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PREFACE

The wire bond evaluation work has been carried out under the NBS Elec-
tronic Technology Division's Joint Program on Methods of Measurement for
Semiconductor Materials, Process Control, and Devices. The Program was
undertaken in 1968 to focus NBS efforts to enhance the performance, in-
terchangeability, and reliability of discrete semiconductor devices and
integrated circuits through improvements in methods of measurement for
use in specifying materials and devices and in control of device fabri-
cation processes. These improvements are intended to lead to a set of
measurement methods which have been carefully evaluated for technical
adequacy, which are acceptable to both users and suppliers, which can
provide a common basis for the purchase specifications of government
agencies, and which will lead to greater economy in government procure-
ment. In addition, such methods will provide a basis for controlled im-
provements in essential device characteristics, such as uniformity of
response to radiation effects.
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MICROELECTRONIC ULTRASONIC BONDING
Selected Work From the NBS Microelectronic Wire Bonding Project

G. G. Harman, Editor

ABSTRACT

This report primarily comprises excerpts of the work done under the NBS
ultrasonic wire bonding program that was previously published in 17
quarterly and other reports. The material is organized into subject
groupings with the intention of presenting in convenient form sufficient
information for making high quality ultrasonic wire bonds as well as im-
parting a basic understanding of the ultrasonic systems used. The work
emphasizes problems and methods of solving them. To accomplish this, the
required measurement equipment is first introduced. This is followed by
procedures and techniques used in setting up a bonding machine,

and then various machine- or operator-induced reliability problems are
discussed. The characterization of the ultrasonic system and its prob-
lems are followed by in-process bonding studies and work on the ultra-
sonic bonding (welding) mechanism. The report concludes with a discussion
of various effects of bond geometry and wire metallurgical characteristics.
Where appropriate, the latest, most accurate value of a particular meas-
urement has been substituted for an earlier reported one. Thus all of

the included material is up to date.

Key Words: Bonding; degradation (wire bond); discrete devices; electri-

cal interconnection; fabrication (wire bond); failure (wire bond); hybrid
circuits; integrated circuits; microelectronics; reliability; semiconduc-
tor devices; testing (wire bond); ultrasonic bonding; wire bond.




INTRODUCTION

This report describes work performed at NBS on ultrasonic wire bonding
for use in microelectronic devices. The work has as its long-range ob-
jective to survey and evaluate methods for characterizing wire bond sys-
tems in semiconductor devices and, where necessary, to improve existing
methods or develop new methods in order to detect more reliably those
bonds which will eventually fail.

Most of the report has appeared in 17 quarterly and other reports which
have been published as NBS Technical Notes. The number of the NBS Tech-
nical Note from which each portion of the report was extracted is given
in brackets in the margin at the beginning of that portion. A list of
these reports, including the page numbers of the wire bonding sections,
is given with the references. Identification of those who performed the
work is given at the end of each section, as has been the custom in the
quarterly reports.

The material selected from the previously published Technical Notes was
incorporated into this report with a minimum of rewriting. A new titling
system was necessitated, new introductory and summary paragraphs were
added along with conjunctive sentences and phrases. In general, the
first reported development or use of a new technique was omitted if it
was subsequently studied and reported in greater depth. However, refer-
ences to the original work are included. When appropriate, the latest,
most accurate value of a particular measurement has been substituted for
an earlier reported one. Thus all of the included material may be con-
sidered up to date.

In order to keep this publication to a useful size, several wire bonding
topics that appeared in the quarterly reports were omitted from this re-
port. However, these are currently available or will soon be published
as separate NBS Technical Notes. Prominent among these are the extensive
work on ultrasonic ribbon wire bonding done by H. K. Kessler and A. H.
Sher published as NBS Technical Note 767,* and the many aspects of the
wire-bond pull-test by K. O. Leedy, C. A. Main and A. H. Sher. Omitted
also were the complete mathematical solution of forces in the wire for
the wire bond pull test,-as well as the various references to the bibli-
ography and the comprehensive survey of the wire bonding literature by
H. A. Schafft. These were recently published as NBS Technical Notes 593
and 726 respectively.T

