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Abstract

This late-start LDRD explores chemical strategies that will enable sub-micron alignment
accuracy of dies and wafers by exploiting the interfacial energies of chemical ligands. We have
micropatterned commensurate features, such as 2-d arrays of micron-sized gold lines on the die
to be bonded. Each gold line is functionalized with alkanethiol ligands before the die are
brought into contact. The ligand interfacial energy is minimized when the lines on the die are
brought into registration, due to favorable interactions between the complementary ligand tails.
After registration is achieved, standard bonding techniques are used to create precision
permanent bonds. We have computed the alignment forces and torque between two surfaces
patterned with arrays of lines or square pads to illustrate how best to maximize the tendency to
align. We also discuss complex, aperiodic patterns such as rectilinear pad assemblies, concentric

circles, and spirals that point the way towards extremely precise alignment.
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1. INTRODUCTION

1.1. Background

It is currently only possible to align micropatterned features on die and wafers with those
on other die and wafers with an accuracy of no better than ~5 microns, using the highest
precision alignment equipment. To enable the integration of devices with ever-smaller feature
sizes and increasing interconnect densities, sub-micron alignment is required.

There are surprisingly few papers on die/wafer alignment techniques. Capillary force
alignment appears to be the most widely reported method [1-6]. Srinivasan et al. [1] used this
approach to assemble microdevices patterned with square pads onto substrates with matching
square pads, with an alignment accuracy of <0.2 um. The gold on the microdevices and
substrates are made hydrophobic with self-assembled monolayers (SAMs) of alkanethiols and an
adhesive, respectively. The substrate is placed in a beaker of water and the microdevices are
immersed in the water and directed to the substrate surface with a pipette. When the
complementary hydrophobic patterns come into contact, the interfacial energy minimization of
the adhesive-water and SAM-water interfaces leads to shape matching. The microdevices are
held in place under water by the capillary forces of the adhesive. The final step in the process is
to permanently bond the microdevices by curing the adhesive with UV light (for transparent
substrates) and heat (for opaque substrates).

There has been some effort to develop a capillary-force-assisted alignment approach that
does not involve adhesives. Water droplets that are confined within hydrophilic "cells" having
hydrophobic gold borders have been used to align 2 inch glass wafers to 3 inch silicon wafers
[2]. When wafers having complementary hydrophilic/hydrophobic cells are pressed together, the
alignment is driven by the capillary forces of the water droplets. This method achieved an
alignment accuracy of less than 1 pm. Tupek et al. [4] modeled this approach and determined
the optimum number of droplets, and the effects of wafer bow on the alignment accuracy.
Although submicron alignment is possible with this approach, the water trapped between the
wafers is problematic for permanent bonding and for sensitive devices.

Alternative alignment methods have been proposed that are based on the surface tension
of adhesives [7]; electrostatic forces [5]; and passive alignment based on the kinematic coupling

and elastic averaging [8]. In Ref. 8, silicon wafers were KOH-etched with mating features



(pyramids and v-trenches). An alignment accuracy of 1 um was achieved. However, the
roughness of the etched surfaces prevents the use of silicon direct and anodic bonding. A new

approach to the problem of aligning, then bonding devices is clearly needed.

1.2. Technical Approach

The ideal alignment method would be a dry method that does not require adhesives for
permanent bonding. The method would be compatible with direct bonding techniques like SiO;-
Si0; and Au-Au and would achieve submicron alignment. A self-alignment process is amenable
to these requirements. For instance, solder bump arrays have a self-aligning effect when a die
and a substrate are bonded. Even if there is an initial misalignment, when the bumps reflow, the
solder surface tension will cause the top die to shift into registry with the underlying wafer or
substrate. Because solder bumps are too large to give sub-micron alignment, we turned to
molecular self-assembled monolayers (SAMs) on patterned pads.

