors and the chromium/gold metallization
of the HMC. Thermocompression bonding characterization defined
each bonding process in terms of physical process variables. Once
a set of machine parameters was correlated to the physical variables
for a specific machine, additional machines did not require indi-
vidual characterlzatlon. A set of baseline data was developed
which will serve as the reference for subsequent projects in
implementing the intraconnection processes into production of HMCs.
The processes were developed during a residency of Bendix technical
personnel at Sandia Laboratories, Albuquerque, from July 1970 to
June 1971. :
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~ SUMMARY

" Hybrid intraconnections join thin film networks and applique com-
ponents into an electrically functional HMC. Applique components
were intraconnected with thermocompression (TC) bonds to chromium/
gold metallized thin film networks. The project determined critical
' processes, material parameters, quality criteria, and character-
ization techniques. The work was coordinated by Sandia development
program SC-DR-70-514," and then was transferred to Bendix through
PDO 6984743.2

The program began on July 1, 1970, with a one-year residency of
Bendix personnel at Sandia Laboratories, Albuquerque, under the
direction of Dr. E. G. Franzak. Initial efforts consisted of
organizing the development program and forecasting needed equipment
and manpower. The total time schedule was then PERT-charted.

Gold beam-lead devices, gold wire, and chromium/gold films had
already been selected for these 1ntraconnection technologles

Thermocompression bonding was developed to provide intraconnectidns
between the HMC gold conductor metallization and gold beam-lead
active devices, gold plated external leads, and gold terminated
applique devices, such as capacitors. An optimum combination of
~bonding parameters based on the fundamental physics of the process
was developed. This philosophy required bonding .equipment

to be thoroughly characterized so that the value of bonding para-
meters ( such as force and temperature) indicated on_the bonder could
be translated into measurable values of the force and temperature
within the bond zone.

A gold-to-gold thermocompression (TC) bond requires the appli-
cation of heat and pressure. Pressure disperses interfacial
contaminants and creates a plastic flow which in turn achieves
surface conformity and intimate contact. Heat facilitates

plastic flow because the ductility of metals increases with
increased temperature. Heat similarly facilitates contaminant
dispersion because the mobility of surface contaminants is
increased. Finally, temperature tends to anneal metals and

thus helps to prevent bond rupture after the bond pressure is
relaxed. Bond time is important only to the extent that at a
given deformation and temperature a minimum bond time is required
“f6TF bond cémplétion tThat is much less than thé time required for
interface temperatures to reach equilibrium. Because the :
equilibrium of time-to-interface temperature is determined only by
the equipment used, bond time does not need to be con81dered an
important process parameter

A TC bond results when clean metal surfaces are brought into
intimate contact over a relatively large percentage of the
interfacial area. Under these conditions, a strong solid phase
weld may be formed at temperatures well helow the melting point
of the part.



The K & S Model 573 or 576 Wobble Tool bonder was selected for BL
Bonding. The unique Wobble tool rotates and applies pressure to
each lead of the beam leaded device (BLD) in rapid succession.
This method compensates for variations in lead thickness and
substrate camber.

It was established that the cleaning of conventionally packaged
BLDs was necessary, that bond time was not a critical parameter,
that tool temperature and substrate temperature could be combined.
to give bond interface temperature, that beam hardness and grain
structure were “important parameters, and that substrate metalliza-
tion had to be etchéd with ceric ammonium nitrate (CAN) betore
bondlng to remove a chromlum oxide contamlnant

Samples of four-beam devices (Format 25) were bonded and then
visually inspected for bond deformation, bugging height, and
other possible bonding defects. Next, the devices were destruc-
tively tested by the pull-off test. The failure modes and pull-
off strength were recorded. This and other test data were highest
when the following criteria were satisfied.

® The meanAdevice pull-off strength was greater than 1 g/mil
(0.38N/mm) of beam-width regardless of the failure modes.

e The number of delaminations between the bonded members was less
than 0.3 percent of the total number of bonds tested.

® The relative number of bond heel failures was not greater
than 25 percent.

In the preceding discussion a bond envelope was derived for Format
25 devices. These symmetric devices had four beams (one on each
side) and all four beams were 3 mils (76 um) wide. When larger
devices or devices with asymmetric beam widths were bonded, the
pressure at each beam varied as the bonding tool wobbled around
the device. Thus, the extrapolation of the Format 25 bond
envelope to an envelope for large format sizes was not a 51mple
process.

Reworkability--the ability to remove defective BLDs and replace
them: with good devices--is an important aspect of hybrid micro-
circuit (HMC) technology. Five samples of Raytheon three-beam
transistors were prepared to determine the bond integrity of

the reworked device. The bonding parameters were constant for all

samples. The data concluded that two stages ‘of rework would not
degrade bond strength.




Bond force, bond time, tool temperature, and substrate temperature
were characterized for a RES Modél 3000 wire bonder. Bond force
calibrations were needed for both the ball and the stitch bonds.
Elongation of wire was not a process variable because the bonding
‘operation caused the wire to reach a dead soft state. The bonder
had to be set to produce balls less than five wire diameters.
Flame-off tip orifice size, wire size and tension, the speed with
which the flame cut the wire, the thermal characteristics of the
distance from flame to wire, and the bonding tool affected ball
size.

A bonding envelope was defined for each combination of metalliza-
tion: gold bonding pads on HMC, chip capacitor terminations , and
chip-on-tab device metallization. Constraints placed on the

bond envelope resulted from machine limitations, the occurrence of
bond delaminations, and the softening point of the Ablefilm 517

epoxy. Bondability was found to vary from lot-to-lot of chip
capacitors.

Fine wire bonds could be removed with the same tool used to remove
beam lead bonds. Neither the mean nor minimum strength decreased
significantly according to the increased number of times the

bond was reworked. It was concluded that a wire bond could be
reworked three times by scraping off the old bond and rebonding

in the same location.
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DISCUSSION

SCOPE. AND PURPOSE

Hybrid intraconnections join thin film networks and applique com-

~ponents into an electrically functional HMC. Applique components

were intraconnected with thermocompression (TC) bonds to chromium/
gold metallized thin film networks. The project determined cri-
tical processes, material parameters, quality criteria, and char-
acterization techniques. The work was coordinated by Sandia

development program SC-DR-70-514! and was then transferred to
Bendix through PDO 6984743, 2

PRIOR WORK

The program began on July 1, 1970, with a one-year residency of
Bendix personnel at Sandia Laboratories, Albuquerque under the
direction of Dr. E. G. Franzak, Initial efforts consisted of
organizing the development program and forecasting needed equip-
ment and manpower. The total time schedule was then PERT-charted.
Gold beam-lead, gold wire, and chromium/gold films had already
been selected for these intraconnection technologies.

ACTIVITY

The formation of a gold-to-gold TC bond requires the application
of heat and pressure. Pressure disperses interfacial contaminants
and creates a plastic flow which in turn achieves surface con-
formity and intimate contact. Heat facilitates plastic flow
because the ductility of metals increases with increased tempera-
ture. Heat also facilitates contaminant dispersion because the
mobility of surface contaminants is increased. Finally, tempera-
ture decreases the elasticity of metals. This helps to prevent
bond rupture after the bond pressure is relaxed. A minimum bond
time is required for bond completion.® For typical bonding
conditions the time required for bond completion is much less than
the time required for interface temperatures to reach equilibrium;
therefore, bond time is not an important process parameter.

A TC bond results when clean metal surfaces are brought into
intimate contact over a relatively large percentage of the inter-
facial area. Under this condition, a strong solid phase weld can
be formed at temperatures well below the melting point of the parts.

Beam Lead BondingA

Beam lead bonding is a thermocompression bonding technique that
sSimultaneously attaches a component electrically and mechanically
to thin film conductors.®’® The component is similar to other

11



semiconductor chips except that the surface metallization does not
end at bonding pads on the component itself but extends beyond the
~ edges of the chip in the form of cantilever beams. 'Hence, it
is appropriately called a beam lead device (Figure 1). These leads
~are able to support the device and to provide electrical connection.
Beam lead devices have the following advantages over conventional
chip and wire techniques.

e Semiconductor junctions of BLDs are sealed with a silicon
nitride encapsulant. This eliminates the necessity of sealing
:the HMCs that use BLDs..

e Bonding force is applied to the beams only. This prevents
fracturing the semiconductor chip during bonding.

e Bonded beams pfovide a resiliency that prevents temperature
stress and mechanical damage during the operational life of
the HMC.

® A gold-to-gold bonding system elimates the interac?ion problems
of dissimilar metals, such as gold wire to an aluminum pad.

® All electrical and mechanical connections are bonded in a

single automatic operation. This helps to eliminate operator
error and reduce manufacturing time.

The disadvantages of BLDs follow.
® There is a limited availability of the BLD.

e The hybrid design lacks flexibility because the lead location
is dictated by the device manufacturer. ‘

e The power capability is less than conventional chip and wire
devices because a BLD dissipates heat through its leads.

The K & S Model 573 or 576 Wobble tool bonder was selected as
" the technique to be studied.® Temperature and pressure were
applied to the bond zone by heating the thin film networks
through a work stage and by heating the beams of the device through
the bonding tool. The unique Wobble tool rotates and applies
pressure to each lead in rapid succession., This method compensates
for variations in lead thickness and substrate camber. Figure 2

illustrates the relation of tool, device, and substrate during
bonding.