* H, K. Kessler and A. H. Sher, Microelectronic Interconnection Bonding
with Ribbon Wire. NBS Technical Note 767 (April 1973).

t H. A. Schafft, Wire-Bond Electrical Connections, Testing, Fabrication
and Degradation - A Bibliography 1957-1971, NBS Technical Note 593
(Jan 1972). H. A. Schafft, Testing and Fabrication of Wire Bond Elec-
trical Connections - A Comprehensive Survey, NBS Technical Note 726
(Sept 1972).
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The selected material is organized into four major subject groupings with
the intention of presenting under one cover pertinent information devel-
oped at NBS on the process of ultrasonic bonding to make high-quality
ultrasonic wire bonds. The required measurement equipment (magnetic
pickups, bonding force measurement apparatus, etc.) is introduced first.
This is followed by procedures used in setting up a bonding machine, and
by a discussion of various machine- and operator-induced reliability
problems. The characterization of the ultrasonic system of a bonding
machine and its problems are followed by in-process bonding studies and
work on the ultrasonic bonding (welding) mechanism. The report concludes
with some new, previously unpublished, material on various effects of
bond geometry and wire metallurgical characteristics.

G. G. Harman, Editor
October 1973

UNITS

During the four years of work covered in this report inevitably there
have been editorial style and usage changes. This is especially evident
with respect to units. Initially in the quarterly reports, the units
commonly employed in the domestic American semiconductor industry were
used. Later these common units (mixed English and metric) were followed
in parentheses by the appropriate International System (S.I.) unit, and
in some cases only International units were used. In this report the
common unit will be given first, followed by the rounded value of the
International unit in parentheses the first time that unit appears in
each subsection. For any remaining unconverted length units it should
be noted that 1 mil = 0.001 in. = 25.4 um, and the common unit given in
bond pull strength tests is grams force [1 gf = 9.8 millinewtons (mN)].
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1.0 EQUIPMENT AND TECHNIQUES FOR MEASUREMENT AND CONTROL OF ULTRASONIC
BONDING

1.1 Measurement Methods for Ultrasonic Systems of Bonding Machines

1.1.1 Modification and Use of a Capacitor Microphone

Amplitude measurements of ultrasonic bonding tool motion by means of a
capacitor microphone have been used to characterize the ultrasonic sys-
tems of bonding machines, diagnose problems, and measure the effects of-
extraneous motion on the making of bonds.

A capacitor microphone,* without any additions, modifications, or ampli-
fication of its output, can be used to tune ultrasonic wire (or flip chip)
bonding machine transducers to their mechanical resonance. A 1/4-in. or
1/8-in. (6.4-or 3.2-mm) diameter microphone produces a substantial output
voltage (approximately 0.1 V) when brought close to the vibrating tool or
transducer horn end. However, the movement of a person's hand or any
other object within several inches of the microphone may disrupt the
standing wave pattern and change the output amplitude. If such motion is
avoided, and the background noise level is not high, the mechanical reso-
nance frequency of the system may be obtained. However, it is generally
necessary to obtain considerably more information than the mechanical
resonance alone. In order to trouble-shoot and to reestablish vibration
amplitude of ultrasonic wire bonding equipment it is essential to improve
the spatial resolution of the microphone.

Capacitor microphones with 1/4-in. or 1/8-in. diameter diaphragms nor-
mally detect incident sound from relatively large angles. However, when
measuring parameters of wire bonding systems it is desirable to measure
the sound pressure emitted near the tip of a bonding tool, an area ~ 1/50
of the area of the microphone. In order to do this, the entrance to the
microphone must be constricted by some means such as by a conical tip.

The design of a tapered conical tip for focusing sound into the micro-
phone is subject to many practical constraints and uncertainties. Gen-
erally, the volume of the cone should be kept as small as practical in
order to minimize standing waves. Ideally, the cone is constructed of
thin-walled steel. However, almost any continuously tapered material may
be used. For example, it is completely adequate to construct a cone that
has the necessary physical dimensions required for making the measure-
ment and then insert appropriate damping material to eliminate standing

Such units are available from B and K Instrument Company, Cleveland,
Ohio. Other capacitor microphones may serve the purpose just as well
but were not available during this work.

