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Foreword

The Materials Reliability Series ofNIST Technical Notes are reports covering significant research

accomplishments of the Materials Reliability Division. The Division develops measurement

technologies that enable the producers and users of materials to improve the quality and reliability of

their products. Measurement technologies are developed for process control to improve the quality and

consistency of materials, for nondestructive evaluation to assure quality of finished materials and

products, and for materials evaluation to assure reliable performance. Within these broad areas of

measurement technology, the Division has focused its resources on three research themes:

• Intelligent Processing of Materials—To develop on-line sensors for measuring the materials'

characteristics and/or processing conditions needed for real-time process control.

• Ultrasonic Characterization of Materials—To develop ultrasonic measurements for

characterizing internal geometries of materials, such as defects, microstructures, and lattice

distortions.

• Micrometer-Scale Measurements for Materials Evaluation—To develop measurement techniques

for evaluating the mechanical, thermal, and magnetic behavior of thin films and coatings at the

appropriate size scale.

This report is the fifth in the Materials Reliability Series. It covers recent developments in the electron-

beam moire technique, and the description of a series of mechanical and thermal tests conducted using

electron-beam moire. Previous reports in this series are:

Technical Note 1500-1 Tensile Testing of Thin Films: Techniques and Results,

byD.T. Read, 1997

Technical Note 1500-2 Procedures for the Electron-Beam Moire Technique,

by E.S. Drexler, 1998

Technical Note 1500-3 High-Energy, Transmission X-ray Diffraction for Monitoring

Turbine-Blade Solidification, by D.W. Fitting, W.P. Dube,

and T.A. Siewert, 1998

Technical Note 1500-4 Nondestructive Characterization of Reactor Pressure Vessel Steels:

A Feasibility Study, by H.I. McHenry and G.A. Alers, 1998
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Electron-Beam Moire Technique:

Advances, Verification, Application

Elizabeth S. Drexler

Materials Reliability Division

National Institute of Standards and Technology

Boulder, CO 80303

The electron-beam moire technique was used to measure thermal and mechanical

deformation of two isotropically conductive adhesives, one a paste and the other a

film. This technique has been developed and used at the National Institute of Stand-

ards and Technology in Boulder to study very small deformations in a scanning elec-

tron microscope. Efforts were made to determine the source and magnitude of the

error associated with this technique and its effect on the measurement resolution.

This study compared paste and film conductive adhesives subjected to thermal and

mechanical loading. Both conductive adhesives performed well in the temperature

range -50 to 150 °C. However, their internal strains increased as temperatures ex-

ceeded their glass transition temperatures. The paste performed better than the film

in the modified lap-shear test. At -700 N, it failed cohesively near the interface with

the copper. At loads as low as 325 N, the film showed signs of failure at the inter-

face between the silver conducting particles and the epoxy matrix.

Key words: electron-beam lithography; electron-beam moire; isotropically con-

ductive adhesives; mechanical deformation; thermal deformation

1. Introduction

The choices for resolving displacements on the order of tens of nanometers are limited.

If displacement must be correlated to microstructure, even fewer experimental techniques are

available. One such technique is electron-beam (e-beam) moire. This technique was recently

developed at the National Institute of Standards and Technology (NIST) in Boulder to measure

two-dimensional, in-plane displacements, from which strains can be calculated. With resolu-

tions on the order of tens of nanometers and a specimen grating that is transparent to the

microstructure, this technique is versatile and powerful.

Briefly, e-beam lithography is used to imprint a grating onto the cross section of a

specimen. Under a scanning electron microscope (SEM), the interference between the speci-

men grating and the rastering of the electron beam of the SEM produces a moire pattern.

The specimen in the microscope is loaded either thermally or mechanically, and the changes

in the moire patterns are recorded and measured.
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In this study, the source and magnitude of the error associated with the e-beam moire

technique were investigated first. Particular attention was paid to a series of tests that indi-

cated that the apparent magnification was changing over time. The source of this temporal

variation was never isolated; as a result, the error is unavoidable and, as such, is presumed

to be present.

To verify the usefulness of the technique, four tests were conducted to measure the

thermal expansion coefficient of copper in the temperature range -50 to 150 °C. The values

obtained from four tests were within 2 1 percent of handbook values.

Then the e-beam moire technique was applied to copper/conductive-adhesive specimens

subjected to mechanical and thermal loads. The hazardous nature of lead in today's solder,

along with the growing need to decrease the pitch between leads in electronic packages,

has turned the attention of industry toward conductive adhesives (CAs) in its search for a re-

placement for solder. Although CAs have been used in electronics for decades, the materials

have not been fully characterized as replacements for solder. Industry has been assessing the

suitability of these CAs by using a pass/fail criterion based on the volume resistivity of the

package. However, failure modes, or even failure sites, are not revealed by this evaluation.

To gain insight as to how and why CAs fail, an e-beam moire study was undertaken

on two different CA materials, one a paste and the other a film. Four specimens were as-

sembled and tested. One specimen of each type of material was thermally loaded between

-50 and 150 °C, and a second specimen of each material was mechanically loaded to fail-

ure. Throughout each test, images of the moire fringe field were acquired and compared

with the initial unloaded image to identify and measure displacements, even on a local scale.

2. Methods of Displacement Measurement

2.1 Background

The moire effect can be found in any number of circumstances. The effect is seen when
two snow fences are viewed one in front of the other, when window screens are stacked, or

when persons on television wear striped clothing. The term moire comes from the patterned

fabric that displays this effect of light and dark fringes. In experimental mechanics, displace-

ments are studied by using two nominally identical grids or gratings, with the specimen grat-

ing viewed through the reference grating. As deformation occurs in the specimen, the two

gratings no longer coincide, and the mismatch produces fringes.

The history of the experimental technique known as moire is brief In 1945 a Dutch

scientist, D. Tollenaar, published the first account of the moire effect [1]. blication of

Weller and Shepard's work, in which the moire effect was used to measure iisplacements,

followed in 1948 [2]. In the 1950s, several groups [3-7] contributed to the geometric analy-

sis of moire fringes, their spacing, inclination, and so on; strain analysis using moire; and

components of displacement. Since that time the pioneers in moire strain analysis have been

Durelli and Sciammarella (beginning in the early 1960s), Parks (mid-1960s), Theocaris

(1960s), and Post (1960s and in the late 1970s), who introduced moire interferometry.



2.2 Geometric Moire

Mechanical or geometric moire is the traditional moire technique that uses two physical

gratings, the reference grating and the specimen grating, with equally spaced light and dark

lines. Traditionally, transparent film is used for the reference grating, and a bondable grating

is used for the specimen grating. The specimen grating is viewed through the reference grat-

ing. When the gratings match perfectly, the superimposed image looks like the surface of the

specimen with half the light intensity (see fig. 1). If mismatch occurs between the two grat-

ings, the interference of the lines of the gratings produces fringes (see fig. 2).

The gratings can be produced in one dimension or two and can be linear or circular.

The distance between the center of one line on the grating to the center of the adjacent line

is called the pitch (p). The pitch used for the gratings is usually small with respect to the

resolution of the viewing technique. That is, the technique is most usefiil in resolving small

displacements over the area viewed. The pitch of the reference grating p^ typically equals the

pitch of the specimen grating p^ in the initial (unstressed) condition. Upon loading, p^ changes

in some or all parts of the specimen, depending on the load and the elastic modulus of the

material or materials.

The direction perpendicular to the grating lines is called the primary direction; the sec-

ondary direction is parallel to the grating lines. A moire fringe in the primary direction is

produced when the deformation in the specimen perpendicular to the grating lines is equal in

magnitude to p^. Let us assume that the specimen depicted in figure 2 is in tension and uni-

fgrmly deformed. The reference grating has 15 lines in the field of view. The specimen has

only 12.5 lines remaining in the field of view. As light tries to pass through these gratings,

it is blocked by lines from both gratings at regular intervals, but not at the same interval.

Broad bands of low light intensity result in the dark moire fringes. In this situation there are

2.5 fringes—^the difference in the number of lines between the reference and specimen gratings

in the field of view.

The most common method for obtaining moire fringes is to begin with reference and

specimen gratings having the same initial pitch. However, when p^ is nearly an even multiple

ofp^ fringes that are caWed fringes of multiplication form. Fringes of division form when p^/p^

is approximately a whole number greater than 1

.

In a uniform strain field, if «y is the number of fringes, then

Al = nj-p^, (1)

where A/ is the change in length of the specimen in the primary direction. Therefore, if «/ is

the number of lines in the reference grating, the engineering strain is

8g = A/// = n^PylriiP^ = nj-/n,

.

(2)

This equation for strain is valid only in a uniform deformation field in the primary direction

with no rotation of fringes.

Moire fringes can also be formed by rotating the specimen grating with respect to the

reference grating. Figure 3 is an example of moire fringes due to rigid-body rotation. If
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Figure 1. Schematic of light transmission through a specimen and reference grating when p^ = p^.

(From J.W. Dally and W.F. Riley, Moire methods, chapter 1 1 in Experimental Stress

Analysis. New York: McGraw-Hill; 1991 [8]. Used with permission of McGraw-Hill.)
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(From J.W. Dally and W.F. Riley, Moire methods, chapter 1 1 in Experimental Stress
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is the angle of rotation between the two gratings and <|) is the angle between the lines of the

reference grating and the moire fringes, then

A ^

The distance 6 between fringes, as shown in figure 4, is [9]

5 =

2 sin —
2

(4)

by

The most general case of strain under large deformations and rotations can be represented

^x =
1 T 5m1+2 +

dx

' du'

dx
^

2

+
' dv'

dx

2

+
' dw'

dx

2

s = 1 + 2 ^" +

L
Sy

dv

[dy\

2

+
dw^

[dy^

2

+
du'

[dy\

2

- 1,

- 1,

(5)

(6)

and

Y„, = arcsin
xy

du

dy

dv
+

dx

du du
-1

dx dy

dv dv
^ +

dx dy

dw dw

dx dy

(1 + g(l + ep

(7)

e
o

Figure 3. Moire fringes formed when one grating is rotated with respect to the other.

(From J.W. Dally and W.F. Riley, Moire methods, chapter 1 1 in Experimental

Stress Analysis. New York: McGraw-Hill; 1991 [8]. Used with permission of

McGraw-Hill.)



Figure 4. Geometry of moire fringes in terms of fringe spacing. (From J.W. Dally

and W.F. Riley, Moire methods, chapter 1 1 in Experimental Stress Analysis.

New York: McGraw-Hill; 1991 [8]. Used with permission of McGraw-Hill.)

where w, v, and w are the displacement components in the x, y, and z directions, respectively;

s^ and 8 are the normal strains in the x and y directions; and y is the engineering shear

sfrain. Simplifications to these equations are immediately apparent. Since out-of-plane dis-

placements are not being measured, displacement components in the z direction will be ne-

glected. In cases of small rotations (< 5 ° ) and small strains, the equations for normal strain

reduce to

du J dv
s^ = — and s =

dx ^ dy

For small rotations, the equation for shear strain becomes [9]

(8)

y„, = arcsm
xy

du

1.
d̂y

dx

1 du
1 + —

dx

(9)

When strains are small (< 2 percent) and rotations are not, the second power of the strain

is small with respect to the strain itself, and the equations reduce to

(10)du 1 {du^ 2 ravi 2

+ +

dx 2 dx dx

and



dv 1 (^v^^ (^u^^
^;„ = + +
y dy 2 [dy\ [dy\

(11)

for the normal strains and to

du 5v

dx

' du'

dx

du'

[dy\
+

' dv'

dx

' dv'

[dy]
(12)

for the shear strain. This equation reduces further to

dv du

dx dy
ixy

when the strains are small [9].