There are literally thousands of SAMs available, so we narrowed our selection to those
that are compatible with gold and that can be used in our labs. This led us to alkanethiols
(CH3(CH3),SH), since these bind strongly to gold. Alkanethiols have been used in several
applications. The gold-patterned microdevices bonded to substrates in water, as previously
described in the discussion of capillary force alignment, were coated with octadecanethiol [1].
Hexadecanethiol was shown to be an effective photoresist [9]. Dodecanethiol has been found to
act as a lubricant and a passivation layer in Au-Au bonding studies [10,11] and as a corrosion
barrier in Cu wire bonding studies [12]. In this LDRD we functionalized the gold features with
dodecanethiol. X-ray photoelectron spectroscopy (XPS) studies have shown that Au surfaces
coated with dodecanethiol SAMs have less oxygen and carbon contaminants than uncoated Au
surfaces [10,12,13]. As a result, the surfaces can be bonded at lower temperatures and there are
even reports of increased bond strength [10,11,14].

In the next section we discuss the theory behind our alignment concept. The ligand
interactions must be combined with a pattern that maximizes the tendency of two surfaces to

align.
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1.2.1. Alignment force and torque

A computation of the alignment force and torque between two featured surfaces
illustrates how best to pattern surfaces to maximize the tendency to align. We will start this
discussion with the simple case of two surfaces patterned with lines, as in Figure 1. In this case
these can be both a lateral and longitudinal force and a torque, and we will first compute the
lateral force. Each surface is patterned with lines of width w with center-to-center separation d,
and each line is of length L. The lines are comprised of material A, which in our experiments is
Au that is sometimes coated with alkanethiols, and the gaps between the lines, of width (d-w),
are material B, which we take as the underlying substrate, comprised of Pyrex or Si that may or
may not be functionalized with a silane coupling agent. The interfacial energies per unit area
will be denoted as vj;, where i and J denote materials A or B. These are the actual energies of

these surfaces brought into contact, including any effect of asperities and other imperfections.

d
k—
i Figure 1. Patterning pattern intended to give
—HAWr— alignment transverse to the lines.
L Lateral force on an array of lines — In this

case we assume the patterned lines are

parallel and that the only misalignment is

lateral to the lines, whose width w<d/2.

The wvariable X denotes the lateral

displacement of the top surface relative to the bottom surface, which we take to be stationary,
and X=0 corresponds to perfect alignment. For the case where 0<x<w, the interfacial energy per

unit area of substrate is

W —X 2X d-w-Xx
YAAT —VaB T q

q q 7BB- (1)

7/ =
Expressing the line width as w=od, where a<1/2, gives

X
y=ayap +(1-a)ygp +EA7/ (2)
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where the exchange energy per unit area is Ay=2y,5 —7aan — /- 1he lateral force per unit

area f is then just the negative spatial derivative of this areal energy,

==L = _Ay/d. 3)

For the lines to come into registration requires a negative force — which will occur for positive
Ay — corresponding to those cases when materials A and B do not like to be in contact.
Otherwise deregistration will be energetically favored. A plot of the surface energy and force are
in Figure 2a. As a rough estimate of the areal force we can take the exchange areal energy to be
10 ergs/cmz. For a line spacing of 20 microns the areal force is then just 5x10° dynes/cmz. Fora
1 cm” substrate the lateral force would be roughly that due to earth’s gravity on a 5 g mass,

which is clearly palpable.
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Figure 2. a) The registration surface energy and force as a function of lateral displacement. When there
is no overlap between the material A lines (and therefore double overlap between the material B gaps
between the lines) there is no force. b) In the case where the lines and spaces have the same width
there are no force gaps of finite size.

A few aspects of Eq. 3 bear highlighting. First, the registration force is inversely
proportional to the line spacing, but independent of the line width. Second, the areal force is an
intensive property, being independent of the dimensions of the substrate, and because the areal
static friction is also an intensive property, the ability of the registration force to ovecome static

friction is independent of scale. Third, in the case where the lines of material A do not partially
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overlap (w<x<d-w) the registration force will be zero. Avoiding this condition requires some
care in the initial positioning of the top substrate, and this places an ultimate limitation of the
periodicity of the lines. In the special case where the line width is just half the periodicity there
is always a positive or negative force, Figure 2b, and this symmetric pattern gives the greatest

tolerance of initial misregistration.

Longitudinal force on an array of lines — In this case the alignment force is due only to the edges
of the substrate and is therefore extrinsic. For this reason we compute the total force F, not the
areal force f. Let y denote the displacement parallel to the lines of the top substrate relative to the
bottom substrate. The substrate is of size LXW, where L is the dimension parallel to the lines.