12



Figure 1. Beam-Lead Device

To begin the bonding operation the chips are placed on a dice dish
in a face-down position. The operator then aligns a chip on the
dish with the tool. The operator then actuates the bonding head.
It descends to a finite distance above the chip. The vacuum system
of the tool pulls the chip into the tool cavity. Next the
operator aligns the beams with the thin film bonding pattern.
Having been properly aligned, the tool descends vertically with
the chip to the substrate. After touching the substrate, the
bonding tool tilts to one degree off-normal, wobbles twice around
the periphery of the chip, rolling over all leads in rapid succes-
sion, and then returns to the start position. The process is
repeated for each BLD to be attached into the HMC.

Characterization of Parameters

Beam-lead bonding development determined an optimum combination
of bonding parameters.’?’ Bonding equipment was required to be
thoroughly characterized so that the value of bonding parameters,
force and temperature, could be translated into measurable values.

13
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Figure 2. Wobble Bonding

A bonding condition found optimum for the operation of one system o
could then be used on another system without a great deal of
certification data.

Bond force, wobble time, and wobble speed were determined by
replacing the substrate holder with a force-to-voltage transducer
and cycling the .bonder. The output of the transducer (Figure 3).
yielded Wobble time and bond force.. Because the bonding tool
always completed two revolutions, Wobble speed (Sw) in RPM was

related to Wobble time (T) in seconds by Sw = 120/T.

Wobble times and force settings are plotted in Figures 4 and 5.
Bond force was found dependent on the clearance between the

force link-and output arm of the tripod assembly (Figure 6).

Bond force is essentially constant for force link clearances
greater than 0.010 inches (0.254 mm). Therefore any clearance
greater than 0.010 inch (0.254 mm) could be used. The bonder
manufacturer claims the value of 0.015 inches (0.381 mm) is more
likely to yield repeatable forces. Tool and substrate temperatures
were characterized with microminiature thermocouples (Figures 7,8,9).

14
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Analysis of Bonding Parameters

Four independent factors of were analyzed: cleanliness, bond time,
bond deformation, and interface temperature.

Cleanliness, This is a nonquantitative factor that can only be
assessed as '"'better-than-before'" from a bond reliability point of
view, Contamination in the interface region détermines the amount
of mechanical and thermal energy required to achieve a reliable
“bond - ‘

From one lot, 200 uncleaned devices and 200 devices cleaned at
Bendix were separately bonded at an interface temperature of 235°C
and a bond force of 400 grams (3.92 N), The devices were then
pull-tested to destruction (Figure 10)., The pull-off strengths
and failure modes. of each device were recorded (Table 1).
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Table 1. Results of BLD Cleanliness on Bondability

Uncleaned Cleaned
Failure mode analysis* Percentage | Percentage
Beam peeling off silicon| 36.3 37.8
Beam broken : 0.7 0.4
TC bond failure - 2.3 0.7
Beam at edge of silicon 25.7 24.3
Beam at heel of bond 35.7 36.8

*Beams measured_at 12 g (120 mN) average pull-
off strength (X) with a standard deviation of
4.4 g (44 . mN) and 4.2 g (42 mN) (o) for
uncleaned and cleaned devices respectively.
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The mean pull-off strength and standard deviation were essentially
the same for both cleaned and uncleaned devices. The only failure
mode with a difference between the cleaned and uncleaned samples
was the relative number of TC bond failures.

The bond failure rate for uncleaned devices was more than three
times the bond failure rate for cleaned devices.

An additional cleaning experiment evaluated cleaned and uncleaned
devices which were shipped in an as-etched array. These devices
were mounted on a sapphire disk with a holding wax. The pull-off
strength and the relative number of TC bond failures were the
same for both the cleaned and uncleaned samples. The necessity
of cleaning BLDs therefore depends on the packaging used by the

device vendor.

Bond Time. Studies have shown that reliable gold-to gold TC bonds
can be formed in less than 100 milliseconds.?
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Wobble speed was calibrated (Figure 4) as a function of dial
setting by inserting a force transducer in place of the substrate
chuck. The minimum Wobble time was approximately 2.4 seconds. It
will be shown later that a time of 0.4 seconds is required to
obtain an equilibrium-interface temperature. Therefore, bond
integrity did not depend on the Wobble speed setting.

Bond Deformation. This results when pressure is applied to the leads
of the device through a heated bonding tool. The allowable deforma-
tion can be determined nondestructively by measuring the width of

the bond zone and the distance from the bottom of the device to

the substrate (bugging). It is a common practice to allow a

maximum bugging height of 0.002 inches (51 um) and a maximum bond
width 1.7 times the nominal beam width. From destructive testing,
Ooptimum bond deformation can evaluated by the percentage of bond

heel and TC bond failures that occur (Figure 11).

During bond schedule development, TC bond failure (D) in excess of
0.3 percent of the total bonds tested indicated insufficient bond
deformation and/or interface contamination. Heel failures (F)
.over of 20 percent indicated excessive, bond deformation.
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Interface Temperature. The bond-interface temperature is determined
by the substrate temperature, the bond time, .and the bonding tool
temperature. The lowest possible substrate temperature prevents

bonding.

Most beam lead bonding tools are fabricated from tungsten carbide
or titanium carbide. If a braze is used to hold the tip or heater
in place, the tools are limited to operation below 550°C. Solid
tools that do not use a braze can be operated in excess of 600°C,
but tool life is short. There is also danger of BLD degradation
when the maximum temperature of the chip exceeds 370°C.%’?

Some protection for the device is obtained by the air flow around
the chip caused by the wvacuum. Heat transfer analysis was used
to calculate the average chip temperature as a function of bond-
ing tool temperature, device size, and configuration.

If the chip reaches a uniform temperature and if negligible heat
is lost due to radiation, then the heat flow into the chip from
the tool equals the heat flow out of the chip due to convection.
Heat flow into the chip depends on thermal contact resistance
between the tool and the leads of the tip. Heat flow out of the
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chip depends on the volume and velbcity of the air flowing past
it. Mr. A. O. Donaldson, Sandia Laboratories, Albuquerque, has
determined that at“a steady state

Cm v - w1 1
h A (Tt —,Tc) = h (TC Ta) A,

Where

h is the thermal contact resistance beam to tool, 880 Btu/ftzhr°F
(5.88 x 10° &, hr°C),

bl is the thermal convection resistance, 36 Btu/ft2 hr°F
(2.4 x 109 J_ nr°cC), :

ma
A is area of contact beams to tool in square mils
Al is the surface area of chips plus exposed beams in square mils,
T, is tool temperature is °C,

T is average chip temperature in ®C, and

T 1is air ambient temperature in °C (assumed 25°C).

In Mr. Donaldson's equation the chip temperature is directly pro-
portional to. tool temperature, and the proportion depends on chip
and beam dimensions. Because the beam dimensions of most BLDs are
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standard,* the dimension of these chips can be related to the
number of beams they possess. The average chip temperature is a
function of the number of beams on the chip (Figure 12). These
curves are calculated from the standard device configuration, an
air flow rate of 2 cubic feet (0.057m3) per hour around the chip,
ambient air temperature (25°C), and a square chip with an equal
number of beams on each side. Increasing the number of beams
(heat paths) increases the chip temperature. However, when the
number of beams increases above four, chip size increases. The

180 |
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= 100
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Figure 12. Chip Versus Beams

*Standard beam dimensions are 5 mils (125 um) long, 0.5 mils
(125 um) thick, and 3 mils (75 um) wide.




increase in chip cooling by‘convecfion now-is greater than the
increase in heating by the addition of heat paths. Thus, the
average temperature of the chip decreases.

For most device configurations and bonding tool temperatures,

the 370°C limitation is not to be exceeded; for small devices and
high tool temperature, the chip temperature should not approach
370°C.

Heat transfer analysis® was used to calculate the temperature at
the interface between the beam lead and the substrate. This was
a function of time, tool temperature, and substrate temperature.
The analysis consisted of using Henning and Parker's solution:

. 2 , ,
8 (F) - 1 (1 - a) ed2 F erfc (a F) (1)
where
a = L
1+ 1/2 ktptct
kspscs

"k = thermal conductivity

p = density,

c = héat capacity,

F = Fourier number (= ag X time/Rz),ﬂ
a = thermal diffusivity,

R = radius'of'junction,

e

Ts = Ty

T = temperature
and subscripts

s = substrate,

t = tool, and

I = Interface.'




The constants for the interface temperature achieved during bonding,

k, = 20 Btu/hr-ft °R (7.03 x 10°% J/hr-m-°R),
C, = 0.06 Btu/1b-°R (139 J/kg-°R),

P, = 976 1b/5t> (4.67 x 10% pPa),

k_ = 11.7 Btu/hr-ft°R (4.1 x 10 J/hr-m-°R),
c, = 0.25 Btu/1b-°R (581 J/k,~°R) and,

P_ = 250 1b/£t° (1.2 x 10% pa).

These properties and an approximate effective value of R equation
(3) yield

a = 0.61,
and F = 17 x (time) where time is in seconds.
Rewriting for Theta, tool, substrate, and interface temperature

= - + ]
A?I =4 (Tt Ts) TS’ A .
Where
A = 1-8
Thus, interface temperature is a linear combination of tool and
substrate temperature. The thermal characterization constant (A)
is a function of the thermal and geometric characteristics of the
system and of bond time (Figure 13). For bond times greater than
0.4 seconds, the characterization constant is dependent on time.