(13)

When both small rotations and small strains are evinced, eqs (8) and (13) prevail. For the

majority of work conducted at high magnification, these conditions predominate.

Reducing the moire data, therefore, requires measuring displacements with respect to

position. The moire fringe is a contour of constant displacement whose magnitude is

u = Nj.p^, (14)

where A'^ is the fringe order. The slope of the displacement-versus-position curve at any place

on the curve yields the value for strain at that location. Values of displacement obtained per-

pendicular to the lines of the reference grating provide values for normal strains, and displace-

ments obtained from line traces oriented parallel to the lines of the reference grating confribute

to the shear strains.

2.3 Moire Interferometry

Moire interferometry uses the interference properties of light instead of a physical refer-

ence grating. Currently available lasers yield a resolution of ~400 nm per fringe order [10].

Figure 5 is a schematic of a configuration used for moire interferometry. The grating placed

on the surface of the specimen is usually produced by exposing a photographic plate to an

interference pattern created from a single wavelength (k) of light from a laser; figures 6 and 7

show the process. The actual grating is an adhesive that bonds the mold to the specimen sur-

face. After curing, the mold is removed, leaving the shape and the mirrored surface from the

mold on the specimen surface [10].

The moire pattern is formed when a beam splitter and mirror are used to illuminate the

specimen grating with two symmetrically oblique beams of coherent light. The two beams

diffract off the specimen grating (see fig. 5), and the +1 and -1 diffraction orders are recorded

on a photographic plate. When the specimen is deformed, the diffracted beams intersect, inter-

fering constructively and destructively and forming a moire fringe field [10].
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Figure 5. Schematic of configuration used in moire interferometry. 5 = \/p. (From D. Post,

Moire interferometry, in Handbook on Experimental Mechanics, edited by A.S.

Kobayashi, first edition, published for the Society for Experimental Mechanics,

Inc., Englewood Cliffs, NJ: Prentice-Hall; 1987 [10]. Used with permission of

Prentice-Hall.)
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Figure 6. Process for making the mold for the specimen grating: (a) expose photographic

plate; (b) develop; (c) dry; and (d) add reflective coating. (From D. Post, Moire

interferometry, in Handbook on Experimental Mechanics, edited by A.S. Kobayashi,

first edition, published for the Society for Experimental Mechanics, Inc., Englewood

Cliffs, NJ: Prentice-Hall; 1987 [10]. Used with permission of Prentice^Hall.)
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Figure 7. Process for casting the specimen grating whereby the reflective metal film is

transferred to the specimen grating. (From D. Post, Moire interferometry, in Hand-

book on Experimental Mechanics, edited by A.S. Kobayashi, first edition, published

for the Society for Experimental Mechanics, Inc., Englewood Cliffs, NJ: Prentice-

Hall; 1987 [10]. Used with permission of Prentice-Hall.)
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A new method introduced by Han and Post [11] yields improved resolution for moire

interferometry. The wavelength of the laser light is reduced by capitalizing on the index of

refraction of the light as it passes through a refractive medium. This improves the resolution

to ~200 nm per fringe order.

2.4 Electron-Beam Moire

Electron-beam moire is a recently developed technique first described by Robinson in

1981 [12] and Kishimoto et al. in 1991 [13]. The technique has been refined and fostered by

Dally and Read [14], and its use is described in references 15 through 18.

Using many of the principles of video moire [18], e-beam moire is an advancement

in resolution because it is conducted in the scanning electron microscope (SEM). It is based

on the fundamentals of optical moire while exploiting the spatial resolution of the SEM. The

limitations of the wavelength of light are circumvented by imaging with an electron beam.

As with moire interferometry, e-beam moire does not require a separate, tangible reference

grating. The reference grating is an integral part of the SEM—the rastering of the electron

beam—and exists whenever the current in the filament is sufficient to produce an image. The

electron beam rasters across the field of view at regular intervals: 480 raster scans per image

for a typical imaging system. The pitch of the "reference grating," therefore, depends on the

magnification and the viewing area of the system.

The specimen grating is a series of ridges and trenches generated by e-beam lithography

in the SEM with the aid of a computer program that controls the location and dwell time of

the electron beam. Figure 8 shows the procedure used to make the specimen grating. The

polished surface of the specimen is coated with a conductive material; then a thin coat of

radiation-sensitive resist is spun on, and the specimen is baked to drive off volatiles from the

resist. An electron beam exposes the resist in the desired pattern, which is developed by dis-

solving the exposed areas in a solution of alcohol and solvent. Table 1 shows the various

grating sizes and pitches that have been obtained with this lithography system.

The magnification for the lithography is nominally the same as for the imaging. The

number of lines written is 1 or 2 times the number of rasters of the electron beam so that the

initial correlation is approximately 1 to 1 (or 1 to 2). Because the SEM is focussed and tuned

by using electromagnetic lenses to adjust for differences in focal distance, it is virtually im-

possible to replicate tuning conditions between sessions on the SEM. An additional complica-

tion is that the SEM used in this study is not capable of continuous magnifications; that is, the

only possible magnifications are those preset by the manufacturer. A null field, one for which

an exact 1-to-l correlation exists between the specimen and reference gratings, is very rare.

When the pitch of the specimen grating differs slightly from that of the reference grating,

moire fringes are present for the initial condition. In e-beam moire, light and dark fringes are

not the result of light passing through a grating, but rather the result of the electron beam

interacting with the comers of the ridges (light fringes) or being absorbed by the trenches

(dark fringes).
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1. Polish
4. Expose

Au-Pd Rhn\ J]
2. Coat

Jl
5. Develop

U Au-Pd Fnm

3. Spin on resist

fi
6. Coat

Figure 8. The processing steps in making the specimen grating for e-beam moire.

Table 1. Sizes and pitches of patterns produced.

Pattern width,

fim

Line pitch,

nm
Magnification

1000 900 lOOx

500 900

450*

200x

200 350*

175

500x

100 175 lOOOx

50 90 2000X

*Discussed here.
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A change in the moire fringe density is the physical result of the presence of deformation

in the region of the grating. Expansion in the specimen can either increase or decrease the

density of fringes, depending on the initial condition. If, in the initial condition, the pitch of

the specimen grating is larger than that of the reference grating, expansion will lead to more

fringes. If, however, the pitch of specimen grating is smaller than that of the reference grating,

expansion will move the pitch size closer to a 1-to-l correspondence and, therefore, fewer

fringes. Figure 9 demonstrates this concept. The origin of the x-axis is defined as the null

condition; fringes to the right of the origin are fringes of expansion, (+)A^; and fringes to the

left are fringes of contraction, (-)A^. If the initial condition is to the left of the origin and the

specimen is expanded, the number of fringes will decrease until the null condition is achieved,

after which the number of fringes will again increase. If the specimen is contracted, the num-

ber of fringes of contraction will increase. The reverse is true if the initial condition is to the

right of the origin. Expansion will result in an increased number of fringes of expansion, and

contraction will lead to fewer fringes until the null condition results, followed by an increasing

number of fringes of contraction.

Figure 2 shows that for every line from the specimen grating that moves out of the field

of view, one moire fringe appears. From the pitch of the "reference grating" and the initial

fringe density, strain either across the entire grating or at a local feature can be calculated.

The resolution of the technique ranges from 90 to 900 nm per fringe order. Calculating

values for strain depends on the pitch of the specimen grating and the ability to perceive frac-

tions of fringes. Discernment of fractions of fringes depends on the total number of fringes

in the field of view and the fringe contrast. If only 4 fringes are present, it would be easy to

LOAD
(TEMPERATURE)

TENSION
{T > To)

Initial field

with Pg < p, Null initial field

with p, - Pr

Initial field

with p. > Pr

FRINGES/mm

Figure 9. Diagram of the relationship between positive and negative fringes and the relative

pitch of the specimen and reference gratings in the initial fringe field. Fringes along

(+)N are fringes of expansion and fringes along (-)A'^ are fringes of contraction.
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detect, say, 1/10 or even 1/20 of a fringe with good contrast. However, if 25 fringes are in the

field of view, perhaps only 1/4 of a fringe would be discemable. Therefore, the resolution of

the technique falls in a band ranging from 225 to 9 nm.

There are significant limitations to this technique as it was conducted in this study. Dis-

placements are available only from the in-plane surface of the specimen. A single e-beam

moire image cannot provide any quantitative information; the technique relies on the changes

observed in the fringe field from an initial condition. Another disadvantage is the inability

to assign a precise fringe order to the moire fringes observed. Because the pattern covers a

limited area and not a region extending to a free surface, fringe orders must be assigned

arbitrarily. Thus, absolute displacements are not usually quantifiable, but sfrains are.

3. New Developments in Electron-Beam Moire

3.1 Issues and Problems

The basic technique for writing lines and performing experiments with e-beam moire

is essentially unchanged since Dally and Read first published their work in 1993 [14].

However, to advance the experimental technique, the following issues were investigated:

grating-line quality, grating-line density, crossed-line gratings, rotation confrol, heating and

cooling stage, and benchmarking.

Occasionally, grating lines such as those made by the method described in reference 14

have either degraded over time or have deteriorated while being thermally loaded. In certain

cases, the temperature at which the specimen was exposed may have been under question. In

other circumstances, the polymethylmethacrylate (PMMA), of which the lines are made, did

not adhere rigorously enough to withstand thermal cycling. Study of the behavior of materials

in electronic packaging exposed to thermal fatigue is impossible until lines can be made to

withstand thermal cycling.

In the standard pattern, 5 1 1 lines are written from bottom to top, which translates to

a pitch range of 900 nm at 200x to 90 nm at 2000x. To improve the resolution of patterns

covering a larger area, the density of the lines was increased. At 200x, lines with pitches

of 450 and 225 nm have been written successftilly. At 500x, the pitch of the lines has been

halved to 175 nm. Efforts are always being applied toward improving the resolution of the

technique.

One of the weaknesses of the original e-beam moire technique was that the displacement

data were available from only one direction. By locating the grating at interfaces and orienting

it to maximize displacements in the primary direction, reasonable estimates of sfrain were ob-

tained. However, both in-plane displacement components u and v are needed to obtain accurate

values of shear strain.

Crossed-line gratings to measure displacements in two directions solve one problem and

introduce another. The new problem is how to separate fringes due to rigid body-rotation from

those due to shear. The rotation of the electron beam in an SEM is typically controlled by a

knob on the scan-rotation unit. Control is coarse with respect to the sensitivity to rotation of

the fringes, particularly fringes of division. The only way to eliminate fringes of rotation is to
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replicate the angle of rotation within 20" when rotating to view the w-field to v-field images.