The total surface energy I" will be

d- d-—w
=(L- Y)WLj aa+—— q VBBJWLZYWLd rat—— q 7BJ “4)

where y, and yp are the surface energies of materials A and B in contact with the surrounding

atmosphere. Differentiating with respect to y gives the total force

F - [(m m)+d (275—7%)} 5)

It is important to note that this total longitudinal force depends only on the substrate width and is
independent of the size scale of the features. Furthermore, this force scales as W, whereas the
static friction scales as LXW, so this longitudinal force is negligible in a practical sense.

Substantial lateral and longitudinal forces require pad assemblies.

Figure 3. A series of lines misregistered by an angle 6 that
is small enough that the lines patrtially overlap throughout

their length, creating a substantial alignment torque.

Torque on an array of lines — If there is angular
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misalignment between the substrates then an aligning torque can result. This torque will be zero
if the angular misalignment is large enough that each line crosses several other lines, but can be
quite substantial if the misalignment is so small that each line overlaps with the underlying line
to some extent throughout its entire length, as illustrated in Figure 3. For a substrate of width W

containing lines of length L misaligned by a small angle 0 the surface energy is

2 2 2
I= WFL?tan Oypg + WF(WL - LTtan O yan + WF((CI -w)L - LTtan HJJ/BB

) (0)
= WF WL]/AA + (d - W)LyBB + LTA]/tan €j|

Differentiating this energy with respect to the angle 0 gives the torque on the upper substrate

__dr ., L
T=—47 A4dAy (7)

where the A is the substrate area. This expression is correct to order © and shows that the torque
is similar to the lateral force in that it increases with decreasing feature size d and so can be quite
substantial. Of course, the torque also scales with the line length. In the simple case of a square
substrate, where L=W, the registration torque scales as L3, and the static friction in rotation also
scales like L°, so the ratio of the registration torque to the static friction is scale independent, and

therefore of practical importance.

d

Figure 4. A square lattice of square pads.

Lateral and longitudinal force on a pad array -- The lateral

and longitudinal areal force on a square lattice of square

pads of size w with lattice spacing d, Figure 4, is easily

obtained from Eq. 3. The pad array can be viewed as a

series of dashed lines, so the lateral force is simply reduced

from the expression in Eq. 3 by the factor w/d. The longitudinal areal force is clearly equal to

this lateral areal force,
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f=—Ay ®)

For the reasonable case where w = % d this areal force is just one half that obtained with lines.

= Figure 5. An arbitrary assembly of rectilinear pads.

Lateral and longitudinal force on an arbitrary

assembly of rectilinear pads — The pad array

[=] result can be generalized to any assembly of

rectilinear objects with their sides mutually

- aligned, Figure 5. Suppose we take as our

Cartesian coordinates X,y and that the sides of
OO ] O O [ ] | these rectilinear pads are aligned with these axes.
The total force F in the X direction will be one half the total length of the sides of all of the

rectangles that are parallel to the y axis, times the exchange energy Ay. That’s the general result,

and consistent with the fact that w/d? is just half the length of normal line per unit area for the
square pad array. This result only applies when all of the mating features on each substrate are
in close enough alignment that single feature overlap occurs everywhere. Such pad arrays point
the way to extremely precise alignment: A succession of features of ever-decreasing size could
lead to highly precise alignment given even a rough initial alignment. The ultimate precision

would be limited only by the patterning precision.

More complex registration patterns — The periodic patterns we have analyzed above have the
fault that the surface energy has many strong local minima (see Figure 2). Thus it is possible to
have registration errors at integer multiples of the lattice periodicity. Simply increasing the line
width is not a good approach, as the width of the potential wells scales with the line spacing,
causing the registration force to decrease with increasing line width. It is better to create a
pattern that maintains both the depth and width of the registration well of a fine line pattern, yet

somehow increases the spacing between wells. To eliminate this problem one could use various
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sorts of patterns that lack translational symmetry or have translational symmetry on a length
scale large compared to the placement accuracy, and perhaps substantially larger than the line
spacing. To illustrate this concept we consider the simple example of an array of lines with a

sinusoidal modulation in their spacing.