With a characterization constant value of (.11 the interface
temperature is described

TI = 0.11 (Tt - TS) + TS
or

T = .
Y 0.11 Tt + 0.89 Ts

Interface temperature is more dependent on Fhe_substrate temperature
than on tool temperature. This is clearly 1ndlcgted by the o
coefficients of T, and T, in the preceding equation and was antici-
pated because of %he large thermal mass of the sgb;trate holder dine
compared to the thermal mass and thermal conductivity of the bonding
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Figure 13. Thermal Characterization Constant Versus Bond
Time

tool. The greater dependence on substrate temperature indicates
‘the necessity of maintaining the temperature of the bonding tip as
high as practical. This would overcome the heat loss of the cooler

substrate.

To verify that the calculated curves were accurate, the actual
interface temperatures were measured using evaporated thin film
chromel-alumel thermocouples. These thermocouples were. calibrated
by placing a known temperature gradient across the couples

(Figure 14).

A tool temperature controller was built to ensure a constant
temperature, *10°C over the range of 100 to 600°C during the
entire bonding cycle. The substrate temperature controller
supplied with the bonding machine proved to be quite accurate.
Because of the large thermal mass of the substrate holder, this
accuracy was more than adequate to ensure a uniform substrate

during the bonding cycle.

The interface temperature (Figure 15) was obtained by bonding one
lead of a BLD directly on top of the thermocouple junction. The
output from the thermocouple was displayed on a chart recorder
(Figure 16). An equilibrium-interface temperature was obtained
within 0.4 seconds. The interface temperatures were measured

at 0.4 seconds to correspond to the time used for the calculated

interface temperatures (Figure 15).
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Figure 14. Thin-film Thermocouple
Calibration

The measured interface temperatures are within *5°C of the ‘
calculated temperatures. The line which represent the best fit
to the experimental points has the equation

TI = 0.11 TT + 0.87 TS.
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Figure 15. Experimental Interface Temperature

This is in excellent agreement with the calculated equation.
Therefore, it is practical to combine the tool and substrate
temperatures into the most significant process related
temperature--that temperature occurring at the bond interface.

Analysis of Material Parameters

Two additional parameters which affect beam lead bonding are the
material characteristics of the beam leads and the bonding-pads
properties.

Beam Properties. The leads of BLDs are electroplated gold. Lead
dimensions are .typically specified by the manufacturer and cannot
easily be varied for evaluation. The parameter of most interest is
beam hardness. When devices with hard beams were scheduled for
development and soft beams were received for production, the
production bonds became excessively deformed. Likewise,
insufficient deformation results when soft beams were used for
schedule development and hard beams were received. To evaluate
the influence of beam hardness and to determine optimum beam
hardness, Mr. J. R. Adams, Sandia Laboratories, Albuquerque,
evaluated 12 wafers of beam lead transistors obtained from
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Time

Raytheon Semiconductor.!? These wafers were processed through
standard device fabrication procedures to the final plating of
the beams. The devices were then plated under controlled condi-
tions to yield a range of hardnesses for evaluation.

Hardness of the gold beams on each of the 12 wafers were measured
“at Raytheon with a Kentroy microhardness tester using a Knoop
diamond indenter. They were again measured at Sandia with a

Leitz microhardness tester using both Vickers and Knoop indenters.
Samples were sent to Bendix Kansas City for measurement with a
7eiss microhardness tester with a Knoop indenter. The force used
in every case was 15 grams (0.15 N) except for the Vickers measure-
ments where a 25 gram (0.25 N) iforce was used. :

A sample of devices from each wafer was glued with glycol phythy-
late face up to an alumina substrate. The leads of the devices
were then pulled individually to determine the mechanical strength
of the individual leads before bonding. From each of the 12 :
wafers of beam lead transistors, 120 devices were randomly selected

and bonded to 12 substrates. o A , L
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Finally, the substrates. were assembled into kits for Febetron and
pull-off testing. Three substrates from each wafer group were
selected for pull-off testing and for three levels of Febetron
_testing. This gave a statistical sample of 30 devices or 90
bonds from each wafer. The substrates intended for Febetron
testing were bonded with an industrial epoxy to aluminum discs
(anvils) 38 mm diameter by 6 mm thick and cured at 65°C for 20
minutes. The 108 substrates of beam lead transistors seirected for
Febetron testing were shot at levels of 2, 4, and 8 cal/g Ni. A
visual inspection followed. The substrates selected for pull-off
. testing were 100 percent pull-tested, and the forces were recorded.

Results of the microhardness measurements revealed that as much as

50 percent self-annealing occurs at room temperature over a 15-week
period. Further annealing during bonding is caused by higher
temperatures. For these reasons the recorded hardness data (Table 2)
are those readings closest -to-the~time of-testing.. .These readings
vary by less than 5 percent of the last readings.

Table 2. Beam Lead Hardness Data

Knoop Knoop
Wafer Hardness | Wafer Hardnegs
Number (kg/mmz) Number (kg/mm )

1 75 7 108
2 77 8 116
3 96 9 119
4 102 10 121
S 105 11 122
6

107 12 124

Results of the individual beam pull-strengths revealed little or
none of the expected correlation to beam hardness., The average
pull-strength of the individual beams was 10.7 grams (0.105 N)
which is commensurate with the known cross sectional area of the
beanm.

The substrates were then Vlsually 1nspected for obvious defects
such as broken, and/or unbonded beams. No broken or unbonded

leads were notlced although there were numerous cracks in the beam
next to the silicon and at the heel of the bond.
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‘The device pull-off tests, on.the other hand, reveal peaks in the
pull-off strengths at two different beam hardnesses (Figure 17)

because something besides hardness alone influences the strength
of the beams.

BEAM KNOOP HARDNESS (N/mm2L)
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Figure 17. Pull-off Measurements Related to Hardness

Analysis of the failure modes in pull-off testing reveals a sharp
reduction in heel failures at the two_peak_ points (Figure 18).

The number of remaining failures is equally divided between
breaks at the silicon and peeling away from the silicon. A
summary of the failure mode analysis for pull-off testing is
shown in Table 3.




PERCENTAGE OF HEEL FAILURES

The results of Febetron testlng of the 108 beam lead transistors
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Figure 18. Pull-off Heel Failures Related to Hardness

Every beam that peeled off the silicon occurred on the two-beam

side of the device. This was expected because the contact area

of the single beam makes an immediate connection to the diffusion

contact windows. However, the connection between the two beams |
and the contact w1ndows are very narrow flngerb

are a function of hardness at the 4 cal/g and 8 cal/g levels
(Figure 19). The sharp drop in the percentage of failures that
occurs at a hardness of 105 kg/mm2 corresponds exactly with the
maximum in the lel -off strengths (Figure 17). The less pro-

‘nounced reduction in failures at the 4 cal/g curve and beam
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Table 3. Summary of Failure Mode

S

Failure Mode

Percentage of

Total Fajlures (X)

Beam peeling away .from silicon
Beam broken at edge of silicon
Beam broken at heel of bond
Bond delamination failure

30.4

35.2
24.0
0.4
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Figure 19. Febetron Failures Related to Hardness
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hardness of 119 kg/mm2 also corresponds exactly with the second
peak in the pull-off strengths. This reduction in failures is
not_apparent at the 8 cal/g level.

Scanning electron micrographs and optical photomicrographs in
bright-field and dark-field illumination were taken. These
revealed that for hardnesses less than 96 kg/mm“, the gold plating
of the beams was extremely porous but had a fine grain micro-
structure and a mottled appearance. For hardnesses above 107
kg/mmz, the beams displayed high porosity, a mottled appearance,
and an increased surface grain size. In the hardness range, 96
to 107 kg/mm2, the grain size is uniform, the color of the beams
is more uniform, and there are significantly fewer voids in the
gold plate. The sample with a hardness of 105 kg/mm2 is strik-
ingly more uniform and has more yellow, gold appearance. These
investigations conclude therefore that beam hardness is not the
only beam qualification criteria and that plating conditions for
the gold beams must be carefully investigated. A large majority
of the Febetron-tested device failures were beams broken at the
edge of the silicon (Table 4). This contrasts the pull-off test
where essentially equal failures of the first three types were
observed. This can be explained in the following manner.

® Only on the two-beamed side of the device did the beam peel
away from the silicon. Because very few of the devices were
completely removed from the substrate during Febetron testing,
‘it follows that fewer beams would be peeled from the silicon.

e The majority of failures in Febetron testing were failures of
the single lead. Because the heel of the bond has been work-
hardened by the bonding operation, it withstands the short
duration stresses and flexings imposed by the Febetron shock.
However, the area of the beam adjacent to the silicon has not
been appreciably work-hardened and is an area of high static
concentration., This area experiences rapid flexing during the
Febetron shock. It is, therefore, the most vulnerable point.

'Thé O.luﬁerceﬂt of bona_&éiémihafion failﬁfes shows that the bond

schedule was adequate for the entire range of beam hardnesses.
Yet this bond delamination failure rate 1is undesirable for high-
reliability hybrid circuits.’

—— e e ——— e S e [T

Bond Pad. A major interest of bondability is the condition of the
bonding pad surface. Surface properties that influence bond inte-
grity are surface finish, absorbed gases, and surface contamination.
During TC bonding surface finish is not critical because the metals
are subjected to considerable deformation. The interfacial gaps are
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Table 4. Febetron Failure Mode Summary

Level 8 4 2

Beam Failure Mode , Ax B*x* A |B A | B
Peeled from silicon 3 0.7 0|0 311.1
Broken at edge of silicon | 85 25 96 | 9 60| 1.9
Broken at heel of silicon | 12 3.4 4 10.3| 34 0.1
Bond delamination 0.3 0.11 0 0 3]10.11

*A-Pereentage of device failures
**B-Percentage of total bonds

closed by material flow. The absorbed gases are removed when the
parts are heated before bonding. It is very important to remove
the interfacial contaminants that would impair adhesion.