This is not possible with standard equipment, so modifications were made to the scan-rotation

unit of the SEM.

For evaluating electronic components, MIL-STD-883 calls for subambient thermal expo-

sures. The stage used could only heat, not cool, the specimen. In addition, grounding problems

caused the observed fringe field to drift. The stage was designed with the thermocouple adja-

cent to the heater rather than at the surface of the stage where the specimen would be located.

All these problems were eliminated with the purchase of a new stage that produces a tempera-

ture range of -196 °C to +400 °C.

To attain confidence in the values of thermal deformation measured with e-beam moire,

it was necessary to benchmark the technique against a known material. Pure copper (99.999

percent) was chosen to determine the coefficient of thermal expansion, the repeatablity of the

measurement, and the behavior of the SEM.

Each of the issues identified above will now be addressed.

3.2 Processing Improvements for Grating Fabrication

Upon looking for a solution to making lines that can withstand the rigors of thermal

cycling, some of the techniques already used in microcircuitry were explored. A possible

solution may be to etch the lines into the surface of the specimen. The PMMA is used as a

mask, as it is used in the electronics industry when making microcircuits. The cross-sectional

profile of the grating resembles a square wave, as it does after lithography:

All materials ideally etch at the same rate, so that the material from the bottom of the trenches

is removed at the same rate as the PMMA. When the last of the PMMA is etched away, the

depth of the grooves cut into the surface of the specimen should equal to the original thickness

of the PMMA (~150 nm). All the PMMA should be removed and the lines themselves should

be an integral part of the specimen. During thermal loading, the lines should be as durable as

the specimen material.

Several attempts to make moire gratings with an ion-beam etch yielded inconsistent re-

sults. The ion-deposition system used to put a conductive coating on specimens for the SEM
also has an etch mode. The current is reversed so that the argon plasma removes material from

the stage, and anything on the stage, and deposits the material on the source ring.

The first attempt on a plated through-hole packaging specimen and a homogeneous copper

specimen gave moderately acceptable results after a total etching time of 120 min for the

copper specimen. All the PMMA was gone from patterns with a 900 nm pitch. Faint grooves

were cut into the copper. For patterns with smaller pitches, the PMMA remained on the ridges

of the lines. Efforts to remove the remaining PMMA with acetone were not successftil. How-

ever, the lines appeared to be more durable: they showed no signs of breaking up as they were

repeatedly viewed and thermally loaded in the SEM.
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The second attempt at etching a copper specimen resulted in the removal of all the

PMMA, leaving very faint lines etched into the surface of the copper after only 5 min of

etching. The notable differences were that the first copper specimen was potted and placed

near the center of the stage for etching, and the second copper specimen was unpotted and

placed toward the edge of the stage. To compare etching rates, a potted specimen and an

unpotted specimen were placed simultaneously in the ion-deposition system in the etch mode;

no difference in etching rates was found.

A third attempt to etch a copper specimen, also unpotted, was made. After a 5 min etch,

all the PMMA was gone and no patterns were visible optically, but in the SEM all the patterns

produced moire beautifully. The etch was probably too shallow to be optically discemable

fi"om the texture of the copper surface, but the regularity allowed the formation of moire

fi-inges. Lines were also etched on a copper/CA specimen. After 3.5 min of etching, everything

was removed from the copper, but some PMMA remained on the CA. Those areas of the CA
showed moire well, but no moire existed on the copper: etching did not attack the copper.

The inconsistent results point to the etching equipment itself An ion-beam etching

system, designed specifically for etching, would produce more dependable results.

Another possibility for making reliable lines is the lift-off process used in the electronics

industry. This technique requires that, after lithography, the bottom of the trench be a teardrop

shape rather than square. To achieve the desired shape, the resist is layered so that the bottom

layer is more reactive to the electron beam than the top. Once the profile is attained, a metal

layer is vapor-deposited on the surface to fill in the frenches. The last step is to remove the

resist layer so that all that remains are the metal strips forming the grating. Metal will tolerate

the thermal cycling far better than the resist.

A member of the staff at the National Nanofabrication Facility [19] suggested that the

desired profile could be achieved by using two different resists, one (for the bottom layer)

with a lower molecular weight of PMMA in chlorobenzene, the other (for the top layer) with

a higher molecular weight in methyl isobutyl ketone, a solvent that would not attack the sub-

layer of PMMA. The electron beam would have a larger interactive region with the lower

molecular-weight resist resulting in the teardrop shape. This method for improving the dura-

bility of the lines in the specimen grating has not, as yet, been tried,

3.3 Crossed-Line Gratings and Rotational Control

How can shear strains be measured when displacement values are available for only one

orientation? The obvious solution is to obtain information from two orthogonal directions.

When only isotropic, homogeneous materials in a uniform stress field are c-isidered, two

separate gratings oriented 90° from each other suffice. However, the materials studied are

neither isotropic nor homogeneous, and the fields are not uniform. The displacement data,

therefore, must be obtained from the same location. To accomplish this, crossed-line gratings

have been successfully written on copper and copper/CA sandwich specimens. The minimum

pitch obtained was 175 nm, which is larger than the 90 nm pitch that can be obtained for a

line grating. Contributing to this loss in resolution are the interaction volume and the dose

required for adequate exposure. The PMMA is exposed not just where the electron beam

touches, but in the area from which electrons are scattered. Because the surface is subjected
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(a)
1 |j,m

(b)
100 nm

Figure 10. Crossed-line gratings on a copper/CA specimen

with pitches of (a) 900 nm (b) 175 nm.

to the electron beam twice, once at ° and again at 90 ° , more area is exposed and, therefore,

more PMMA removed. Lowering the dose used can reduce the exposure area, but a minimum
dose is required to cut through the PMMA to form the grating. Figure 1 shows orthogonal

lines on copper/CA specimens with a pitches of 900 and 175 nm. The crossed-line grating

with the larger pitch looks like window panes, whereas the material that remains in the grating

with the smaller pitch is a regular array of dots. The quality of the moire from both pitches is

excellent in both orientations.

To be used properly, these crossed-line gratings must be repeatably and precisely aligned

to the scan of the electron beam in each orientation. As mentioned above, the standard scan-

rotation unit of the SEM used in this study is not able to accomplish this. Therefore, the scan-

rotation unit was modified to use the sine and cosine of the rotation potentiometer at and

90 ° to switch between the two angles. A control box was fabricated external to the scan rota-

tion unit; it has a switch that enables toggling between and 90 ° to write the lines and to

view the moire. This means that the angle of rotation used to write the lines will be the same

as that necessary to view the moire. This modification apparently has solved the rotation prob-

lem and enabled shear strains to be measured with confidence.

3.4 Parametric Studies and Error Analysis

A parametric study was undertaken to determine which factors may influence a measure-

ment made with e-beam moire at "fixed" settings on the SEM, Initial measurements indicated

that the fringe pattern changed although the specimen was not subjected to temperature

changes or to mechanical loading. Once a specimen grating has been prepared, the pitch of the

grating lines on the specimen will not change unless the specimen is thermally or mechanically

deformed. Therefore, the pitch of the reference grating must be varying.
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Before studying possible error sources with e-beam moire, identifying the key parameters

in formation of the reference grating is instructive. As described in references 14 and 16, the

pitch of the reference grating for e-beam moire can be calculated as

where S is the nominal image width, M is the magnification of the SEM, and R is the number

of raster scan lines. The nominal image width and the number of raster scan lines are fixed for

a given SEM during a given experiment. Therefore, according to eq (15), only a change in

magnification over time can contribute to an apparent change in the pitch of the reference

grating. Any drift in the instrument (such as working distance, accelerating voltage, electronic

magnification control, or other instrument-related issues) can produce an apparent drift in the

magnification. The goal was to study the influence of these apparent magnification drifts and

not to isolate their precise cause for a given test on a particular instrument. All these sources

will be treated as an apparent change in magnification. Note that small changes in the magnifi-

cation can contribute strongly to the apparent pitch of the reference grating since they are in-

versely proportional. Read and Dally [16] noted that the value ofM must be precisely known

for proper interpretation of the moire fringe fields. They fijrther noted that the apparent mag-

nification from the SEM character display differed from actual measured magnifications by

approximately 5 percent for the SEM used in their investigations. No time variation ofM was

considered.

If some variation occurs in the magnification of the SEM, the pitch of the reference

grating can be written as

(16)
iM+AAf)R

where AM is the variation in the magnification [20]. The frequency of a moire fringe field j^
under the assumptions of small rotations and fine pitches is [8]

L=^J-ll. (17)

PrPs

When the reference grating pitch varies according to eq (16), eq (17) can be rewritten in terms

of frequencies,

f^=f^-l-^, (18)

where^ is the frequency of the specimen grating and/! is the ideal reference grating fre-

quency. Further, eq (18) can be written as

where^ is the frequency of the moire fringes with no variation in the magnification, and/^^

is the additional fringe field due to the variation in magnification.

18



Jf - fs fr ^

h
Rt^M

AM

(20)

(21)

Typical values for the nominal image size and number of raster scan lines for the SEM used in

this study are .S = 89 mm and R = 480 lines. Figure 1 1 shows the error term^^ as a function

of the variation in magnification AM for the SEM used here.

As an example of the error, consider a specimen grating with pitch p^- 180 nm observed

in the SEM at a nominal magnification of 1 lOOx. This is essentially the near-match condition

for this specimen grating pitch in the SEM used. From eq (15), the nominal reference grating

pitch obtained is^^ = 168.6 nm. The spatial frequency of the moire fi-inges from eq (20) is

then 0.38 |j,m~^ By assuming the magnification variation is ±0.20x at llOOx, the additional

fringe field occurs at a spatial frequency o^fi>^= 1.1 mm"'. At M= llOOx, a region 81.8 /xm

across is observed in the microscope. The total number of moire fringes observed for this

example is then 30.7 ±0.09 fringes, which represents a 0.28 percent variation in the fringe

field.

In the case of uniform axial strain on a specimen, the error in the strain measurement due

to the magnification variation can be calculated. Assuming a null condition. Reed and Dally

[16] calculated the tensile strain in terms of frequencies as

£
E

-0.50 -0.25 0.00

AM
0.25 0.50

Figure 1 1 . The error term f^^f^ as a fiinction of the variation in magnification AM
for the SEM used in this study.
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Including a variation in magnification that affects both j^ and/., eq (22) rewritten in terms of

grating pitches is

pMR pRl^M
z^-l -1+lf , (23)

S S

where the last term represents the error term. It is helpful to consider the total strain as an

apparent strain,

^app ^ ^true
"^
^AjW' (24)

where

B^, = :^ - 1
,

(25)

and

pRlsM
^^M--^^r-- (26)

For this analysis, eq (26) can be simplified by assuming small strains,

Ps^ 1

(27)M
Equation (26) can then be written as

8b.M

AM
~M' (28)

In the specific example used above (p^ = 168.6 nm), assume a uniform strain of 1200 x 10~^.