TR T U RO T P

Figure 6. A phase-modulated surface composition

-
T

fluctuation (solid line) is shown above a simple

sinusoidal composition fluctuation with the same

(=]

i AR number of oscillations per unit length. The phase-

e
R TR T T

amplitude (a.u.)

. modulated function has ten times the unit cell.

1
=
T

I 1 . . .
T T To simplify the computation of the

o ’ interaction energy we consider a mathematical
model that captures the spirit of this approach: a continuous composition modulation of the form

C(X) =sin(27Kkx + ¢(X)), where @(x)= Asin(27K'x). The ‘potential surface’ is then defined by
the integral U(AX) :—)}im %J.OXC(X)C(X + Ax)dx. In Figure 6 we compare the unmodulated
—>0

pattern (k=1, A=0) with the modulated pattern having k=1, k’=0.1, and A=5. In Figure 7 we give
the potential surfaces for these two cases. The phase-modulated function increases the
periodicity of the potential by a factor of k/k’=10, and decreases the amplitude of the minima in
between the principal minima. Further increases in k/k” will increase the periodicity and greatly
decrease the magnitude of the potential surface between the principal minima. This approach

could greatly reduce the need for precision

placement, while still retaining the high
registration force given by fine lines. Alignment
parallel to the lines could be achieved simply by

making the lines wavy. These waves could also

potential (a.u.)

be phase modulated.

Figure 7. A comparison between the potential

surfaces of the simple sinusoidal (dashed line) and
phase-modulated composition fluctuations. If the phase-modulation wavevector is increased, the

potential in between the principal minima is greatly reduced.
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Many other approaches are possible. For example, Figure 8 shows the Moire pattern that
occurs when two patterns of regularly spaced rings overlap. It is intuitively obvious that the
surface energy is a weak function of the separation of the centers of these two patterns, until they
come very close to concentricity. So one would expect a single strong energy minimum, and an
associated radial force, to occur whose size is on the scale of the ring diameter, eliminating the
possibility of misregistration. Of course, such a pattern would not generate a torque, but if two
such patterns were on opposing corners of a die a large torque would occur. On the other hand, a
single spiral pattern would generate both a radial force with a single minimum and a torque with

a single minimum. Perhaps that is the optimal registration pattern.

Figure 8. Moire pattern between two

patterns of regular spaced rings.

Comments about the surface energies — In the analysis above we have modeled the surface
interactions as if the patterned substrates are perfectly planarized. This might not be the case,
and in fact is not the case in our experiments, where the Au lines are patterned onto a Pyrex
substrate. These lines are 200 nm thick, and thus the Pyrex never comes into contact with either
the Pyrex or Au on the opposing substrate. The interfacial energies in the exchange energy must
be modified to reflect that gaps exist and that the Pyrex surfaces are actually in contact with the
atmosphere. Letting the subscript A refer to Au, the interfacial energy y,g becomes ya + y5 the
interfacial energy ypg becomes 2yp, and the exchange energy becomes Ay =2y, —ypp. So the
registration force is solely due to the Au interactions, or to the interactions of the ligands on the
Au surfaces, as the case may be. In addition, if the Au features are rough then their surfaces will

only be in partial contact, which will further reduce the observed exchange energy.
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2. EXPERIMENTAL PROCEDURE

2.1. Test patterns

2.1.1. Alignment test patterns

Our test pattern is an array of lines photolithograhically deposited onto silicon and Pyrex
wafers. Each die is 2 cm x 2 cm with 25 pum gold lines separated by 25 pm, as shown in Figure

9. The gold was 200 nm thick on a 20 nm thick chromium adhesion layer.

25 um

—

25 pn

100 pm

Figure 9. Array of gold lines used for alignment experiments.
2.1.2. Bonding test patterns

For Au-Au bonding experiments, arrays of circular gold pads on silicon and quartz were
fabricated. These arrays are described below.
Bonding test array #1: An 8x8 array of gold balls (Fig. 10). The gold balls are wire bonded to
100 um square gold pads and are ~25 pm tall.