A




waves. A simple and satisfactory cone may be constructed by wrapping
several layers of aluminum foil around a tapered mandrel, such as the end
of a sharpened pencil. Even the plastic cone from the end of a tube of
silicon rubber can be used.

In order to constrict the opening as well as to protect the small end of
the steel cone from damage caused by physical contact with hard objects,
such as tungsten carbide bonding tools, the cone is usually coated with a
silicon rubber material (B in Fig. 1-1). A threaded metal sleeve that
screws onto the microphone is bonded on the large end of the cone. The
cone is screwed onto the microphone and is now ready to be used for sim-
ple measurements, such as peak tuning the mechanical resonance of a bond-
ing tool.

If reproducible amplitude measurements are required, a small length,

[~ 0.05 in. (1.3 mm)], of a hypodermic needle, typically in the size

range of #20 to 30 is inserted and bonded into a needle hole in the

silicon rubber (in A and B of Fig. 1-1). For maximum signal strength and re-
producibility this needle must lie straight along the axis of the cone.

The total extension of the cone tip in front of the microphone is about
1/2 in. to 3/4 in. for a 1/4 in. diameter microphone and about 3/8 in.
for 1/8 in. diametet microphone. These dimensions are not critical. The
acoustical pickup area is defined by the hole in the hollow needle, (A in
Fig. 1-1) which is typically chosen to be from 0.004 to 0.15 in. (0.1 to
0.38 mm) in diameter.

Microphone tapered tips made in the manner described above provide essen-
tially complete rejection of all ultrasonic signals not entering through
the entrance hole when this hole is positioned a few mils or less from the
source. Extraneous ultrasonic sound waves are prevented from reaching

the microphone diaphragm primarily by reflection from the outer surface
of the cone. Audible sound, particularly if it contains low frequency
components, may be transmitted through the cone walls. A simple, high-
pass R-C filter (Fig. 1-2) can be placed at the output of the microphone
and preamplifier to eliminate such background interference.

For studying the vibration along the entire length of a bonding tool
(Section 2.3.4) an amplitude reproducibility of about * 5 percent is es-
sential to obtain meaningful results. This is achieved in the following
manner. Both the source transducer and the microphone are held in rigid
mounts, and the microphone is moved with a micrometer stage. In a given
vertical position, the steel tip of the microphone is advanced until it
just touches the bottom of the vibrating tool as shown in Fig. 1-3. The
instant of contact is clearly evident because ''hash' appears on the os-
cilloscope display of the microphone output. Then the tip is carefully
retracted until the '"hash' just disappears and a clear sine wave is seen.
A reproducible signal (50 to 100 mV) is obtained with this technique.
Figure 1-4 shows a typical microphone holder and how it is mounted on a
bonding machine. (G. G. Harman)



Fig. 1-1. Cross-sectional view of a high-resolution extension tip for the
capacitor microphone.

A:

Section of hypodermic needle. This can be made from
size #20 to 30 but most units were made from #27 or 29
needles.

Self-leveling silicone rubber coating

Red or black silicone rubber dot for reproducible
orientation of A with respect to the bonding tool
Steel or aluminum cone

Cotton or open-pore plastic foam damping material with
low reflection of the ultrasonic signal

Stainless steel threaded sleeve (typically made from a
microphone protective grid)

Epoxy or silicone rubber bond between the sleeve, F,
and the aluminum cone, D. (This bond must be tight or
stray signals can enter the microphone from the rear.)
Dashed lines indicate position of microphone
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the hollow steel needle. (B)

is the bottom section of an ultra-

sonic bonding tool. The solid circle (front view) is the
typical position for measuring vibration amplitude.




(4)

(3)

Fig. 1-4.