From eq (22), by assuming no change in the magnification, the specimen grating has a pitch

oip^ = 168.8 nm. For this particular example, figure 12 shows the error term z^^ as the

magnification is varied; the error is significant. At a value of AM = 0.20x (with a nominal

magnification of llOOx), the additional strain is 182 x 10~^. The error in the strain measure-

ment is then 1 5 percent. To maintain less than 5 percent error in the strain measurement would

require control of the magnification such that AM< 0.07x.

The analysis highlights the necessity of strict control of the magnification for quantitative

measurements with e-beam moire. As noted in reference 16, the nominal magnification must

be accurately known for proper interpretation of the moire field. Clearly, not only must the

nominal magnification be known, but the factors influencing the magnification must be ex-

ceptionally stable.

A series of experiments were performed to identify and quantify factors that vary with

time in a typical e-beam moire experiment. For each of the experiments, a single, homoge-

neous, polycrystalline, 99.999-percent-pure copper specimen was used. The disk-shape spe-

cimen, with a diameter of 5 mm and a thickness of 2 mm, was instrumented with a line
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Figure 12. The error term s^^j^ as a function of the variation in magnification AM
for the SEM used in this study.

grating located near the center of the specimen with/?^ = 180 nm. The specimen grating was

etched into the surface of the copper with an argon sputter etch. The specimen was placed

into the SEM, and four separate tests were performed at a magnification of 1 lOOx. This mag-

nification is associated with the near-null field for the specimen grating frequency used in

this experiment. The temperature of the testing stage was monitored during the acquisition

of images. In the two tests in which the temperature was recorded, the maximum temperature

variation observed in the SEM chamber was ±0.6 °C.

In one test, for example, moire fringe fields were obtained at fixed settings on the SEM
over a period of 240 min at 30 min intervals. A typical fringe field is shown in figure 13. The

initial fringe field is not an ideal null pattern since the magnification on the SEM is available

only in discrete increments. The number of fringes in the initial field may vary for a given

specimen grating owing to slight changes in either the working distance or the focus as the

SEM is set up for a particular experiment. For the T test analyzed here, the initial field con-

tained approximately four fringes.

Each acquired image was analyzed to obtain the average number of moire fringes across

the image. The analysis was based on a fiinge-analysis program developed at NIST. The

program requires the user to specify points located along a fringe center. The software then

performs a spline fit to the data.
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Figure 13. Typical moire fringe field at llOOx obtained under ambient conditions.

As shown in figure 14, a clear variation in the average number of fringes occurs over

time. In all the experiments conducted, the first data point typically showed the greatest

variation from the mean value. For the data shown in the figure, the mean value was 4.34

fringes with a standard deviation of 0.14 fringes. The field of observation at llOOx is

80.9 ]xm, which yields a mean moire fringe frequency of 0.0536 jim"' with a standard de-

viation of 0.0017 |im~^ When this variation in the fringe field is assumed to be due strictly

to factors influencing the magnification of the SEM, the apparent change in the magnification

required to produce one standard deviation can be calculated from eq (21). From eqs (15)

and (17), the nominal magnification required to produce the observed moire field frequency

is 1050x. The magnification was set on the SEM at llOOx. (The calculated value is within

the usual 5 percent uncertainty allowed in the magnification calibration.) To produce one

standard deviation in the fringe field, a value of AM= 0.32x for the data s jwn in figure 14

is obtained from eq (21).

When only the data points obtained after 30 min had elapsed are considered, a mean

value of 4.30 fringes is obtained with a standard deviation of 0.07. The mean value is com-

parable to that obtained previously with all data points. Therefore, the nominal magnification

is approximately the same (M= 1050x). From eq (21), a value of AM= 0.16 required to

produce one standard deviation in the fringe field is calculated.
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Figure 14. Average number of fringes for the copper specimen as a function of time.
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Figure 15. Average number of fringes as the probe current is varied.
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The probe current in the SEM was initially suspected of producing the apparent variations

in the fringe field. This suspicion was based on recordings of probe current over time as each

experiment was performed. To investigate the likelihood of the probe current causing varia-

tions in the fringe field, two tests were performed in which the probe current was varied and

images were acquired. The average number of fringes plotted as a function of probe current

for one test is shown in figure 15. For this data set, the mean number of fringes is 4.95 with

a standard deviation of 0.10. Comparing figure 15 with figure 14 shows that the variations

observed over time are approximately the same as the variation observed over the time the

probe current was varied. Figure 1 5 shows that the probe current was varied from approxi-

mately pA to -100 pA. The observed variation in probe current during tests similar to that

which provided the data in figure 14 was only +0.6 pA. The probe current clearly was not

responsible for the observed temporal variation in the fringe field. This is not unexpected,

because the probe current should not vary the magnification in a typical SEM.

During operation of an SEM, charge may accumulate on the electromagnetic lenses,

which could lead to small variations in magnification. To investigate this possibility, the

electromagnetic lens system was degaussed before each image of a series of images was

acquired. The average number of fringes as a function of time is shown in figure 16. Again,

a variation in the number of fringes over time is observed with a standard deviation of 0.09

fringe. This is comparable to the variation observed in figure 14 where the lens system was

not degaussed before acquiring the images. Degaussing of the lens system does not appear to

improve the observed variation of the fi-inge field with time.

Finally, human factors were considered by studying the variation in the average number

of fringes due to the fringe-tracing procedure. An image was acquired and six independent

tracings were performed of the fringe centers with the fringe-analysis software used in this

study. Of concern here was variation in the location of the center of the fringes and the effect

of the number of points along each fringe center used in the spline fit to the data. The results

are shown in figure 1 7 for the average number of fringes across the entire image for each

tracing. As shown in the figure, a variation of approximately ±0.05 fringes occurred with a

standard deviation of 0.02 fringes. This result is far below the observed variation over time

shown in figure 14. Fringe tracing, therefore, could not be responsible for the observed

variation in the fringe field.

3.5 Benchmark: Coefficient of Thermal Expansion for Copper

To provide a benchmark for the e-beam moire method in thermal-stress studies, a total of

six experiments were performed to determine the coefficient of thermal expansion a of copper.

The first two experiments used a copper specimen with a geometry identical to that of the

specimen previously described but with a line-grating pitch of 900 nm. Th'^ remaining experi-

ments were performed on the same specimen that was used for studying the temporal variation

of the fringe field. Both specimens had line gratings that were etched into the surface of the

specimen to avoid high-temperature deterioration of the PMMA coating, which is normally

used for producing gratings with e-beam lithography.

The procedures for all experiments were similar. For the more recent tests, the specimen

was placed in the vacuum chamber of the SEM and thermally cycled twice between -50 °C

and +150 °C. The temperature was then set at the starting temperature for the test (-50 °C).
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Images of the moire field were acquired at intervals of approximately 50 °C. After each

increment in temperature, the specimen was allowed to equilibrate before acquisition of the

moire field image. Equilibrium was defined as that time when the observed lines moved less

than 0.25 lines in 1 min across the field of view. This required waiting a maximum of 30 min.

Typical fi-inge fields at temperatures of -49.6 °C and 150.6 °C are shown in figure 18.

For two of the tests, the average number of fi^inges across the field as a ftinction of tem-

perature is plotted in figures 19 and 20. Figure 20 shows the mean values of the data at each

temperature; the bars indicate the spread in the data.

The coefficient of thermal expansion was calculated fi"om the fi-inge field following the

procedure given reference 2 1 . Only the change of fi-inge order with temperature is of interest

over the uniform displacement field, so the slope Sj- of the average number of fringes with

respect to temperature was calculated. Then the coefficient of thermal expansion can be

directly calculated as

a = ^.
R (29)

From eq (29), a is estimated by dividing the slope of a best-fit line through the data (see

the examples in figs. 19 and 20) hy R{R = 480 for the SEM used). Table 2 summarizes the

results of four tests obtained by using this calculation.

The average coefficient of thermal expansion from the moire data can be compared with

a handbook value of a = 16.5 x 10"^ °C~' for pure copper [22]. The average result is within

1.8 percent of the handbook value. However, the results must be evaluated in light of the para-

metric studies performed on the apparent magnification drift.

(a) (b)

Figure 18. Typical e-beam moire fields at llOOx acquired

at temperatures of (a) ^9.6 °C and (b) 150.6 °C.
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Figure 20. Test no. 4 for the average number of fringes as a function of temperature

for the copper specimen. Shown are the mean values obtained at each
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Table 2. E-beam moire results on the coefficient of thermal expansion a of copper.

Test Magnification Slope, Sj- a, °C-i

1 220x 8.61 X 10-^ 17.9 X 10^

2 220x 1.03 X 10-2 21.4 X 10^

3 llOOx 6.42 X 10-3 13.4 X 10^

4 llOOx 14.5 X 10-3 14.5 X 10^

Average a = 16.8 X 10"^

3.6 Uncertainty of the Coefficient of Thermal Expansion

Consider a variation in apparent magnification during a thermal expansion test. The

apparent coefficient of thermal expansion can be calculated fi-om the apparent strain as

a = ^!!PP, (30)
app ^j' ' '

provided that the thermal strains are linear over the temperature increment AT. The apparent

strains, as shown in eq (24), are [20]

a - ^^true ^ ^^app (31)
app ^Y ^j

This equation can be put in a more useful form:

1 +
"•app ^true

where

AM
a^,MAr

(32)

-^^-^- (^3)

On the basis of the data from the time-dependent variations of the fringe field, the apparent

variation in magnification is approximately 0.32x at llOOx. From eq (32),

^ = 1.088. (34)

"true

Therefore, an estimate of the coefficient of thermal expansion should be within ~9 percent.

If the average values of the coefficient of thermal expansion from the four experiments dis-

cussed in table 2 are considered, a - 16.8 ±3.6 x 10-^ °C-' is obtained. This is clearly a

larger error than would be expected from the time-dependent data. However, from the standard

deviation of these tests, a more accurate estimation of the error becomes available. Multiplying

ttf^g through, eq (32) becomes

28



AM
(25)%p "true +

^^^y;-
^ ^

The second term is the equivalent of the standard deviation, so equating that to 3.6 x 10~^

° C~' to calculate a value for AM/M over a temperature range of 200 ° C yields

^ = 7.2 X 10-^ (36)M
the value for a AM of 0.32 at llOOx is 2.9 x 10"^. The value in eq (36) includes data obtained

from two magnifications, 220x and llOOx, but this magnification variation can be considered

to be characteristic of the SEM during the course of these tests.

4. Application to Conductive Adhesives

4.1 Overview of Conductive Adiiesives

Conductive adhesives were first introduced in the 1940s. Early CAs were fundamentally

the same as many of those used today. Until recently, CAs were used primarily for die attach-

ment, that is, adhering a silicon chip to the lead frame. Virtually every CA was a silver-filled

epoxy. As CAs are being proposed for a wider variety of ftmctions, the chemistry and mor-

phology are being changed to suit the application.

Polymer science enables many material properties to be tailored to the proposed use.

It is possible to change the glass transition temperature T , the cure temperature T^, elastic

properties, and the coefficient of thermal expansion of a polymer. The matrix may be a ther-

moset polymer, a thermoplastic polymer, or a silicone. Additionally, the filler material is

diverse and fiinction-oriented. The shape of the particles may be spheres, random shapes, or

flakes. The particles may be silver, nickel, metal- or carbon-coated glass, polymer spheres, or

any of a variety of other materials. Silver is most often the choice because it has the highest

conductivity at room temperature and it has a conducting oxide [23], unlike all other com-

monly used conductors.