Contaminants can be divided into foreign materials and oxide films.
Foreign materials (such as particles, greases, salts) can be
easily removed by solvent cleaning, but oxides are more difficult
to remove. During TC bonding large local forces can fracture and
disperse some oxides, but other oxide films must be removed before
bonding.

A resistor-conductor network that consisted of layers of tantalum
nitride, chromium, and gold deposited respectively on aluminum
oxide substrates was studied. (Flgure 20). The tantalum-nitride
resistor network was produced by sputterlng tantalum in a nitrogen
doped argon atmosphere. Typical sputtering rates of 0.35 nm per
second at nitrogen doping levels of 3 percent N9 (50 mPa) were
used to obtain films of 50 nm nominal thickness.

Conductors and bonding pads 3000 nm-thick.were prepared by evapo- .
rating gold at approximately 3 nm per second. To get satisfactory
adhesion of the gold film, a 20 nm layer of chromium was evaporated
at approximately 0.5 nm per second on the tantalum nitride film
1mmed1ate1y before the gold process. Substrates were preheated to
300°C for the reactive sputtering and to either 200 or 300°C for
the chromium and gold evaporation.

Reliable TC bonds can be made to the as-deposited gold pads.
However, during fabrication the tantalum-nitride resistor network
is stablized by a high temperature air bake (300°C for 2 hours).
Following stabilization, reliable TC bonds could not be achieved.?®
The subsequent work involved identifying the mechanism which
formed the contaminant, removing the contaminant, and investigat-
ing the long term reliability of restored bonds.
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Figure 20. Illustration of the As-

deposited Tantalum Nitride-
Chromium-Gold Metallization
System

Bondability of a gold conductor network was based on an evaluation
of gold fine-wire bonds (0.001 inch diameter) and gold plated
lead frame bonds (0.127 mm by 0.38 mm in cross section). To
evaluate fine wires, 20 consecutive TC bonds were tested.

Ball bonds were pulled to destruction in tension. When all

the bonds failed as wire failures, the network was defined as
bondable. The network was defined as nonbonable when a single

bond failed as a delamination or fracture between the gold

network and the ball. When if a bond failed in any other manner,
it was considered a no-test, and an additional bond was pulled.

Lead frame bondabilify was Based'on the»failure mode and strengthA

of 19 lead frames. After being TC bonded with a 0.010 inch
(0.25 mm) wide tool, they were then pulled to destruction in a
90° peel test. When the bonds had an average strength of 1.00

pound (4.4 N) with a minimum of 0.75 pound,

(3.3 N) the network

was defined as bondable. When if a single bond delaminated with

a strength of less than 0.75 pound, (3.3 N) the network was not
bondable. Other than this delamination was considered a no-test,

and an additional lead was pulled. A beam lead criterion was not
used because the pull-off test does not yield single lead data. ‘
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The dlffu51on of chromium through gold films has been well
documented.?"!'® “This diffusion was accepted as the mechanism
through which bonding is degraded. Resistor-conductor networks
were stablized in air for 2 hours at temperatures between 225 to
400°C. The bonding pads were then analyzed for chromium by using
the energy dispersive X-ray analysis (Edax), Auger electron spectro-
scopy (AES), and ion scattering spectroscopy (ISS). Pads were
next evaluated for bondability. Table 5 summarizes the results
and points to three principal observations. First, there is a
direct influence of chromium on the unreliable TC bonds. Second,
wire bonding is more sensitive to the contaminant at this lower
bonding temperature. Third, the present stabilization cycle for
the resistor network, 300°C for 2 hours in air, is in the
transition region, a region generally considered unreliable for
TC bonding. :

The identity of the bonding contaminant was further established by
use of electron spectroscopy for chemical analysis (ESCA). Exami-
nation of a nonbondable gold film by ESCA definitely established
the presence of a chromium oxide on the bonding surface although
the lack of standards precluded the identification of the exact
oxidation state. The ESCA conclusion was consistent with the
inference that could be made from the Auger spectra. Therefore,
the diffusion and oxidation of chromium on the surface of the

bonding pads were concluded to be the mechanlsms through which
bonding was degraded.

In the preceding example, the bonding contaminant was not removed
by typical solvent cleaning. Therefore, chemical cleaning had to
be evaluated. A gold etchant,* potassium iodide-iodine (KI/Ijy),
and chromium or chromium oxide etchant,** ceric ammonium nitrate
(CAN) were studied. 1In the first set of experiments, the gold
etchant was considered. Substrates which exhibited poor bondability
and were known to have chromium oxide on the surfaces as a result
of resistor stabilization were given a prebond gold etch with the
KI/Io. This removed approximately 200 nm of gold as well as
surface contaminants. After the prebond etch, TC bondability was
restored. Analysis of the gold bond pads showed that not all the
chromium had been removed. The local bonding forces were now
sufficient to disperse the remaining contaminant and produce a
bond.

*The Au etchant is made from 63.46 grams I5, 100 grams KI in
500 ml deionized H9O.

**The Cr etchant is made from 164 grams ceric ammonium nltrate'
dissolved in 200 ml deionized water, 130 ml concentrated nitric
acid and diluted to 1 liter with dgionized water.
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Table 5. Correlation of Bondability to Chromium

Stabilization y Bondabilify Chromium
Temperature (°C)| Wire Lead Frames | Detected
225 Yes Yes No

250 Marginal | Yes No

300 No Marginal Marginal
350 No No , Yes

375 No No - Yes

400 No No Yes

The KI/I, etch does not chemically attack the chromium oxide but
rather a%tacks the gold and removes the chromium oxide by under-
cutting. The KI/I5 etchant used in a prebond treatment was
analyzed for chromium by atomic absorption spectroscopy (AAS).

No chromium was found. For detection by AAS, the chromium must

be a solution, not a suspended particulate. The failure to detect
chromium in the preceding conditions supports KI/I2 as the under-
cutting mechanism,

Although the gold prebond etch did restore bondability, it did not
completely remove the chromium from the gold bonding surfaces.

In addition, the electrical resistivity of the gold conductor net-
work increased as a result of this process. Therefore, an etchant
specific to chromium and chromium oxide, CAN, was evaluated. The
experiment consisted of submitting résistor-conductor networks to
three different treatments. The first group was as-fabricated
(not stabilized); the second group was stabilized in air for 2 hour
at 300°C but was not prebond etched; the third group was
stabilized and then prebond etched with CAN for times ranging
between 10 minutes and 16 hours (overnight). The lead frame,

fine wire bonds, and surface were then analyzed (Table 6). As
before, a correlation was evident between the presence of chromium
and the inability to make reliable TC bonds.

The CAN etch chemically attacks the chromium oxide and dissolves it.

Thus, it was possible to use AAS to analyze these etchants for the
amount of chromium (Figure 21). The extent of the chromium
undercutting was measured in the three sample groups (Table 6).
The undercutting results are consistent with AAS results for
chromium content. Neither shows a correlation with the time of
prebond etching.

First order approximations were used to construct a model for the
chromium concentration within the gold conductor film. The model
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assumed that a chromium thickness could be calculated as the ratio

of the weight of chromium to the product of the network area and
the density of chromium. In addition, the model considered only

the diffusion of the chromium within the gold films. Specifically

excluded were any interactions with the tantalum-nitride resistor
network or the aluminum-oxide substrate. Details of this pro-=
file reflect the particular combination of the preceding
processing parameters.

A chromium cencentration profile was determined for a 26 mm by
26 mm network stabilized in air at 300°C for 2 hours. The units
were chosen so that the area under the curve is equal to the
total amount of chromium (Figure 22). The analysis used to
construct the concentration profile follows. Auger electron
spectroscopy and ISS were used in a insitu sputter through the
chromium oxide layer. The Auger technique indicated that the
chromium oxide was dispered in the top 200 nm of the gold film;
ISS indicated a depth of 50 nm. Atomic absorption spectroscopy
determined that from a total of 135 ug of chromium, 12.6 ug

were dispersed. in the upper 50 to 200 nm of the gold film
(Figure 21) 25.3 ug of chromium were at the original location
and 97.1 g were dispersed in the bulk of the gold film.

Because chemical etching only removes chromium oxide from a bond
pad .surface, restored resistor-conductor networks can experience
additional contamination during circuit operation. Bond pad
contamination can degrade bond integrity. To determine the
influence of continued chromium diffusion on bond integrity,
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restored-film bonds were exposed to high temperature storage,
temperature cycling, temperature storage at underrated power, and
storage at 75°C with 100 percent relative humidity (Table 7).
Neither fine wire nor lead frame bonds degraded. Although not
listed in the table, bond integrity was evaluated periodically

by pull-testing throughout the duration of each test condition.
The periodic pull-strengths were equivalent to the strength
before environmental stressing.

A second _reliability consideration is the possible loss of
adhesion between the gold conductor network and the tantalum
nitride resistor network. Research should determine whether

CAN prebond etch treatment removes the chromium from between

the gold and the tantalum nitride. In this way the treatment
could induce delamination of the resistor-conductor network.

4.9 ug Cr/nm
i

5.2 nm —p jg—

o
!