(A) A simple fixture that is made to .clamp directly on

the bonding machine workstage. The x and y movements are
obtained by using the bonding machine chessman positioner.
The z movement is made from an inexpensive microscope-
graduated mechanical stage and is adjusted with the knob

at the bottom of the positioner [more clearly shown in (B)].
This picture displays a 1/8 in. diameter microphone with a
tapered steel tip.

(B) The same fixture and microphone as in (A) mounted on a
bonding machine workstage. (Note: for purposes of clarity
the microphone is not shown directly in line with the trans-
ducer horn as it would normally be in use.)



1.1.2 Magnetic Pickups for Tuning and Establishing
Vibration Amplitude

The microphone system described in Section 1.1.1 has been used success-
fully for the laboratory study of the ultrasonic systems used in wire
bonding. It has also been used on semiconductor device assembly lines to
tune and trouble-shoot ultrasonic wire bonding machines. However, it has
several disadvantages. One important drawback is that the precision
taper tips necessary for reproducible measurements are difficult to make
and are not available commercially at present. Secondly, microphones are
relatively expensive, delicate instruments that must be handled with care
by qualified technical personnel in order to prevent damage. Ideally, a
measuring device for assembly line use should be cheap and rugged.

Consideration of these necessary characteristics led to the reinvestiga-
tion of magnetic pickups. It was previously noted in this laboratory
(NBS Tech. Note 495, p. 25) that magnetic pickups were sensitive to the
vibration of bonding tools. (Davis [1] had independently reported a
similar observation.) Compared with the microphone, the signal from the
magnetic detector is relatively insensitive to its distance from the
vibrating tool. This feature makes it easier to use in reestablishing
the tool tip vibration amplitude after changing tools or in retuning.
However, for the same reason, it is less useful than a microphone for in-
vestigating the mechanical stability and trouble shooting the bearings of
the bonding machine.

The electrical output of these pickups is in the range of 10 to 20 mV
when measuring typical tool vibration amplitudes used in bonding 0.001 in
(25 um) aluminum wire.* This represents tool motion in the vicinity of
40 to 80 pin. (1 to 2 um) peak-to-peak displacement. The spatial reso-
lution, at the bonding tool, of the presently available magnetic pickups
is about 0.05 in. (1.25 mm), which is adequate for tuning purposes. A
typical device has concentric pole pieces as shown in Fig. 1-5A. The
units are approximately 1/2 in. (12.5 mm) long and their outside surface
is threaded with a 10-32 NF thread as shown in Fig. 1-5BT for

two magnetic pickups, one unmounted, and the other mounted on the end of
an aluminum rod. This rod can be substituted for the microphone in the
fixture shown in Fig. 1-4. They may be mounted on a bonding machine with
the same fixtures used for holding microphones (Fig. 1-4) as shown in
Fig. 1-5C. Other smaller, transistor-sized fixtures are possible. The
magnetic pickups are sensitive to stray magnetic fields. Thus, if a

* See footnote page 1]

+ Such units are available from Electro Corp., Sarasota, Florida. OFher
magnetic units may serve the purpose just as well but were not avail-

able during this work. "
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Fig.

(8)

(B)

1-5.

(A) Construction of a typical magnetic pickup. (1) magnetic-
material core, (2) induction coil, (3) magnetic-material case,
(4) permanent magnet, (5) thin (0.001 in.) mylar tape film to
prevent the vibrating bonding tool from damaging the pickup
core. (When applying the film, care must be taken to insure
that no air bubbles exist at the tape-pickup interface.)

(B) Photographs of magnetic pickups used for measurements on
ultrasonic bonding machines. The small unit is the detector
alone, the larger unit shows the detector mounted in a rod that
fits in various microphone mounts shown earlier in Fig. 1-4.
(C) A magnetic pickup mounted on a bonding machine ready for
measuring the bonding tool vibration amplitude.
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magnetic chuck is used on the work stage, its field should be shunted.
The center pole piece of the pickup should be cleaned occasionallv to re-
move attached magnetic or other particles.