Thermoset polymers, such as epoxies, are made up of one or two components, and they

irreversibly cure in a chemical reaction with the introduction of heat or light. During curing

the polymer chains cross-link to form a very hard, durable material that takes on a permanent

shape. Thermoplastics, on the other hand, do not cross-link. They are stored in a solvent and,

when employed, are heated to drive off the solvent or are melted for application. They can

be remelted to replace components, much as solder, which is an advantage for applications in

which reworking may be significant.

The two basic types of conductive adhesives are isotropic and anisotropic. Isotropic con-

ductive adhesives (ICAs) are well-established: they have been used for decades. They have a

polymer matrix with conducting particles randomly dispersed throughout. The particles (flakes

or spheres) make up 25 to 35 volume percent or 70 to 90 mass percent of the polymer matrix

[24-26]. The diameters of the particles range from 0.5 to 30 ^m [26,27]. With this solid con-

tent, the particles contact each other, causing ICAs to be conductive in all directions (see fig.

21a). Isotropic CAs are used in die attachment and are proposed as a replacement for solder in

surface-mount devices (SMDs) [25,28-53].
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(a)

(b)

Figure 21. Schematic showing (a) an isotropic conductive adhesive and (b) an anisotropic

conductive adhesive in a surface-mount application.

Anisotropic conductive adhesives (ACAs) were introduced to the electronics industry

in the early 1 990s. The volume fraction of conducting particles is much lower than that

of ICAs, in the range 2 to 15 volume percent [54]. The particles do not contact each other;

therefore, the conducting path is through each particle in contact with the lead and pad (see,

for example, fig. 21b). Most ACAs are now being used to connect flex circuitry, but they are

also being considered for some SMDs and direct chip interconnects [27,54-72].

Each of the two types of CAs is available in two forms: paste and film. The ICAs are

more commonly found as pastes, and the ACAs are more commonly found as films. The paste

is applied by screen printing, by stenciling, or with a syringe. The films are stored between

release paper, and when applied, they are cut to the size needed. One side is attached to a

prewarmed surface to get good adherence; then the other side is attached; and, finally, the

adhesive is cured under pressure to ensure good contact.

The conventional uses for CAs, as with die attachment, are to connect materials that are

not solderable, either because they cannot withstand soldering temperatures (for example, flex

circuitry) or because they are not metallic (for example, glass in a chip-on-glass configuration).

As industry broaches the formidable task of making a more environmentally compatible prod-

uct to manufacture and dispose of, the toxicity of lead in solder becomes a primary issue. The

electronics industry has proven its ingenuity by eliminating the use of chlorofluorocarbons

before the year 2000 deadline set in the Montreal Protocol [37]. Now, efforts are being made

to determine whether circuits can be made more efficiently and whether the use of hazardous

substances can be reduced. Companies are researching the use of CAs to meet both objectives.

In recent years, Gilleo has suggested that it is an inefficient use of time and resources to

make microcircuitry with subtractive (etching) techniques [61,73,74]. He intimates that etch-

ing is outmoded: "The concept is akin to writing messages by covering a sheet of paper with

graphite and creating letters with an eraser" [73]. He further proposes that an additive process
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using conductive polymers in place of copper be explored as an alternative. A citation search

on the article showed that there was no published response by the electronics industry.

The electronics industry feels pressure to reduce the use of hazardous materials, as evi-

denced by the number of groups working on CAs as a solder replacement in leading electron-

ics adhesive manufacturers in the United States and in Europe. The driving force appears to be

coming from Europe. Germany is considering legislation that will make it the responsibility of

the manufacturer to dispose of their products at the end of the product's lifetime [75]. The cost

of disposing of hazardous materials gives great impetus to finding alternatives to traditional,

toxic, manufacturing practices.

Besides the toxicity of lead, other motivations exist for replacing solder with CAs. The

processing temperature for CAs is, on average, 70 °C lower than that for solder [23,47].

Many components and alternative circuits are heat sensitive, so reliability should improve with

lower processing temperatures. As an added bonus, popcoming, the destructive escape of gas

during processing, occurs at temperatures above 200 °C, 30 to 50 °C higher than the typical

processing temperature for CAs. The particles in a CA are typically smaller (10 to 20 |um)

than those in a solder paste (20 to 45 \xm) [28], resulting in a finer pitch (0.3 mm) [76], about

half that of solder, without the risk of bridging.

Like solders, ICAs can be stenciled and screen printed, so very little retooling would be

necessary to replace solders with CAs. The differences on the assembly line would be the

number of steps required and the amount of material dispensed. When attaching with CAs,

the cleaning steps necessary with solder are not required. The volume of material needed when

affixing a SMD is less with CAs than with solder. Solder paste comprises particles of solder

in a dispensing liquid. This liquid is mainly solvents that evaporate, resulting in a 50 percent

loss of volume during processing. Conductive adhesives lose almost no volume and, owing to

their lower densities, use a much smaller mass of material to achieve the same volume. The

density of a silver-filled epoxy adhesive is about one-third that of solder. Since the loss of

volume is 50 percent, only one-sixth as much CA by mass is required [23,24,77]. Some cost

comparisons [25] actually indicate that CAs are very competitive when the time saved due to

eliminating cleaning steps and the smaller amounts of CA needed to do the same job as solder

are considered.

To reiterate, the advantages to CAs over solder are

1

.

Elimination of hazardous (lead-containing) materials

2. Lower processing temperature

3. Ability to achieve smaller pitch size

4. Elimination of processing steps

5. Ability to attach nonsolderable materials

6. Ability to customize the material for the application

The disadvantages are

1

.

Longer curing time for CAs than reflowing time for solders

2. Higher cost

3. Lower strength in the drop test

4. More critical planarity and accuracy of placement of components

because CAs do not wick

5. Difficulty in reworking (removal and replacement of a component)
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Other authors have brought up additional advantages and disadvantages specific to their

research. Goward et al. discussed that an advantage to CAs is that they do not contain tin,

which is prone to dendritic growth—a source of bridging in solders [78]. They also mentioned

the disadvantage of bond-strength degradation when CAs are exposed to humidity. Gilleo dis-

cussed the effects of humidity exposure on resistance measurements in CAs [77]. He thinks

that the rise in resistance is due to oxidation of the materials being connected, and that the

CAs provide a path for the oxygen to reach the pad or lead surfaces. Gilleo also expressed

concern for the potential of electromigration to occur, since the silver particles, particularly

in ACAs, carry very high current densities. In none of the literature, however, were instances

found where Gilleo 's concern was substantiated. Kreutter et al. feel that CAs are better able

to withstand thermal shock and cycling than solders owing to the elastic nature of the poly-

mer matrix in CAs [65]. Disadvantages that they discussed are the reduced shelf life of CAs
(approximately one year when stored at -40 ° C for many one-component, epoxy-based CAs),

and the operating temperatures of CA joints that are lower than those of solder joints (below

T for most CAs).

For evaluating conductive adhesives for different applications, the standard tests typically

involve assessment of the electrical properties under various environmental conditions. Most

laboratories measure the change in the contact resistance of an actual component attached with

CA following thermal cycling, thermal soaking, or temperature/humidity exposure. The contact

resistance is measured after a given number of cycles or hours of exposure. If the contact re-

sistance has increased by 20 percent, the component has failed. Typically, no fiirther evalua-

tion is conducted to determine why the resistance has increased.

In addition to measuring the contact resistance, some laboratories have also evaluated the

mechanical behavior of the CA joint with respect to temperature and/or humidity exposure.

Most of these laboratories assessed the shear strength of the attached component through use

of a shear-strength tester [29,36,48,50,51,68,79-84]. Values for peel strength, mainly in appli-

cations using anisotropic conductive adhesives, have also been reported [42-45,53,63,65,69].

Another mechanical evaluation test—the pop-off or push-off test—^was used by Hvims [37-^1]

and in all the work reported by Chung et al. [59, 85-88]. In none of these cases was the speci-

men or the test procedure ftilly described. The tests appear to have been designed strictly to

determine the load required to remove the component, for comparison only.

Four research groups used the CA material to make lap-shear specimens to evaluate the

shear properties of the CA in a more conventional test [34,89-92].

4.2 Materials Evaluated

Tests presented here were conducted on two materials, both supplied I the same elec-

tronic materials and adhesives company. Both materials are ICAs, but one i. a paste and the

other, a film. Table 3 shows the properties of the materials as specified by the manufacturer.

The ICAs were stored in a standard freezer for about three months and then moved to an ultra-

low-temperature freezer set at ^5 °C.

The specimens were made up of copper and CA, as shown in figure 22. Copper was

chosen because it is likely to be used in conjunction with CAs. The copper was not combined
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Table 3. Properties of the CAs as supplied by the manufacturer.

Property 5025E Film 8 175A Paste

Filler Silver Silver

Cure condition !/2hat 150 °C 3 minat 150 °C

Cure option 2 hat 125 °C 6minat 130 °C

Lap shear strength 363 MPa 247 MPa
Alto Mat 25 °C

Volume resistivity 0.0002 Q-cm 0.0003 Q-cm

Ionic content:

chloride 50 ppm 37 ppm
sodium 30 ppm 1 ppm

potassium 5 ppm 1 ppm

Coefficient of thermal expansion:

below T„

above T,
g

90 °C

65 ppm °C'^

150 ppm °C-'

80 °C

65 ppm °C-'

250 ppm °C-'

Weight loss at 300 °C

Storage life

0.60 percent

6 months at 5 °C

0.40 percent

6 months at -10 °C
1 year at ^0 °C

Copper

Conductive Adhesive-^ <j==i2.7mmt

9.5 mm

Figure 22. Sketch of the specimen configuration used in the thermal and mechanical-loading

tests. The sites of the observed patterns are A—paste thermal test, B—film thermal

test, C—paste mechanical test, and D—film mechanical test.
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with another material so that the behavior of the CA alone could be easily observed, apart

from the influence of mismatch of coeffiecients of thermal expansion in a multiple-material

system.

Standard OFHC copper was machined into two sizes, 12.7 mm x 12.7 mm x 0.4 mm
and 15.9 mm x 12.7 mm x 9.5 mm. While the CAs thawed at room temperature for 1 h, the

copper pieces were soaked in a 50:50 solution of nitric acid (70.6 percent) and deionized water

to remove the oxide layer. The larger pieces sat in the acid solution for ~90 s, and the thinner

pieces, for ~20 s. The pieces were rinsed in deionized water and then put into a methanol

ultrasonic bath for 30 s. The copper pieces were blown dry with compressed air, and the

pieces were assembled as shown in figure 22.