Figure 10. An optical microscope image of test array#1,

gold bumps wire bonded to gold pads.
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Bonding test array #2: Arrays of circular gold pads having different sizes and spacings, as
shown in Fig. 11(a) were fabricated using evaporation at CINT. The arrangement of the arrays
on 1 cm x lem squares on 4-inch silicon and quartz wafers is shown in Fig. 11(b). The gold
thickness is 1 um on a 20nm thick layer of titanium. The diameter of the pads, d, is 5, 10, 15, 20,

or 25 um, with spacings, S, that are twice the pad diameter.

1cm

(b)

Figure 11. (a) Circular gold pads having a range of diameters and spacings were arranged on 1 cm x 1

cm squares then patterned on silicon and quartz. (b) The layout of the pad arrays on a 4-inch wafer.

Bonding test array #3: The array shown in Fig. 12 consists of hexagonal 1um-thick aluminum-
1% silicon pads that were metalized by an outside vendor, PacTech, using their electroless nickel
immersion gold (ENIG) and electroless nickel, electroless palladium immersion gold (ENEPIG)
processes. The thickness of the gold is 100 nm. The Ni is 5, 10, or 25 um thick. The Pd is 5 or

25 pum thick. The pads are ~80 um diameter on 400 um spacings. Each die is 1cm x 1cm.

Figure 12. An optical microscope image of bonding

test array #3, immersion gold bumps on nickel pads.
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2.1.3. Gold surface treatment and bonding

We compared the alignment accuracy of uncoated and dodecanethiol SAM-coated gold
test arrays. The uncoated arrays were cleaned in a 5:1:1 solution of deionized water, 30% H,0O,,
and H,SO4 for 5-7 min. The coated arrays were cleaned in the same manner, then immersed in a
1 mM solution of dodecanethiol in ethanol for ~24 h, rinsed in ethanol, and air dried.

The bonding experiments compared three surface pre-treatments, as shown in Table 1 for

the #1 test arrays (gold ball arrays). The experimental matrix for the #3 test arrays (electroless

Ni/Pd immersion gold pad arrays) is shown in Table 2.

Table 1. Experimental matrix for bonding studies of #1 test arrays. Gold thickness=25 um.

# of die pairs Solvent clean Ar plasma clean | SAM coated
5-7 min. 375W, 10-15psi | ImM C,SH in
5 min. EtOH 28 h
5 X --- ---
5 --- X —
5 X - X

Table 2. Experimental matrix for bonding studies of #3 test arrays. Gold thickness=100 nm

# of die pairs Ni/Pd Thickness | Solvent clean Ar plasma clean | SAM coated
(um) 5-7 min. 375W, 10-15 psi | ImM C;,SH in
5 min. EtOH 24 h
3 5 X
3 5 --- X ---
3 5 X X
3 10 X --- ---
3 10 --- X ---
3 10 X — X
3 25 X --- ---
3 25 --- X ---
3 25 X --- X
3 5/5 X
3 10/25 --- --- X
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After the test arrays were given the appropriate surface treatment, they were immediately
bonded using a Finetech Lamdba flip-chip bonder with 18-200N of force for 30s to 30 min., at
150-185°C. The bonds were sheared using a Dage 4000 shear tester which gives a pass/fail
result based on Mil-Std-883F for die shear, and also gives the shear strength value.
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3. RESULTS AND DISCUSSION

3.1. Experimental validation of registration

In this chapter we describe the experiments we conducted to demonstrate that patterned
features can lead to high resolution registration, in fact, far better than can be produced by our
aligner. Our first experiments utilized 2 cm square substrates patterned with 25 micron Au lines
on 50 micron centers, so that the gaps between the lines are 25 microns. These Au lines stand
above the substrate by ~220 nm- 200 nm of Au on 20 nm of Cr, and thus only the Au lines on
opposing dies can come into contact, unless the two die come together out of registration, which
did not occur. The Au surfaces were left either bare or were coated with dodecanethiol, applied

as an ethanolic solution.

Figure 13. Moire pattern between two identical sets of equally spaced

lines that are misoriented.