The technique for tuning and reestablishing the vibration amplitude of

the bonding tool is to bring the magnetic pickup close to the tool and
about 0.1 in. (2.5 mm) above its tip and then adjust the pickup vertically
downward until the signal amplitude is maximum. This amplitude represents
the averaged motion of the lowest vibration loop of the tool. One should
be sure that a higher vibration loop is not measured, (see Appendix for
the vibration pattern of tools).

Some magnetic pickups have an asymmetrical amplitude response in the
horizontal direction. This should be investigated when the pickup is
first placed in service. A mark centered at the maximum response
position will allow quick, reproducible, horizontal positioning of the
pickup with respect to the tool. After use, the sensitivity of a magnetic
pickup may decrease suddenly by ~ 30%, presumably due to dropping or
other damage to the internal magnet. Therefore, it is desirable to keep
a second calibrated pickup available to confirm the cause of any sudden
output decrease.

The above procedure should provide a reproducible amplitude within 15%
when normal tungsten carbide tools from the same manufacturer are com-
pared.* (H. K. Kessler)

1.1.3 Laser Interferometer for Making Quantitative
Measurements of Bonding Tool Vibration Amplitude

A laser interferometer system was constructed to make quantitative meas-
urements of the vibration amplitude of the ultrasonic bonding tools. The
principal of the interferometer has been described by Clunie and Rock [2];
specific details were obtained from Martin [3]. The system uses a helium-
neon milliwatt laser in which energy is emitted from both ends (approxi-
mately 90% from the front and 10% from the rear). Part of the light from
the front is reflected back from the bonding tool, reenters the laser
tube, modulating the inverted electron population, causing a significant

* Recently (1973) one bonding tool manufacturer has used a different
tungsten carbide stock that presumably has more cobalt binder. The
output from a magnetic detector may be five times higher from these
tools than from normal ones vibrating with the same amplitude (as
determined by a laser interferometer, Section 1.1.3).
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change in the light emitted from the rear of the laser tube. This rear
beam is detected by a high-frequency-response silicon diode. Its output
is displayed on an oscilloscope. The system has

produced signals from a vibrating bonding tool which were similar to
those shown previously from a conventional laser interferometer (NBS
Tech. Note 520, p. 42).

The helium-neon laser operates at a wavelength of 0.6328 um; thus each
complete interference fringe is equivalent to a bonding tool displacement
of 12.5 uin. (0.316 um). A typical interferometer pattern obtained by
reflecting the laser beam off a vibrating bonding tool is shown in Fig.
1-6. The picture was made by photographing a single sweep of the oscil-
loscope beam. Approximately 3.2 fringes appear between the turn-around
or end points of the motion. This represents a total displacement of

40 pyin. (1 um).

The interferometer system has been used to calibrate ultrasonic power
supply output control dial settings as a function of 60 kHz bonding tool
motion. A typical example of such a calibration is shown in Fig. 1-7.
Amplitudes between 30 and 60 upin. (0.75 and 1.5 pm) peak-to-peak are
typically used in making 1 mil (25 ym) diameter aluminum wire bonds to
aluminum bonding pads.

In use the laser is mounted on a stabilized, portable tripod platform
having x-, y-, and z-axis micrometer positioners as shown in Fig. 1-8.
The interferometer output is displayed on an oscilloscope (not shown in
the figure). The system can be set up and optically aligned on any bond-
ing machine or experimental setup in approximately 5 minutes. A complete
calibration of bonding-tool-tip vibration-amplitude as a function of
power supply control setting takes only 5 to 10 minutes of additional
time.

When using the above system the laser is not physically attached to the
bonding machine. Therefore, small, low-frequency room vibrations, in

the order of several microinches, will change the output waveshape at the
end, or turn-around points of the tool motion. This makes it impossible
to display the laser output as a repetitive oscilloscope pattern and re-
quires that data be taken from a single sweep of the oscilloscope beam.
This can be done either with a memory oscilloscope that has a sufficiently
fast writing rate or by photographing the interferometer pattern from a
standard oscilloscope trace. Photographs have been used in the present
study. No room motion is evident during the short (approximately 20 us)
sweep period, and the photograph serves as a record that may be preserved
for future reference.