The film was applied to both 12.7 mm x 12.7 mm pieces, preheated to 50 °C on a hot

plate, then attached to the 15.9 mm x 12.7 mm pieces. A 140 kPa strain-gage clamp was used

to apply pressure during cure. The manufacturer recommends preheating the surface to be

bonded to 45 °C and curing with continuous pressure of at least 35 to 70 kPa. The specimen

was cured in a strain-gage oven with the temperature set to 150 °C. The temperature of the

oven was monitored with a 90 mm x 90 mm x 26 mm block of aluminum with an imbedded

thermocouple. The specimen cured on the surface of this aluminum block. The thermocouple

indicated a temperature of 149.6 °C when the specimen was placed in the oven. When the

temperature of the oven began to rise, after dropping from opening the door to put the speci-

men in, timing began for 30 min, the time required for the film to cure. At the end of this

period, the specimen was removed from the oven and allowed to cool to room temperature

before removing the clamp.

The other specimen was made with a CA paste. The CA was sfroked onto the surface to

be bonded with a wooden stick. Teflon tape was wrapped around the 15.9 mm x 12.7 mm
pieces to prevent a butt joint from forming. The specimen was assembled and cured without

pressure in the oven set to 150 °C. The temperature on the aluminum block was 146.5 °C
when the specimen was placed in the oven. The curing schedule for this CA is 3 min at

150 °C or 6 min at 130 °C; 3 min is not enough time to thoroughly cure the CA at 150 °C.

(In a previous attempt to cure this CA, the specimen was exposed to 6 min at 130 °C, plus

3 min at 150 °C in an oven, followed by a 3 min cure at 150 °C on a hot plate before it

appeared to be fully cured.) Once the temperature started recovering, the specimen was al-

lowed to cure for 6 min. The specimen was then removed from the oven and allowed to cool

to room temperature.

4.3 Specimen Preparation

The day after the specimens were cured, each was cut into approximc ^ thirds, so that

each piece was about 3 to 4 mm thick. Each piece was ground flat on both sides with silicon

carbide paper in several steps, from 120 to 1200 grit. One side of each specimen was then

polished with 6 \xm diamond spray on a napless synthetic silk polishing cloth. Following the

polishing, the surface was cleaned with methanol and cotton batting and dried with canned

compressed air.

After the specimens had been prepared and the film and paste's shelf life had expired, it

was discovered that the projected shear strength of the CAs exceeded the tensile strength of
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the thin copper pieces used in the specimens. The specimens had to be modified to keep the

study progressing. The best option appeared to be reinforcing the 0.4 mm thick copper pieces

for the mechanical loading specimens. Small pieces (12.2 mm x 3 mm x 1 mm) of 316LN
stainless steel were glued onto the copper sheet with a low-shrinkage epoxy that cured at room

temperature. During curing they were held together with binder clips, producing an indetermi-

nate pressure. The polishing described above was then repeated.

The crossed-line gratings were prepared on each of the four specimens on a different day.

On the day that the crossed-line gratings were written, each specimen received a final polish

with 1 \xm diamond spray on synthetic silk polishing cloth. Once again, the specimen surface

was cleaned with methanol and cotton batting and dried with canned compressed air. The

specimen was placed in a methanol ultrasonic bath for 30 s, followed by cleaning the surface

with acetone and cotton batting and drying it with canned compressed air.

To apply a thin, even coat of the PMMA, it was spun onto the surface of the specimen.

The PMMA was purchased in a chlorobenzene solution with 4-percent solids. This was cut

in half by mixing a 1:1 solution of the purchased PMMA with chlorobenzene to form a solu-

tion with 2 percent solid content of PMMA. The specimen was held onto the surface of the

spinner by a vacuum; 3 to 5 drops of 2 percent PMMA were placed on the surface of the

specimen; the specimen was spun at 2250 rpm for 30 s. The specimen was then placed on

an aluminum block preheated to 1 70 ° C on a hot plate. The specimen was allowed to bake

at this temperature for 1 h to drive off the chlorobenzene. The specimen was now ready for

lithography.

4.4 Electron-Beam Lithography

For lithography performed in a SEM, D. T. Read of NIST wrote a BASIC program that

controls the location and dwell time of the electron beam, enabling regularly spaced, straight

lines to be written. The lines are actually a series of closely spaced, overlapping spots. To

obtain crossed-line gratings, the lines are written in one orientation first; then the specimen is

"rotated" 90 ° and the lithography process is repeated. This "rotation" takes place electronically

rather than physically—^the x output is sent from the photomultiplier to the video y input, and

vice versa. The effect is to rotate the specimen clockwise ~90 °
. (The rotation is accurate to

±1 ° and precise to ±20 s.)

Using a data file accessed by the program, the operator specifies the size of the pattern in

magnification, the number of lines, the probe current, and the number of dwell stops on the

scan line. Table 4 shows the settings used for the patterns written on the specimens for this

study. The PMMA is very sensitive to the electron beam, so the operator cannot view the sur-

face of the specimen under normal illumination but must locate the pattern with an extremely

low probe current (<0.2 pA).

To write the patterns, the microscope was set to 20 kV of accelerating voltage. An aper-

ture of 50 )u.m was chosen to focus the beam as tightly as possible. The astigmatism, centering

of the aperture, working distance, and focus were also carefully adjusted and tuned to obtain

as small a spot as possible. A small electron-beam spot is necessary, particularly when at-

tempting to obtain line pitches of 90 to 225 nm.

35



Table 4. Input values to the lithography program for the patterns written

on the specimens for this study.

Form Magn. Dose, Probe current. Pattern size. Pitch,

nC cm"^ pA |j.m nm

Film 200x 2.4 200 500 450

200x* 2.5 200 500 450

200x 2.6 200 500 450

500x* 1.4 50 200 350

500x 1.6 50 200 350

500x 1.7 50 200 350

500x 0.7 25 200 180

Paste 200x* 2.5 200 500 450

200x 2.6 200 500 450

200x 2.7 200 500 450

500x* 1.3 50 200 350

500x 1.4 50 200 350

500x 1.6 50 200 350

500x 1.7 50 200 350

500x 0.6 25 200 180

500x 0.8 25 200 180

Pattern used in thermal or mechanical test.

Writing the actual patterns is a matter of locating where you want to place the pattern,

setting the magnification to the desired viewing area, and adjusting the probe current with

the fine and coarse potentiometers on the SEM to that specified in the computer data file.

A Faraday cup measures the probe current. It also blocks the beam from reaching the surface

of the specimen until the computer takes control of the electron beam to begin writing the

pattern.

After all the patterns were written on a given specimen, the specimen was removed fi^om

the SEM for development. During exposure the electron beam breaks up the polymer chains

of the PMMA, but development of the specimen is required to wash those broken polymer

chains away. The developer used was a 3:1 solution of isopropanol and methyl isobutyl ketone

(MIBK). The specimen was gently agitated in the isopropanol/MIBK solution for 40 s, then

rinsed in a stream of isopropanol for 20 s, followed by a rinse in deionized water for 30 s.

Canned compressed air was used to dry the specimen. At this point, often the diffraction of

light on patterns with line pitches >350 nm can be seen. The lines are visible in an optical
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microscope for line pitches of the same magnitude, but the quality of the lines with finer

pitches must be assessed in the SEM. Following development, however, the surface of the

specimen is a nonconductive polymer. This surface will charge in the SEM so that it is im-

possible to view the patterns. To provide a conductive surface, a thin (<10 nm) coating of

gold-palladium was deposited over the polymer with a sputter coater. A sputter coater plates

material onto a surface by dislodging material from a source with argon ions accelerated in an

electric field and depositing the source atoms onto the surface of the specimen. The specimen

remains cool throughout the process.

After its surface was coated with gold-palladium, the specimen was returned to the SEM,

and the quality of the patterns was evaluated. A pattern can be rejected for use for three

reasons: overexposure, underexposure, or inconsistent exposure. Inconsistent exposure arises

when the specimen is not perfectly flat in the area of the pattern—either the specimen as a

whole is not flat or the softer regions are gouged out. If the electron beam's focal point falls

above the specimen surface, the inadequate exposure will result in invisible or poorly contrast-

ing lines. If the electron beam's focal point falls below the specimen surface, the interaction

area affected may be so large that adjacent lines may touch each other or all the PMMA is

exposed and removed during development.

Achieving acceptable patterns on each of the material forms was straightforward for three

of the specimens prepared (both specimens containing the CA film and the paste specimen

prepared for thermal loading). The paste specimen prepared for mechanical loading presented

more difficulty. The first attempt at lithography generated some usable patterns, but it had

been instrumented before it was recognized that the specimens were underengineered. The

second attempt did not result in any usable patterns. Greater effort was made to make the

specimen flat and the interfaces contiguous. The third attempt at lithography revealed an inter-

ference problem that resulted in wavy and discontinuous lines. Investigation revealed that three

welding units in use near the laboratory created this interference. It is not clear whether the

interference was due to rf or dc fields.

4.5 Thermal Testing

The thermal-load testing of each CA material was conducted in the SEM by using a

commercial heating/cooling stage (fig. 23) with a temperature range of -196 to 400 °C, but

the testing was conducted in the nominal range of -50 to 150 °C. Cooling was provided by

liquid-nitrogen-cooled nitrogen gas that flowed through tubing in the stage. A PDI controller

maintained the set temperature by balancing the heater output with the chilled air.

One of the patterns on the paste specimen, location A in figure 22, was observed under a

low accelerating voltage (7 kV) to optimize the resolution without damaging the PMMA. The

paste specimen was observed at a working distance of 13 mm and a probe current of 10 pA.

Before acquiring any images the stage was precycled between °C and 100 °C twice and

then returned to the ambient temperature noted when the filament first saturated. The objective

was to ensure that any macroscopic adjustments would occur prior to the start of image acqui-

sition. The hour required to do this precycling also gave the electron beam time to stabilize.

Images were then stored digitally from both orientations at ambient temperature. (Throughout

the remainder of this paper, w-field and ° will refer to the observed images where the grating
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Figure 23. The heating/cooling stage used.

lines were perpendicular to the interface; v-field and 90 °
, to images whose grating lines were

parallel to the interface.)

Subsequent and 90 ° images were acquired at the following nominal temperatures:

-8 °C -48 °C 6 °C
52 °C 100 °C 150 °C
80 °C 30 °C

The fringes on every image were traced by using a program for the PC that was written by

D. T. ReadofNIST.

The pattern on the film specimen (location B in fig. 22) was observed at a working dis-

tance of 14 mm and a probe current of 12 pA. In this case, images were collected from the

and 90 ° orientations an hour after saturating the filament but before thermally cycling the

stage. The stage was then cycled between and 100 °C twice, as before. A second pair of

images was acquired at the noted ambient temperature after the thermal cycling. These images

were used as the initial condition for the test. Digital images from the and 90 ° orientations

were stored for the following temperatures:

°C °C
°C 150 °C
°C -45 °C

-10 °C
52 °C
80 °C
29 °C

The fiinges on each image were fraced with the program described above

-50

101

10

The data appeared to be behaving in an unusual fashion. Fringe density decreased when

it was expected to increase. To verify the results of the first test, a second thermal-loading test

was run on the same pattern used above. The electron beam was again allowed to stabilize for
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an hour before acquiring images from the two orientations. The stage was cycled between

and 100 °C twice and then returned to the noted initial temperature. Images from both and

90° were obtained before thermally loading the specimen to the following temperatures:

-50 °C 1 °C 52 °C
101 °C 150 °C 80 °C
13 °C -47 °C 30 °C

The fringes on each image were traced, as before.