CHROMIUM CONCENTRATION (ug Cr/nm)
Lo

250 mg Cvr/nm.

j{’//& g Crinm /.35 ng Crfom
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GOLD CONDUCTOR THICKNESS (nm) -

Figure 22.‘ Chromium Concentration Profile

The undercutting measurements (Table 6) and the chromium concen-
tration profile (Figure 22) establish that chromium is present
between the gold and tantalum nitride films following CAN prebond
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Table 6. Restoration of TC

Bondability with CAN Prebond Etch

Bondability

Chromium on
Gold Bonding

] Chromium

Undercutting on
Original Gold
Path 5 mils

Sample Condition Fine Wire | Lead Frame !Surface (127 um) Width
| As—-fabricated network Yes Yes v‘No 0.21
 Network stabilized in air :

for 2 hours at 300°C No - No ' Yes 10.68

Network stabilized in air

for 2 hours at 300°C then
1 prebond etched in CAN for ,

10 minutes Yes Yes No

1 hour Yes Yes No 0.40

2 hours - Yes Yes No *10.80
|3 hours Yes Yes No 10.31

16 hours Yes Yes No 0.52




etching. In addition, no cases of network delamination were
observed in the pull-test of wire and lead frame bonds. The
_CAN restored networks (Tables 5, 6) passed the conventional
tape test for adhesion. As an extreme overtest, networks were
given a 96 hour prebond etch treatment with CAN followed by
fine wire and lead frame bonding (Table 7). Once again net-
work delamination was not observed in the destructive pull-
tests. Therefore, network adhesion was not degraded, and it
would not classify as the weakest member in the TC bond.

Three principal conclusions were drawn from this study of the TC
bondability of the tantalum nitride-chromium-gold metallization
system. First, the diffusion and oxidation of chromium result
from a 300°C, 2 hour air bake used to stabilize the tantalum- -
nitride-resistor network. Several analytical techniques, AES
ISS, AAS, and ESCA. were used to establish the mechanism
through which bondability was degraded. ' '

Table 7. Bond Integrity Versus Environméntal Testing

7 Bondability

Test Description ' | Wire | Lead Frame
Temp storage | 250°C/400 hours

in air Yes* | -~
Temp cycling 100 cycles; =50 to +90°C

at 150°C/minute Yes Yes
Power burn-in | 96 hours at 110°C under _

rated power dissipation Yes Yes
Humidity 75°C at 100 percent

relative humidity for

96 hrs. ' -- Yes
*Restored via KI/Iz‘prebond etch

Second, TC bondability of the gold conductor networks could be
restored. The contaminant was chemically removed with either

KI/I, or CAN prebond etch treatment. The KI/I, prebond etch treat-
ment“left chromium oxide on the gold bonding surfaces while

CAN prebond etching completely removed the chromium oxide from

the bonding surfaces.

Third, the integrity of bonds made to restored films was not
degraded. The tests included storage in air at temperatures up
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to 350°C for 200 hours, power burn-in at rated power, temperature
cycling 100 times between -50°C to +90°C and 100 percent humidity
tests at +75°C. In addition, network delamination at the gold-
chromium interface could not be induced by extended etching in
CAN for up to 96 hours.

Bond Schedule Development

To this point it has been concluded that cleaning of conventionally
packaged BLDs is necessary, that bond time is not a critical param-
eter, that tool temperature and substrate temperature can be
combined to give bond interface temperature,’ that beam hardness

and grain structure are important parameters!®and that substrate
metallization must be etched before bonding to remove a chromium
oxide contaminates.!! What remains is to establish the effect of

bond pressure on bond integrity as a function of interface tempera-
ture.

The dependency of bond force to interface temperature was deter-
mined by bonding cleaned samples of Format 25 devices at various
combinations .of temperature and pressure. The Format 25 device
was used because its beam configuration is symmetric and simple.
This device has only one beam on each side, and the thickness,
width, and length of each beam are identical for all beams. The
advantage of this geometry is that each beam has the same bonding
force during Wobble bonding. Twenty devices were bonded at each
point in a matrix of interface temperatures varying from 140 to
235°C in 10°C increments. Bond force varied from 200 to 1000 g
(1.96 to 9.6 N) in 50 g (0.49 N) increments. Substrate tempera-
ture was limited to 200°C. This prevented further chromium diffu-.
sion and prevented thin-film resistor drift. Tool tempeérature
was limited to 550°C to prolong tool life. The maximum usable
interface temperature was 235°C.

All devices were visually inspected after_b9ndipgﬂ§9;mgggceqtage
of bond deformation, bugging height, and possible bonding defects.
The devices were then destructively tested by the pull-off tegt.-
The failure modes and pull-off strengths were then reco;ded with
the bonding parameter combination used. Analys%s of'thls gnd
other pull-off test data showed that .the mechanical 1ptegr1§y of
the bonded devices were maximized when all the following criteria

were satisfied,

e The mean device pull-off strength was greater than 0.39 N/mm
of beam-width, regardless of the failure modes which occurred.

e The number of TC bond failures was less than 0.3 percent of the
the total number of bonds tested.

e The relative number of bond heel failures was not greater than
'~ 25 percent.
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A region in the bond pressure-interface temperature plane was
established so that bonded devices would meet all the preceding -
criteria. In the area to the left and below line AEDC

(Figure 23), the number of TC failures exceeded 0.3 percent,
and/or the mean pull-off strength did not meet the minimum criteria.
"This line defines minimum bond conditions. In the area above
line AB, beams are excessively deformed. Over 25 percent of the
heel failures occur and/or pull-off strengths do not meet minimum
criteria. This line, therefore, defines maximum bond conditions.
Line BC is a process limitation that is the maximum interface
temperature. Thus, substrate temperature is not to exceed 200°C,
and tool temperature is not to exceed 550°C.
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Figure 23. Format 25 Bond Envelope

An optimum point is chosen within the envelope so that the effect
of parameter variations is minimized. The point chosen must be
sufficiently distant from the boundaries of the envelope so that
variations in bond force and interface temperature cannot permit
the machine to operate outside the envelope.

Figure 24 illustrates the distribution of pull-off strength of

‘Format 25 device bonded at the optimum bonding point. The dis-
tribution is plotted so that the mode of failure is noted.
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e Failure B occurred at the interface of the beam to the body of
the device; B failures indicate that the weakest point in the
system is device oriented and is independent of bonding.

e Failure F is located at the heel of the bond; it is the result
of a deformation that weakens the beam at the heel of the bond.

The average strength of the sample exceeds the minimum require-
ment of 0.39 N per mm of beam width (0.12 N). F failures did not
exceed 25 percent. The figure also shows that failures that
occurred at low strengths (less tha 0.13 N) were all B type.
_These low strength failures did.not result_because.of banding
conditions (force and temperature), but these failures were a
result of the adhesion of the lead to the device itself. Thus,
the integrity of the bonds made with this schedule is not
primarily dependent on bonding conditions but on the quality of
-device purchased.

Bonding Large Format Devices

When devices larger than the Format 25 device or devices with
asymmetric beam widths are bonded, the pressure at each beam -
varies as the bonding tool wobbles around the device.

Interface temperature is to be reviewed first. Temperature
facilitates plastic flow of lead material and aids contaminant
dispersion. Because lead material and contamination is not
significantly different for large format devices than for Format
25 devices, the usable range of interface temperatures is the
same.

A minimum pressure is necessary to form a bond; yet, that pressure
is not to exceed a maximum above which deformatlon will be
excessive. The minimum and maximum pressures were determined
during the development of the bond envelope for Format 25 devices.
The minimum’ force required is 450 g (4.4 N). The maximum force

“allowed is 950 g (9.31 N) The bond area for Format 25
8.77 square mils (0.0067 mm?) . devices is’

P min = 51.3 g/sq. mil (7.8 x 10 N/mn ),

P max = 108.3 g/sq. mil (1.6 x 1OAN/mm ).

Exterior beam recieve more pressure that do interior beams.

During bonding with a 1000 g tool load a device receives a minimum
pressure of 32 g/sq. mil (12 N/mm ) and a maximum of 73 g/sq.

mil (28 N/mm ) (Figure 25). Thus, to obtain the minimum required
pressure, the tool load must be increased. The required force,

F = 32/1000 X F = 51.3 or F = 1603 grams (15.7 N). Similarly
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for Format 25 Devices Bonded at Optimum Point

the maximum force (G) is 7371000 X (G) = 108.3 or (G) = 1484 grams
(14.6 N). For the case illustrated the maximum force allowed is
less than the minimum required. The bond range G to F = =119 g
(1.1 N)

To obtain a bond schedule for the Format 80 device, the maximum
deformation and strength requirements must be relaxed Because the
minimum criteria of 51.3 grams/per square mil (19.5 N/mm ) is
required for bond completion, this criterion should not be

changed. Format 25 devices .can be extrapolated to larger format
devices using Table 8.

Rework

Reworkability--the ability to remove defective BLDs and to replace
them with good devices--is an important aspect .of HMC technology.
Five samples of Raytheon three-beam transistors were prepared to
determine if removal of a defective transistor and subsequent re-
bonding significantly affect the bond integrity of the reworked
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Figure 25. Format 80 Beam Stress During Bonding

‘device. The first sample, the control, consisted of nearly
twenty transistors bonded on a substrate. The second sample was
reworked once, the third reworked twice, the fourth reworked
three times, and the fifth reworked three times, and the fifth
reworked four times. The devices were removed with a Donovan
rework tool which uses a blade to scrape the bonded beam leads
from the substrate bonding pads. Each sample was tested using
the pull-off technique and noting failure modes. All transistors
used in preparing samples were from the same lot. The bonding
parameters were constant for all samples.