In addition to measuring the absolute displacement of bonding tools, the
laser has been compared with the capacitor microphone for trouble shoot-
ing bonding machines. Since it is not practical to design many different
mounting systems to attach the laser rigidly to the variety of bonding

machines available, measurements are restricted to a single oscilloscope
sweep and thus are not suitable for trouble-shooting and diagnostic work.
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. 1-6. Oscilloscope trace
of a typical laser
interferometer
pattern obtained
by reflecting a
0.6328-um laser
beam off the tip
of a bonding tool.
The 3.2 fringes
between the bond-
ing tool "turn
around" or end
points (shown by
the arrows) repre-
sent a vibration
amplitude of 1.0

um (40 uyin).
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Fig. 1-7. Ultrasonic power supply output control dial setting as a
function of the vibration amplitude of the bonding tool tip. (The
driving frequency is 60 kHz; the control is set to the LO position.)
Different power supply-transducer combinations may produce significantly
different amplitudes for the same dial settings and bonding tool ex-
tension. One combination produced 200 uin. (5 um) apparently under the
same conditions.

13




[495]

An example is shown in Fig. 1-9, a single exposure photograph from a
double beam oscilloscope. The upper pattern is a repetitive trace from a
capacitor microphone, the lower is a single trace from the laser inter-
ferometer. Both instruments were directed toward the same bonding tool
on which the set screw had been loosened. The microphone pattern clearly
indicates that a problem exists, but the single interferometer trace be-
low does not encompass enough bonding tool vibration cycles to detect the
problem. Thus at present the laser is used exclusively for absolute
calibration of bonding tool motion. This calibration can then be trans-
ferred to more portable measuring devices, such as magnetic pickups and
capacitor microphones. (G. G. Harman)

One problem with the small commercial laser employed in the present in-
terferometer is that it is primarily a multimode device. For inter-
ferometry, the unit must lase in a single mode. Previously the laser had
been tuned to maximum output and then detuned to the TEMy, mode. This is
a critical adjustment subject to both amplitude and mode drifting. Even
a few percent of a higher mode creates an unacceptable noise level in the
detector output. At the suggestion of the manufacturer, special end
plates were made to increase the laser cavity length by 1 cm. The mirrors
were reinstalled and the laser retuned. This resulted in a stable laser
that operates only in the TEMy, mode and therefore makes a better inter-
ferometer. (G. G. Harman and A. W. Stallings)

1.1.4 The Powder Method for Displaying Vibration Nodes of
Ultrasonic Bonding Tools

It has been reported that the resonant nodes of vibrating bonding tools
can be delineated with lycopodium powder [4]. Other powders, that may be
more readily available, have been found to perform the same function [5].

The technique for using either of these powders is to dip an artist's
brush into the powder and lightly dust it on the bonding tool. Then a
very low amount of ultrasonic power is briefly applied, causing the powder
to drop off everywhere except on the nodes. The application of too much
ultrasonic power or for too long a time may cause all of the powder to
drop off. The powder method can only be used to measure the unloaded
vibration nodes, since the nodes shift upward during bonding and all of
the powder will drop off (see 5.0 Appendix). (H. K. Kessler)
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- : os A — HEAVY DUTY TRIPOD WITH STA-
/ = ‘ BILIZED BASE
B — X-, Y-, AND Z-AXIS MICROMETER
ADJUSTMENTS FOR AIMING THE LASER
C — LASER SYSTEM WITH FOCUSING OPTICS
NEAREST THE BONDING MACHINE AND
DETECTOR AT THE REAR
D — BONDING MACHINE
E — LASER POWER SUPPLY

Fig..1-8. Laser system set-up for cali-
brating ultrasonic bonding tool vibration
amplitude.

Fig. 1-9. A comparison between the cutput of a microphone and a laser
interferometer simultaneously monitoring the same loose bonding tool.
The upper curve is the output of the capacitor microphone and encom-
passes about five repetitive traces with approximately 5.5 tool motion
cycles in each trace. Distortion of the wave shape is obvious. The
horizontal scale is approximately 10 us/div. The lower curve is the
laser interferometer outpu