4.6 Mechanical Testing

The mechanical tests were conducted in the SEM on a commercially manufactured stage

(fig. 24) with a motor-driven screw-type actuator and a load capacity of ~4450 N. With the

present hardware, the stage is capable of only uniaxial compression and tension. A universal

joint to drive the stage and the wires that monitor the load and displacement have access into

the SEM chamber through a plate that replaces the side port.

The gage length of the specimen is limited to ~15 mm. The modified lap-shear specimen

has been described previously (see fig. 22). It is loaded onto the stage with wedge grips, each

end of which is tightened with two bolts. The motor speed is regulated with a potentiometer-

type knob that sets the rate between and 100 percent of 330 rpm. The stage showed no visu-

ally discemable movement below 10 percent, however. Most of the loadings were conducted

at ~15 percent; loading to 90 N takes less than a minute. The load was read from a digital

display on the controller for the stage.

Both mechanical tests were performed on the same day. The patterns used had crossed-

line gratings with a pitch of ~350 nm, so data were again available from both the and 90°

orientations. The patterns were located near the midpoint of the copper sheet; that is, near the

inside free surface of the larger copper block; their locations in figure 22 are indicated by C
for the paste specimen and D for the film specimen.

Figure 24. The mechanical stage used in this study.
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The first test conducted was on the specimen containing the CA paste. The moire was

observed at an accelerating voltage of 7 kV, a working distance of 1 8 mm, a probe current

of 15 pA, and a magnification of 550x. The filament was saturated 130 min before the first

images were acquired. Images from both orientations were accumulated at nominal loads of:

ON 82 N 178 N 260 N
344 N 429 N 516 N 601 N

A final set of images was also acquired at N after the test was completed. The images were

imported onto a PC where the fringes were traced on each image by using the aforementioned

tracing program.

The second test was conducted on the specimen containing the CA film. The working

distance for this test was 17 mm. The accelerating voltage was 7 kV, the magnification was

550x, and, at the start of the test, the probe current was 15 pA. The probe current was reset to

1 8 pA after the 247 N load was applied because the contrast was poor and the fringes in the

CA were difficult to see. Owing to time constraints, the filament was saturated for only 25

min before the first images were acquired. Images were accumulated from both orientations

at the following nominal loads:

ON 84 N 163 N 247 N
331 N 420 N 504 N 539 N

The images were again imported to a PC, where the fringes from each image were traced

with the tracing program.

4.7 Analysis of the Moire Fields

The fringe-tracing program enables the assignment of point loci that define the center of

the fringe. This fringe center is also a contour of equal displacement on the surface of the

specimen. The effect of the crossed-line grating is analogous to having a full-view O-to-90
°

displacement gage with a resolution on the order of tens of nanometers.

Once the fringe centers have been identified, analysis is completed in the manner

described by Parks [93] in his chapter on geometric moire. Figure 25 shows the general

procedure followed. The fringe centers are identified on the w-field and v-field images. Line

profiles are chosen running perpendicular and parallel to the orientation of the lines of refer-

ence grating on each image. For the series of tests described here, three line profiles were

chosen perpendicular to the orientation of the lines of the reference grating in each of the

w-field and v-field images, and one trace was chosen at the midpoint of the images from the

w-field and v-field images parallel to the orientation of the lines of the reference grating

(fig. 26). For the w-field images, the three line profiles were chosen such that one was through

the CA and the other two were approximately equidistant from the CA, one in the 9.5 mm
copper and the other in the 0.4 mm copper.

The distance along the chosen trace versus the assigned fringe order was graphed. The

fringe order was then converted into length by multiplying by the pitch p^ of the reference

grating. (Recall that each fringe is the result of a frequency mismatch between the specimen

and the reference gratings of one complete line.) The example shown in figure 25 assumes

that the initial fringe field is null. However, with e-beam moire the initial fringe field is rarely

null; every subsequent image is analyzed by studying the difference between it and the initial

image.
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Figure 25. Procedure used to analyze the moire fringe data. (From V.J. Parks, Geometric

moire, in Handbook on Experimental Mechanics, edited by A.S. Kobayashi, first

edition, published for the Society for Experimental Mechanics, Inc., Englewood

Cliffs, NJ: Prentice-Hall; 1987 [93]. Used with permission of Prentice-Hall.)

In the thermal tests an initial room-temperature image was collected, followed by

images collected at regular temperature intervals between -50 and 150 °C. Similarly, in the

mechanical-loading tests an image was collected before applying a load; then subsequent

images were collected at regular load intervals. The slopes obtained from the line profiles from

the initial images must be subtracted from the subsequent images to see how each loading step

affected the fringe field. Strain data are calculable from these plots of relative displacement

versus position along the frace. The slope of the curves, duldx and dvldy, from the line pro-

files perpendicular to the orientation of the reference grating in the w-field and v-field images,

respectively, are the normal strains as given by eq (8). The shear strain is the sum of the

slopes from the curves obtained parallel to the orientation of the lines of the reference grat-

ing, duldy + dvldx, as given by eq (13). The strains are, therefore, quantifiable and locally

significant.
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Figure 26. Sketch showing the approximate locations of the line profiles

from the M-field and v-field images used to analyze the moire data.

4.8 Results

4.8.1 Thermal Loading of Conductive-Adhesive Paste

As one looks at the collected images of the fringe field at each temperature, the amount

of local deformation that occurred in the CA is notable. In figure 27a of the w-field, the

fringes curve through the CA paste and the fringe density is not regular. The corresponding

v-field image (fig. 27b) shows the fringes following a circuitous path through the CA.

The analysis of the series of the w-field images (fig. 28) shows that the behaviors of the

thin copper, the CA, and the thick copper were all very similar. Below room temperature the

curves exhibit a gentle negative slope, indicative of contraction. Above room temperature

there is little sign of expansion at 50 °C, especially in the thin copper. At 100 °C the slope

of all three line traces is larger, and the slope is largest at 150 "C. The magnitude of the slope

when the temperature increases 100 °C is far greater than it is when the temperature decreases

100 °C. In referring to table 3, a possible reason emerges—^the glass transition temperature T^

of the paste is 80 ° C, and, beyond T^, the coefficient of thermal expansion nearly quadruples.
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Another significant point is the behavior of the curve at the two highest temperatures,

particularly in the thin copper and in the CA. In both cases the slope flattens out as it ap-

proaches the top of the image. The pattern is located at the edge of the lap of the specimen.

The flattening of the slope is the effect of the free surface on the thin copper and the CA.

That is, no normal or shear stresses (or corresponding strains) exist at a free surface.

The displacement-versus-position curves for the v-field show very unusual behavior at the

higher temperatures (fig. 29). Up through 50 °C, the curves act in a regular and supportable

manner. As the temperature decreases, the slope becomes increasingly more negative, with a

steeper negative slope occurring in the CA. As the temperature increases, it looks as though

the material will behave in the reverse fashion at 50 °C; the curve demonstrates a positive

slope, becoming more positive through the CA. However, at 100 °C, the slope becomes

slightly negative, and at 150 °C, significantly negative through the CA. It is clear that locally,

around the CA, the fringe field passed through null between 50 and 100 °C, and the fringe

density started to increase in the region, giving the appearance of being in a state of contrac-

tion, whereas the region was actually in a condition of greater expansion.

The shear strain in this test was not significant, so the data were not analyzed and will not

be discussed here.

^li^

(a) (b)

Figure 27. Images at 220x from the thermal-loading test on CA paste specimen

acquired at 150.2 °C of (a) the w-field image and (b) the v-field image.
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Figure 28. Displacement-versus-position plots of the w-field from the thermal-loading test

on the CA paste specimen from (a) the 0.4 mm thick copper; (b) the CA; and

(c) the 9.5 mm thick copper.
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Figure 29. Displacement-versus-position plots of the v-field data from the thermal-loading test

on the CA paste specimen from the (a) left side; (b) center; and (c) right side of

the v-field image.
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4.8.2 Mechanical Loading of Conductive-Adhesive Paste

The shear strength of the CA paste was evaluated by using the modified lap-shear speci-

men shown in figure 22 with steel reinforcement added to the 0.4 mm copper pieces. The

specimen was loaded in ~90 N increments until catastrophic failure occurred (fig. 30). The

failure took place outside the field of view of the pattern studied. It was anticipated by rapid

movement of the grating lines, which were being observed, followed by the load dropping to

zero.

The images themselves indicated very little activity, either locally or regionally. The

fringe density did not change significantly; however, the tilt of the fringes through the CA
did change as the test progressed.

At the time the images were collected, an error was made when the microscope was re-

focussed after the first loading was accomplished. Although the fringe fields did not appear

significantly different, it became apparent during analysis that the images acquired at N were

not the initial condition for the remaining test. Since plastic deformation could have occurred

in the area of the pattern studied, the final N image could not be used for the initial condi-

tion either. Therefore, the images from the first load increment (82 N) were used for the initial

condition.

Figure 30 shows the displacement-versus-position curves for each line trace in the w-field

images. The curves remain essentially horizontal except for the curve acquired at 260 N. That

curve displays what seems to be significant compression for all three line profiles as the top of

the pattern is neared. This behavior must be considered anomalous for the following reasons:

1. The specimen geometry precludes a location where both the 9.5 mm copper and

the 0.4 mm copper on the same perpendicular profile will simultaneously be in

compression under uniaxial tensile loading.

2. The pattern itself was located near the midpoint of the specimen, the region where

the 0.4 mm copper is subject to the greatest amount of tension.

3. Images acquired at loads above and below 260 N displayed no corresponding

behavior, and the loading was smooth and continuous, showing no jumps or drops

indicative of a slip occurring outside the field of view.

This anomalous behavior was probably the result of the specimen or stage not being com-

pletely stabilized after the loading step was completed, thus, still being in motion during the

first 15 s in which the image was being collected.

The horizontal curves for the other load increment show that no strain was detectable. It

is intriguing that no strain would be discemable for any load increment applied prior to that

which caused catastrophic failure.

Figure 3 1 of the v-field (displacement-versus-position curves) displays traits similar to

those of the w-field images. All the curves are essentially horizontal except for the postfailure

N curve. Again, the implication of the horizontal curves is that the material did not strain

additionally at any load increment from its initial load of 82 N all the way to nearly 600 N.

The postfailure N curve exhibits a slightly negative slope for all three line traces. There

are two possible sources for this fact: (1) This slope difference could be the difference that
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Figure 30. Displacement-versus-position plots of the w-field data from the mechanical-loading

test on the CA paste specimen from (a) the 0.4 mm thick copper; (b) the CA; and

(c) the 9.5 mm thick copper.
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Figure 3 1 . Displacement-versus-position plots of the v-field data from the mechanical-loading

test on the CA paste specimen from the (a) left side; (b) center; and (c) right side

of the v-field image.
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would have been observed if an initial image with N load had been used. (2) The failure

could have caused the specimen to move slightly vertically, changing the focal plane from the

surface of the specimen and causing the fringe field to alter.