The percentage of various failure modes is a function of rework
(Figures 26,27, 28). A failure at the heel of a bond (Mode F) is
nearly independent of rework. This indicate that the bonding
parameters did not significantly change during bonding. Bond
delaminations (D failures) began occurring at three reworks even
though the average pull-off force was lowest at three reworks.

At four reworks, more D failures occur. The average pull-off
strength, was no greater than that applied at zero, one, and two -
reworks. The data, therefore, conclude that two stages of rework
will not degrade bond strength. Verification of the results with
three beam devices is shown in Figure 29. This shows that two
reworks should be the limit for 14 beam devices.

One drawback exists with the scrape-off method of the BLD. The
device is usually damaged so that failure apnalysis of the device

.
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cannot be done. Additional work is needed to improve the method
of removing the BLD. »

" Fine Wire Bonding

Applique components and the chromium-gold HMC conductor metalli-
zation can be intraconnected with gold wire, aluminum wire, or
solder. Thermocompression bonded gold wire 0.007 inch (17.8 um)

and 0.001 inch (25 um) diameter was selected to form the needed
intraconnections on low frequency HMCs. HMCs made before the use
of BLDs had ultrasonically bonded aluminum wire intraconnections

to aluminum substrate metallization. Applying the ultrasonically
bonded aluminum wires to a chromium-gold metallized HMC could result
in degradation of the gold-aluminum bond. Gold-aluminum compounds
are formed at the bond interface. Such degradation is dependent on
the temperature and the quantity of gold. When the bond interface
does not reach temperatures greater than 125°C and when the gold is’
less than 2.5 nm thick, satisfactory ultrasonic bonds of aluminum.
wire to gold conductors can be made. However, a gold wire TC bonded
to a gold conductor has no limitations on the HMC operating temper-
ature. Thermocompression gold wire bonding--commonly called ball
bonding--is accomplished by feeding the gold wire through a bond-
ing tool which has a capillary tip. A hydrogen torch is passed
below the capillary tip. A ball is formed at the end of the wire
approximately two to three times larger than the wire diameter.

The ball is brOught_into.contact4withithéfgqld conductor: bonding
pad on the HMC. Heat is applied to the bond interface through.

the bonding tool and the HMC substrate. Pressure is applied to

the interface through the bonding tool. The combination of heat
and pressure bonds the ball to the bonding pad. A_second bond,

| the stitch bond, is made after lifting the tool and allowing the
wire to Feed through the capillary. The tool is then moved to

the second bond location. The tool is brought into contact with

| the HMC or applique component metallization, and the stitch bond

} is formed as before by applying heat and pressure to the wire-

| metallization interface. _

| A weédge shape in the capillary tip sharply deforms the wire.

‘ After the second bond is made, the bonding tool is lifted. The
wire then can be clamped so that the wire breaks at the maximum
deformation in the bond without weakening the bond. A new ball

is formed and ready.

Thermocompression wire bonding is similar to beam-lead bonding.
Bonding parameters (such as cleanliness, bond time, deformation,
and interface temperatures) and material parameters (such as
wire and bond pad properties) determine the constraints in
developing a bond schedule.
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" Characterization of Parameters

'Table 8. Stress in BLDs With a 1000 g Too1 Load

Stress (A), Stress (B), Ratio of
Min%mgm 0 Max?mgm 9 Stfesses,

Format | g/mil¢ (N/mm<) g/mll (N/mm“) | A = B

20 114 (1733) 114 (1733) 1

25 | 11¢ (1733) 114 (1733) 1

30 58 (882). 74 (1125) 1.28

35 58 (882) 73 (1110) 1.26

35T 40 (608) 128 (1946) 3.2

40 58 (882) 73 (1110) 1.26

45 58 (882) | 73 (1110) 1.26

50 56 (851) 73 (1110) 1.3

55 56 (851) . 73 (1110) 1.62

60 45 (684) 73 (1110) 1.62

65 39 (593) 79 (1201) 2.03

70 39 (593) 79 (1201) 2.03

80 | 32 (486) 73  (1110) 2.28

47 18 (274) 100 (1520) 5.56

54 58 (882) 114 (1733) 1.97

Ray.3 67 " (1018) 134 (2037) 2.0

FUB 20 (304) 100 (1520) 5.0

Bond force, bond time, tool temperature, and substrate tempera-

ture were characterized for a Radiant Energy Systems Model 3000

TC wire bonder. Bond force calibrations are needed for both

the ball and the stitch bonds. The force required to achieve a

TC bond is different for the ball as compared to the stitch bond
because the bond area is not the same for both bonds. Bond force .
was measured with a .load cell (Figure 30), and the output. of the

‘load cell was plotted against the machine control settings (Figure 31).
-Bond time versus control settings is given in Table 9.

Tool and substrate temperatures were obtained using the apparatus

:shqwn in Figure 32, The results characterize substrate temperature
(Figure 33) and_topl temperature (Figure 34). The temperature

48



PULL-OFF STRENGTH (mN) PULL-OFF STRENGTH (mN)
50 100 150 200 50 100 150 200

- . i T i | ) . 1 T T

SANDIA SUBSTRATES REWORKS .

I5 ?2 -
- 0 - REWORK 15 43 - BEAM DEVICES
g 3 - BEAM DEVICES § X = 12.4
2 10 - = i T =15.0
(VIR T - l*-3 &-‘
N =2 ° . -
s | !
5 | .
el bl — L] |
5 o 15 20 1. ol 1] |
PULL-OFF STRENGTH (g) | 5 to 15 20
PULL-OFF STRENGTH (g)
PULL-OFF STRENGTH (mN)
— 50 100 150 200
i = T - T T
= : o .
W AS A FUNCTION OF THE 15 | ~ ‘
P NUMBER :OF. REWORKS : . | - REWORK
w _ S 3 - BEAM DEVICES
w |5 |- - =
it S 10+ X = 12
= & T'= 4.3
& = N = 23
= 10 | i
< 5
[T9]
= . .
-0 ! 2 3 t 5 o 15 20

NUMBER OF REWORKS . PULL-OFF STRENGTH (g) .
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measured on the metallization pad of a capacitor that had been
.epoxied to the substrate is nearly 15°C less that temperature
measured on the bonding surface of the substrate.

- The thin film thermocouple output for each tool temperature is
recorded. A plot of ‘interface temperature versus tool temperature
is shown in Figure 35. Interface temperature increases slowly
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after approximately 0.2 seconds from the time the gold ball is
applied to the thin film thermocouple junction (Figure 35). Inter-
face temperature can be plotted (Figure 36) by using -the values

of interface temperature, tool temperature, and substrate tempera-
at 0.5 seconds (Figure 35) and determining the thermal characteri-
zation constant (A) from equation (2).

Text continued on page 72. | 50
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Table 9. Bond Time Versus Control Settings for RES
- Model 3000 Bonder CE40854
First.Bondvl Second Bond
‘Short Long Short Long
Set Time Sét Time | Set Time| Set Time
Point | (S) Point | (8S) Point | (S) Point| (S)
0 0.11| 0 0.44 | 0 ol o 0.24
1 0.14 1 0.68 0 0.40
2 0.20] 2 1.24 | 2 0.02] 2 0.94
3 0.28 | 3 1.90| 3 0.07] 3 1.52
4 0.31| 4 2.30 1 4 0.10} 4 1.90
5 0.36| 5 2.75| 5 0.14] 5 2.60
6 0.42 | 6 3.30 ] 6. 0.22( 6 3.00
7 0.46 | 7 - 3.38| 7 0.30} 7 . 3.50
8 0.52 | 8 4.30 | 8 0.36| 8 4.00
9 0.56 | 9 5.00| 9 0.40 | 9 4.60
10 0.62 | 10 5.20| 10 0.44 | 10 4.90
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Analysis of Bonding Parameters

Bond Time. Less than 0.1 second.is needed to form gold-to-gold TC

bond.’® Therefore, the main concerns are that equilibrium be reached

for interface temperature and that the equilibrium temperature be

held for at least 0.1 second. The thermal characteristics of

__the bonding tool affect the time needed to reach thermal
equilibrium. Metal tools reach equ111br1um faster than glass

or ceramic tools. Bond time must, therefore, be characterized

for each tool type or conflguratlon When machlne settings are

calibrated to temperature (Table 9), bond time can be selected

as the time to reach thermal equilibrium plus 0.1 seconds. A

bond time of 0.3 &econds was selected for a titanium carbide tool

that reached thermal equilibrium in 0.2 seconds (Figure 35).
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Bond Deformation. The act of deforming a bond disperses contaminants

in the bond zone between the two materials that had been bonded.
Deformation is controlled by the bond tool, bond configuration, and
the amount of force applied to the bonding tool. The criteria for
acceptable bond deformation is that all bonds must fail as wire
breaks (Figure 37). ‘

A wire failure indicates that the gold-to-gold TC bond is stronger
than the wire that is being bonded. Wire strength depends on the
amount of wire annealing.. This includes processing from bulk to
wire form.. Gold wire can be bought in various elongations (degrees
of annealing). Figure 38 shows how wire tensile strength varies
with elongation before bonding.

One percent nominal elongation 0.003 inch (76 um) wire has 16 grams
tensile strength; 6 percent elongation wire has 7 grams tensile
strength, The tensile strength of 1 to 8 percent elongation wire
was reduced to nearly 5 grams tensile strength after bonding
(Figure 38).

S97



WIRE

WIRE
FAILURE

BOND - :
DELAMINATION

, SN
7 777 A

Figure 37. Wire Bond Criteria

-
=5y 1150 =
= STRENGTH BEFORE BONDING : E
= ) ; =
2 5
2 i =
z 0 E— 100 E
r |
f A I =
i —a | 2
T i * p s | |50 ©
= 5 "
' o
= STRENGTH AFTER BONDING =
_J\Vl ' —L = — ! | L N

ELONGATION PERCENTAGE

Figure 38. Independence of Wire Strength on Elongation

58



An investigation of gold wire annealing properties showed that
wire subjected to temperature above 100°C decreases to 40 percent
in tensile strength (Figure 39). Above 250°C the wire is
essentially in the dead soft state. No further decreases in
tensile strength occur. The temperature developed in the gold
~wire from flame off was determined as a function of distance from
the ball (Figure 40). At distances up to 0.1 inch (2.5 mm) from
the ball, .the wire reaches more than 100°C. The bonding tool 1is
heated during bonding to at least 100°C, and some annealing takes
place after the flame-off operation is complete. Because the
bonding operation causes gold wire to reach a dead soft state,
wire elongation was eliminated as a process variable.

Bond configuration influences bond integrity. Varying the bond
area can cause inconsistent bonding when bond force is held
constant. The consistency of ball deformation with the RES

Model 3000 bonder was evaluated in the following procedure. Three
bond samples were produced from 0.001 inch (25 um) wire. The
first (large ball case) coasisted of 56 bonds. All bonds were
produced so that deformed ball size should exceed 0.005 inch
(0.127 mm). The second sample (small ball case) consisted of 102
bonds. These bonds were produced to have a deformed ball size
less than 0.005 inch (0.127 mm). The third sample, 20 bonds, were
produced five days after the second sample.
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.Durlng thls flveﬂday perlod the machine was not operated and no
adjustments were made before bonding the sample. The deformed ball
size distributions are shown in Figure 41 and Table 10.

Table 10. Deformed Ball Size Distributions

Mean Sigma
Sample Inches (mm) . Inches (mm) Size

1 (large) |.0.0057 (14) 0.00045 (110) 56
2 (small) 0.0038 (96) 0.00022 (6) 102
3 (small) 0.0040 (100) 0.00024 (6) 20

The tests indicate that as ball size is decreased, the variance
of the sample decreases. ‘

Over the five day period between the two samples, some flame-off
parameter must have changed. The shlft indicates that consistency
will require occasional adjustments of flame-off parameters The
ball diameter should be less than the bonding tool tip diameter.
This ensures proper ball size before bonding. -After flame-off

the ball should be hidden by the bonding tool. ‘
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Figure 41. Ball Deformation Distributions

Samples 1 (large ball) and 2 (small ball) were pulled to destruc-
tion. Failure mode and fracture strength were recorded
(Figure 42). .

The small ball distribution (sample 2) is clearly normal. The
distribution is a straight line on normal probability paper. The
large ball distribution (sample 1) is not linear and therefore,
not normal. A closer look at failure modes associated with the

large ball sample indicated wire and neck failures. A wire failure

is a fracture which occurs anywhere in the wire away from the bond
deformation. A neck failure is a failure which .occurs at the '
deformed area just above the ball. The bimodal characteristics of
_the large ball sample indicate that large ball size can result
from two conditions. First, during flame-off a large ball can be
produced. Second, a small ball produced during flame-off can be
excessively deformed during bonding. The first condition should
produce bonds which fail only in the wire. Bonds produced by
the second condition would likely fail as neck failures. The
two distributions and the the distribution for small ball bonds
are shown in Figure 43 and tabulated in Table 11. All bonds of
the small ball sample failed as wire failures.
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‘Table 11. Strength Distributions
Sample Mean (mN) Sigma (mN) Sample Size
1-Wire 54 4.4 18
1-Neck 47 10.5 38
2 (Small) 97 - 0.24 102

Sample 1-W (Large ball, wire failures) and Sample 2 (small ball)

are normal (Figure 43). The small ball distribution is approxi-
mately 0.5 grams stronger than the large ball case. The large
ball-neck failure case (1-N) is a skewed distribution.: . The
probability of bonds with low strength is higher than that predicted
by a normal distribution. Table 12 summarizes bond integrity

as a function of stress..

~Table 12. Bond Integrity

Stress Levelx
: Failure | 5 gram 4 gram 1 gram
Sample Mode - (50 mN)| (40 mN) | (10 mN)
Small ball | Wire 0.01 O** O**
Large ball | Wire 17.00 O** O**
Large ball | Neck 47.00 22 1.2

*This percentage is expected to fail at the
the given stress.level or at a lower
stress. A

**The minimum strength of fully annealed
99.99 percent gold, 1 mil (25 um) diameter
wire is 4.0 grams (39 mN) as reported by

Secon Metals Corporation.

Neck failures should not be allowed. Strengths ranging from 2.1

to 6.1 g (20 to_60 mN) would allow 1.2 percent of the sample ;

to fail at strengths of less than a gram. The small ball and

large ball-wire failures are acceptable. In both cases the minimum
strength predicted is a 4 grams. The problem in the large ball
case is determining nondestructively that the ball has not been
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Figure 42. Pull-strength Distribution
. Versus Ball Deformation

overly deformed. A visual criteria based on the ratio of ball
diameter to ball thickness would be adequate. Another possible
test would be a nondestructive pull to a stress level of at least
-1 gram (10 mN) In either case, the bonder should be set to
produce balls less than five wire diameters in size after flame
off. :

Flame-off, tip orifice size, wire size and tension; the cutting
speed, the thermal characteristics of the flame, distance from
flame to wire, and the bonding tool affect ball size. Figure 44

shows the results of improper set-up of bonder flame-off. The
capillary must remain clean in order for the wire to pass

through freely. This keeps constant tension on the wire. In one
study, bonding.in a normal factory environment resulted in
capillary plugging about every 30 meters of wire. Capillaries in
clean conditions remained free and ran for 15 km.7

The same study showed- -that capillary plugging occurs about 1.2 m
~before wire breakage and the resulting change in wire tension

causes changes in ball size. Therefore, according to the recent

study, work increases the probability of a defective bond.
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Capillary material affects wire tension by influencing the friction
between the wire and the capillary. Figure 45 shows scanning
electron-microscopic views of glass, ceramic (Alg03), and
tungsten-carbide capillaries. It might be expected that the
smoother glass capillaries would result in less plugging than the
rougher titanium carbide or ceramic capillaries. However, glass
capillaries can plug after 5,000 bonds. Ceramic capillaries
might not plug up to 25,000 bonds.'’” Evidentally the smooth glass
walls increase the friction because of a larger contact surface
to the wire as compared to the rougher ceramic or tungsten-
carbide tools.

Bonding Surface Cleanliness

The cleanliness of the surfaces being bonded affects bond reli-
ability. During HMC processing the tantalum nitride-chromium-
gold coated ceramic substrates are exposed to 300°C for 2 hours.
This stablizes the tantalum nitride resistors. HMCs are also
handled before TC bonding. Studies were made to evaluate the
effects of resistor stabilization, time-temperature, and substrate
cleanliness as functions of TC bondability.
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Figure 44. Bonder Setup Effects on Ball Size

The bondability of tantalum-nitride- chromlum-gold coated sub-
strates was measured with respect to tantalum nitride stabilization
temperatures. The bondability was determined as the percent of
bond delamination failures between ball bonds and the substrate
gold surface (Figure 46). The substrate gold thickness was
nominally 1 nm. Increasing the gold thickness to 3 nm improved
film bondability to an acceptable zero .percent: occurrence of
delamination. A potassium-iodine and iodine etch followed the
resistor stabilization.

Further evaluation related the range of bonding force (grams) and
interface temperature (°C) to stabilization process variables.
Substrates with tantalum-nitride resistors and chromium-gold
conductors were exposed to 250 to 400°C for varying times.

Resistor values were measured éfter stabilization and after 750

hours at 125°C; The stability was calculated in percentage of
“the change in resistor value the test. The results of that study
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"are shown in Table 13. The 300°C, 2 hour stabilization gives
adequate bondability and resistor stability. Later work has

shown that the source of bond degradation was the chromium oxide
which had formed on the gold surface during resistor stabilization.
Ceric ammonium nitrate was effective in removing the chromium
oxide and restoring bondability.!!,!®.

Five different test samples were studied to evaluate the effects
-of substrate cleaning on wire .TC bonding.

e Uncleaned substrates had been stored for 2 weeks in a plastic
container after gold deposition.

e Substrates were cleaned by an organic removal process
(SS289354, Method 1).1? '

® Substrates wére cleaneq by Method 1 with an addition of a
dilute HC1 wash before drying (Method 2).

® Substrates were sawed and cleaned per SS289365.'°

® Substrates purposely were contaminated with fingerpfints.
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Table 13. Film Properties Versus Stabilization

: . * Resistor _
~Stabilization: - Stability Bondability
Time Stability**
‘Temperature °C| (Hours) | (Percentage) | Grams OCk**
250 ‘ 2 0.68 6475
300 2 0.06 6325
350 2 0.03 1350
400 1

0.03 1350

*Data taken after 750 hours at 125°C.
¥*Stability is required to be less than 0.2
percent over 1000 hours of testing.
***Area of bonding envelope.