Even though no normal strains are observed in the u- and v-fields, the plot of the w-field

displacement versus the j position (fig. 32) shows that shear deformation has taken place. Fig-

ure 32 shows that all the deformation was carried in the CA—each additional loading incre-

ment results in the slope of the corresponding curve becoming larger in magnitude. In this set

of collected images, dv/dx was insignificant, so y^ « du/dy. Figure 33 shows the shear stress

versus shear strain for this data. The elastic region is difficult to identify without a N data

point and with so few data points. However, the general shape of the stress-versus-strain curve

is distinguishable.
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Figure 32. Shear du/dy data from the mechanical-loading test on the CA paste specimen.
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Figure 33. Shear stress-versus-shear strain for the mechanical-loading test

on CA paste specimen.
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4.8.3 Thermal Loading of Conductive-Adhesive Film

The first image collected from the paste specimen in the ° orientation showed that the

fringes were bending as they crossed the CA. Because the image was acquired after precycling

the specimen and stage twice between and 100 °C, whether the shear deformation was the

result of relaxation of residual stresses before exposure to temperature extremes or whether it

was due to the thermal cycling could not be established. In this test on CA film, images were

collected before and after thermally precycling the specimen and stage. Figure 34 shows the

ambient-temperature images from the ° orientation before and after cycling. Evidently, the

shear that developed in the CA was the direct result of thermally precycling the specimen and

stage between and 100 °C.

When analyzing the data from this test, the postcycling, ambient-temperature images were

used for the initial condition The w-field data shown in Figure 35 exhibited the anticipated

behavior: the slopes became increasingly more negative as temperatures decreased and more

positive as temperatures increased for all three line profiles.

Graphs of the v-field-displacement versus position are shown in figure 36. Tracing these

fringes was very difficult because the fringe center in the CA was ambiguous. The data appear

to imply that the CA remains contracted whether the temperature was increasing or decreasing.

A second thermal test was conducted on this same specimen to see if this ambiguity could

be cleared. The second test had nearly identical results in the w-field, as can be seen from the

series of graphs of w-field displacement versus position in figure 37. The corresponding v-field

graphs are shown in figure 38. Very modest strains are exhibited along the line profile fiirthest

from the free edge (fig. 38a), except at 150.2 °C, where a sharply steeper slope is exhibited

as the trace position enters the thick copper. Detecting the fiinges within the CA was also dif-

ficult in these patterns, leaving the sfrain behavior in the CA somewhat ambiguous. The fringe

density in the local region of the CA gives some indication that the pattern experienced a null

between 0.7 and 28.4 °C. However, the data are not clear enough to support this claim un-

equivocally. The line profiles from the center and toward the edge of the specimen (fig. 38,

b and c) behave in a regular fashion, with increasing confraction indicated as the profile moves

into the thick copper.

Like the thermal-loading test results for the CA paste, the du/dy and dv/dx slopes did not

exhibit any significant shearing after the initial deformation took place.
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(a)

(b)

Figure 34. Images of the w-field at 220x acquired at -28 °C (a) before and (b) after thermally

cycling the CA film specimen and stage twice between -50 °C and 150 °C.
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Figure 35. Displacement-versus-position plots of the w-field data from the first thermal-

loading test on the CA film specimen from (a) the 9.5 mm thick copper;

(b) the CA; and (c) the 0.4 mm thick copper.
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Figure 36. Displacement-versus-position plots of the v-field data from the first thermal-

loading test on the CA film specimen from the (a) left side; (b) center; and

(c) right side of the v-field image.
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Figure 37. Displacement-versus-position plots of the w-field data from the second thermal-

loading test on the CA film specimen from (a) the 9.5-mm-thick copper;

(b) the CA; and (c) the 0.4-mm-thick copper.

54



(a)

E
3.

100 200 300 400

POSITION, jjm

(b)

E
a.

-1

-2

100 200 300

POSITION. Mm

400

(c)

E
a.

1 -

-1

-2

100 200 300 400

POSITION. Mm

Figure 38. Displacement-versus-position plots of the v-field data from the second thermal-

loading test on the CA film specimen from the (a) left side; (b) center; and

(c) right side of the v-field image.
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4.8.4 Mechanical Loading of Conductive-Adhesive Film

The mechanical loading of the film specimen resulted in many of the same effects as

those observed in the mechanical test on the paste specimen. Insignificant normal strains were

observed in the w-field or v-field images (figs. 39 and 40). However, very little load (246 N)

was applied to the specimen before the fringes were no longer traceable in the CA (fig. 41a).

At this load, the fringes in the 0.4 mm and the 9.5 mm copper were no longer parallel (see

fig. 41b), indicating that significant deformation had occurred in the CA. When the magni-

fication was decreased (see fig. 42), enough shear had taken place to displace the 0.4 mm
copper upward with respect to the 9.5 mm copper (note the relative displacement of the grat-

ing edges). The specimen continued to carry the load without catastrophic failure, and the

images were collected in -85 N increments to nearly 600 N. At this point, the specimen was

no longer carrying the load but was yielding in the 0.4 mm copper (see fig. 43). Data were not

available from within the CA from 246 N and beyond, but the duldy data from the first three

load increments (fig. 44a) show that the shear strain increased markedly with each load in-

crement. In contrast, the dvldx data (fig. 44b) fi-om the 0.4 mm copper show that the shear

strains barely changed with each load increment until the 537 N load was achieved. The slope

increased significantly at that load, with evidence pointing to greater shear strains as the center

of the specimen was approached.
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Figure 39. Displacement-versus-position plots of the w-field data from the mechanical-

loading test on the CA film specimen from (a) the 0.4 mm thick copper;

(b) the CA; and (c) the 9.5 mm thick copper.
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Figure 40. Displacement-versus-position plots of the v-field data from the mechanical-

loading test on the CA film specimen from the (a) left side; (b) center; and

(c) right side of the v-field image.
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Figure 41. Images at 550x of the (a) w-field and (b) v-field fringe fields from the

mechanical-loading test on the CA film specimen acquired at a load of 247 N.
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Figure 42. The pattern (150x) on the CA film specimen during the mechanical-loading test.

Figure 43. Image of the v-field moire pattern (550x) during the mechanical-loading test

on the CA film specimen at a load of 537 N.
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Figure 44. Shear (a) du/dy data across the CA film from the first three loads

and (b) dv/dx data from the 0.4 mm thick copper.
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5. Summary and Conclusions

Since its inception, e-beam moire has grown and developed. The most significant

advancement has been the development of crossed-line gratings. Shear strains as well as

v-field normal strains can now be calculated from the data obtained from the crossed-line

gratings.

Advances have also been made pertaining to the hardware associated with e-beam moire.

Cooling has been added to the capabilities, with the added advantage of a properly grounded

and thermally controlled stage. With the new control box, 90 ° rotation is now precise and

routine.

The technique has been proven, benchmarked for credibility, and analyzed for source

and magnitude of error. Potential applications to which the technique might be implemented

are as varied as materials science problems. The technique could be usefril when applied to

problems as diverse as crack-tip propagation and adhesion.

The experiments conducted on the two forms of isotropically conductive adhesives

yielded useful information on the behavior of these materials under these testing conditions.

Both CAs performed well under the imposed thermal loading conditions. Despite exceeding

the T for each material and the regions of great expansion that resulted, the materials did not

debond at the copper/CA interface, nor did the silver particles shift or rotate. The CAs
remained stiff enough at the higher temperatures to fiinction as they were designed in this

specimen.

If these materials are to replace solder in fine-pitch applications, a concern is that they

retain the deformation induced at 100 °C. The bending magnitude of the fiinges in the CA
after thermal cycling (shown in fig. 34) is approximately half a fringe or 225 nm for a

pattern that has p^ « 450 nm. At the end of the thermal-loading test an image was again

acquired at approximately room temperature. Figure 45 shows that the shift through the CA
was nearly a fiill fringe in this final image from the thermal-loading test. Indications are that

the deformation did not continue to accumulate at the same rate, however, because the final

image from the second thermal-loading test of the same specimen showed that the finnge

shift had the same magnitude at the end of the test as it had at the start. Deformations of this

magnitude are probably insignificant for a well-placed, properly aligned SMD with a lead

pitch of 300 )im. If pitches continue to decrease, these deformations will eventually lead to

failed components.

The question that remains unanswered from this thermal-loading test is: How will the

CA behave under multiple thermal loadings? To properly answer this question, it would be

necessary to devise a specimen that more accurately approximates the actual conditions and

materials used in a solder-replacement application. Then the specimen must be thermally

fatigued to replicate the conditions encountered by such a device in service.

The mechanical tests revealed some fundamental behavior differences between the

conductive adhesive paste and film. The CA paste specimen carried the load to failure with

virtually no deformation to the copper and with measurable amounts of shear within the CA.

The specimen failed at 8.4 MPa, although the manufacturer predicted a failure shear stress of
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Figure 45. Posttest image at 220x from the first thermal-loading test

on the CA film specimen acquired at 29 °C.

11.7 MPa. The only difference between the manufacturer's specification and the test de-

scribed here was that its shear strength was based on an aluminum-to-aluminum specimen.

A 28% drop in expected shear strength prompts speculation on possible sources. The

materials were stored for three months in a standard freezer before being transferred to an

ultra-low-temperature freezer. The manufacturer specifies a storage life of six months at

-10 °C, and a year at ^0 °C for the CA paste. The material should not have degraded in

the nine months that it was in storage. The mechanical paste specimen was prepared and

instrumented with gratings four times, essentially thermal cycling it four times before any

testing was conducted. The thermal-fatigue tests suggested previously may indicate whether

thermal cycling affects the shear strength.

The mechanical test on the film specimen revealed glaring inadequacies in the material,

as if the film had degraded during storage. The manufacturer suggests that film stored at

5 °C has a shelf life of six months. As with the paste, the film was stored for nine months

before the specimen was made, three months in a standard freezer and an additional six

months in an ultra-low-temperature freezer.

The film specimen showed curiously contrasting behavior during the test. Although

damage occurred in the CA at low loads, catastrophic failure of the CA never occurred in
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this test. The CA continued yielding until the strain, carried entirely by the CA, was suf-

ficient to induce yield in the copper, and once the copper started yielding and the CA no

longer carried the load, the test was over. The manufacturer predicted a shear strength of

17.2 MPa for an aluminum-to-aluminum specimen. Although loads never approached this

level, the CA never actually failed mechanically.

Although the CA never actually failed, damage had occurred. Evaluating the speci-

men for use as a solder replacement requires determining not only whether it has adequate

mechanical strength but also whether it maintains a conducting path during that loading.

Although this specimen was not designed to evaluate both situations, figure 46 clearly shows

that the conducting path, at least locally, has been compromised. The darker areas are the

epoxy matrix; the area to the right is the 9.5 mm copper, and the irregularly shaped areas are

the conducting silver particles. The ubiquitous array of dots is the crossed-line grating. The

silver particle in the center of the image broke away fi"om the epoxy, isolating it fi-om the

copper. As a result, in this image, a conducting path no longer exists between the copper and

the conducting silver particles.

"^»"!i

'

1 \im

Figure 46. Image of the CA film at 6500x obtained at the 328 N load

during the mechanical-loading test.
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