Note: After stabilization at 400°C for 0.5
hours, gold film sheet resistance
increases by 60 percent and film

hardness increases by 2.7 percent.

The bonder settings used were not necessarily the optimum for
the wire diameter not the substrates. The substrates used were
obtained from in-house and from an outside vendor. The results
indicate that substrates adequately protected from fingerprints
require no cleaning (Tables 14 and 15). Method 1 is effective
in restoring bondability to handled substrates. ‘

Bond Schedule Developmenf

A bonding envelope was defined for the following combinations of
metallization: gold bonding pads on HMCs, chip capacitor termi-
nations, and chip-on-tab device metallization. Constraints
placed on the bond envelope result from machine limitations, TC
bond failures during testing, and the softening point of the
Ablefilm 517 epoxy. The epoxy was used to glue applique ceramic
capacitors to the HMC substrates. Figure 47 shows the different
bond envelopes for intraconnecting a chip capacitors to gold
metallization on the HMC substrate.

. The ball bond is machine limited to 200 grams (1.96 N) bonding

force. The stitch was limited to 300 grams (2.9 N). Bond
delaminations of capacitor metallization ball bonds occur for
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Table 14. Evaluation of Cleaning Vendor Substrates

Wire
_ Diameter | Mean Sigma Number
Cleaning (Inch) (Grams) (Grams) | Sample | Bond of Wire
Method * (um) (mN) (mN) Size Pulled | Failures
Uncleaned** | 0.001 5.6 0.38 44 Ball 25
(25.4) (53.92) (3.73)
Method 1 0.001 5.2 0.38 22 Ball 22
(25.4) (51.00) (3.73)
Method 2 0.001 5.0 0.77 21 Ball 21
(25.4) (49.04) (7.55)
Sawed and 0.001 5.9 0.55 50 Ball 50
Cleaned (54.2) (57.86) (5.39)
Handled No Bonds Achieved
Handled and | 0.001 5.7 0.78 44 Ball 40
Cleaned (35.4) (55.90) (7.65)
Uncleaned 0.001 5.7 0.43 54 . Stitch | b4
(25.4) (55.80) (4.22)
Method 1 0.001 5.5 0.55 18 Stitch| 18
(25.4) (53.94) (5.39)
Method 2 0.001 5.0 0.38 | 17 Stitch| 19
(25.4) (49.04) (3.73)
Sawed and 0.001 6.3 0.50 45 Stitch | 45
Cleaned (25.4) (61.78) (4.90)
Handled No Bonds Achieved
Handled and | 0.001 6.3 0.41 50 Stitch | 50
Cleaned (25.4) (61.78) 4.02)
Uncleaned 0.003 50.5 3.0 33 Ball 33
(76.2) (495.25) | (29.42)
Method 1 0.003 49.8 1.8 29 Ball 29
(76.2) (488.39) | (17.65)
Method 2 0.003 51.0 1.9 29 Ball 29
: (76.2) (500.16) | (18.63)
Uncleaned 0.003 53.2 3.0 32 Stitch | 32
(76.2) (521.73) | (29.42)
Method 1 0.003 51.3 2.6 27 Stitch | 27
(76.2) (503.10) | (25.50)
Method 2 0.003 52.5 1.5 32 Stitch | 32
(76.2) (514.87) | (14.71)

*In all cases there were no lift or peel
**Had nineteen neck failures

bond failures
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Table 15. Evaluation of In-House Substrates

Mean Sigma Number
Cleaning* Grams Grams Sample| Bond Neck of VWire
Method ; (mN) (mN) Size Pulled | Failures Failures
1. Uncleaned 5.2 0.38 25 Ball 0 25
(51.00) (3.73) :
2. Method 1 6.2 0.49 44 | Ball 0 44
(60.80) (4.80)
3. Method 2%* 5.3 0.29 46 Ball 4 30
4 (51.98) (2.84)
4. Uncleaned 5.3 0.36 22 Stitch | O 22
- . (51.98) (3.53)
5. Method 1 5.7 0.86 40 Stitch | O 40
(56.89) (8.43)
6. Method 2 5.1 0.27 25 Stitch | 2 - 23
(50.02) (2.45)
7. Uncleaned 48.1 2.8 26 Ball 0 26
(471.72) | (27.46)
8. Method 1 49.7 3.0 34 Ball |1 33
_ (487.41) | (29.42)
9. Method 2 49.4 1.8 14 Ball 2 12
' (484.47) | (17.65)
10. Uncleaned*** 48.6 5.4 23 Stitch | O . 22
(477.62) | (52.96) : )
11. Method 1 - 50.5 3.6 18 Stitch | 2 16
(495.25) | (35.30)
12. Method 2 49.2 4.4 12 Stitch | 4 8
(483.50) (43.15)
*Test 1-6 used wire with 0.001 inch (25.4 um) diameter; "tests
used wire with 0.003 (76.2 um) diameter.
**Had two lift failures.
***Had one 1lift failure.

parameter values below a line connecting 140 grams (1.37 N),

110°C to 85 grams (0.83 N), 170°C. Bond schedule development
results in the following bonding envelopés (Figure 48, 49):
Sandia-Bendix gold HMC metallization, vendor gold HMC metalliza-
tion, chip-on-tab metallization, and capacitor terminations. All
combinations of metallization which can be TC bonded in Energy
Research Development Administration (ERDA) HMCs are given in Figure
50. Histograms for the optimized bond parameters are given in
Figure 51.

Text continued on page 90. 70
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Bonding to capacitor metallization has been the less repeatable
of TC wire bonding. 2’ The chip capacitors used in the present
study had thick film gold terminations. They were applied to the
capacitor body by dipping the capacitor into a thick film paste
and then firing the paste at 800 - 1000°C. The fired paste has

a glassy phase at the surface which impedes TC bonding and varies
the results. Bondability of chip capacitors varied from lot-to-
lot. Some lots exhibited improved bondability when the bonding
region was scratched or abraded with a soft eraser. The eraser
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removed organic contamination. Additional work is needed to
characterize thick film metallizations to improve TC bonding.21

Rework

Fine wire bonds can be removed with the same tool used to remove
beam lead bonds. To determine the number of times a wire bond
can be reworked without significantly degrading bond strength,
four samples of ball bonds and four of stitch bonds were made and
destructively pull tested. Following the first bond, the samples
were reworked once, twice, or three times (Figures 52 and 53).

In all cases the test failures were wire failures. Neither the
mean nor minimum strength decreases significantly as the number
of times the bond is reworked increased. A wire bond, therefore,
can be reworked three times by scraping off the old bond and
rebonding in the same location.

ACCOMPLISHMENTS

Beam lead.devices were Wobble-tool bonded to chromium-gold thin
films. The K & S Model 576 bonders were used. Bonding force and
interface temperatures were characterized interface temperature
was shown to be the linear combination of bonding tool temperature
and substrate temperature. A characterization method was defined
which allowed bonding parameters developed on one machine to be
applied to similar machines. A study of beam lead cleanliness
before bonding indicated that some vendor's BLDs need cleaning
before bonding. The hardness of the beams could not be used as

a beam qualification criteria. Plating conditions for the beams
had to be controlled and the bondability of each plating lot had
to be evaluated. Substrate metallization had to be etched before
bonding to remove chromium oxide contaminants which formed during
the 300°C, 2 hour resistor stabilization process.

Analysis of nondestructive and destructive test data showed that
the following conditions maximized the mechanical ‘integrity of the
bonded devices.

e The mean device pull-off strength was greater than 1 gram per
mil of (0.38 N/mm) of beam w1dth regardless of the failure
mode.

e The number of bond delamination failures was less than O 3,
percent of the total bonds tested.

® The relative number of bond heel failures was not greater than
25 percent.
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The straightforward extrapolation of bonding schedule for four

beam devices to larger format devices was not possible. Deformation
on the corner beams is greater than the deformation of the center
beam. A table was made to show the proper compensation of four
beam bonding schedules that allowed extrapolation for larger format
devices.

Beam lead bonds were scraped off and rebonded twice with no
degradation in bond strength.

Thermocompression gold wire bonding was also characterized.
Elongation of 0.003 inch (76 um) wire was not a process variable,
because the bonding operation caused the wire to reach a dead

. soft state. The bonder was set up to produce balls less than
five wire diameters in size after flame off. Some reduction in
bond strength would occur with balls larger than five wire
diameters. It was difficult, however, to determine nondestruc-
tively when a ball had been excessively deformed. Flame-off tip
orifice size, wire size, wire tension, the cutting speed of the
flame, the thermal characteristics of the flame distance from
the wire, and the bonding tool affected ball size.

A bond envelope was defined for the following combinations of
metallization: gold bonding pads on HMCs, chip capacitor
terminations, and chip-on-tab device metallization. Bondability
of chip capacitors varied from lot-to-lot. Rework of fine wires
could be done with the same tool used for beam lead rework. A
wire bond could be reworked three times without affecting mean
or minimum bond strength.

Beam lead wire TC bonding processes have been defined and
transferred to HMC production at Bendix Kansas City.

FUTURE WORK
Four areas are recommended for future work.

e Bonding variability of chip capacitor terminations must be
eliminated.

e Removal techniques of the BLD must preserve the device for
postmortem ana1y31s

e - Bonding methods for large format devices must develop
a larger bond envelope.

e Nondestructive test methods for beam lead bonds must detect
potentially weak bonds, cracked silicon nitride passivation
layer, and cracked die.
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