One die was placed on a microscope stage and the second 'W'W”m“mm
die was placed on top, which generally produced a Moire pattern
indicative of a relative misorientation, as in Figure 13. The top die

was then gently prodded by hand in such a manner as to align the

dies. Such a process would seem much too inaccurate to produce
the desired lateral registration of the 25 micron wires (which are roughly a third the diameter of a
human hair) yet we repeatedly obtained excellent registration, such as that shown in Figure 14.

This alignment accuracy was better than 1 micron, which is far better than the 5 micron machine

l I I I I | I accuracy in our microfab.
Figure 14. Essentially perfect alignment of two 2 cm
square Pyrex die patterned with 25 micron Au lines
spaced on 50 micron centers. This alignment was

achieved manually, and is due to the surface interactions

between the Au lines.

ill i "II
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When these patterned die are placed together such that the lines are on the outer surfaces and the
Pyrex surfaces are in contact, it is not possible to manually prod the upper die to achieve line
alignment, which demonstrates the effectiveness of the interactions between the patterned
surfaces.  Alignment experiments were done with Au lines coated with self-assembled
monolayers of dodecanethiol. We found that on average these die could be brought into
alignment in less than half the time as for the uncoated lines. It is interesting to note that partial
alignment did not generally occur: Anytime a misorientation of the die was corrected by
prodding the upper die at one corner it was found that the lines were automatically brought into
lateral registration, allowing imaging through the die, such as in Figure 15.

at
ah

Figure 15. (left) The left-hand side of this image is covered by the die pair patterned with Au lines and

brought into registration by the interactions between these lines, which were coated with self-assembled
monolayers of dodecanethiol. (right) When the image is magnified, the registered lines can be clearly
seen. This image includes the upper right ‘shoulder’ of the thunderbird.

These studies demonstrate that it is possible to use interactions between micropatterned
surfaces to vastly increase alignment accuracy. As a follow-on project, it would be interesting to
work with patterns that reduce the need for accurate initial placement, and that do not easily lead
to misregistration, as can easily occur in patterns with translational symmetry. For example, to
improve the simple, periodic line patterns we have studied one could create a periodic sinusoidal
modulation in the line spacing and/or line width. If this modulation had a periodicity of ten
lines, then the initial registration accuracy could be reduced by a factor of ten without fear of

misregistration.
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3.2. Bonding

In a real application, the aligned Au micropatterned surfaces would be permanently
bonded using heat and a compressive load. Temperatures lower than 200°C are desirable to
prevent thermal damage to the devices, as are minimal bonding loads to prevent cracking of
thinned die/wafers. It is currently possible to bond Au to Au at 150°C or less under moderate
loads provided the Au surfaces are Argon plasma cleaned [10,11,14,15]. Even more impressive
results can be achieved if the surfaces are ultra-planar: room temperature bonding in 60 h
without any load [16]! The RMS surface roughness of the wafers used in these studies was 1-3
A. In the absence of comparable planarization capabilities at SNL, we did not attempt to
reproduce these results, so we focused on achieving bonds at ~150°C, which is still quite
reasonable.

In this section we present the results of bonding experiments performed on the bonding
test arrays described in the Experimental Procedure section. These arrays were designed to study
bonding of Au features having a range of thicknesses and that were deposited using three
standard processes that are likely to be used in SNL applications. The deposition processes are:

1. Au ball bonding; 2. Evaporation; and 3. Electroless nickel immersion gold (ENIG).

Test array #1 - In Table I we list the bonding conditions, surface preparations, and shear
strengths for the #1 test arrays. These arrays have Au ball bonds ~25 um tall. All arrays were
bonded at temperatures from 150-165°C and passed the shear test if the shear strength was at
least 1 kg. Most of the bonds fail at the Au-Au interface; others fail due to debonding of the
underlying Cr adhesion layer from the silicon. These results agree with those reported by others

for Au stud bumps [10,14] and electroplated bumps [11].
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Table 3. Au-Au bonding conditions, surface preparation, and shear strength for gold bump arrays. Bump

height=25 um.

Plasma Force Temperature | Duration Shear Surface
(Ar) (N) (°C) (seconds) strength preparation
(kg)

none 18 155 30 0.552 5 min dilute
piranha, 28 hr
dodecanethiol

none 18 150 40 1.171 5 min dilute
piranha, 28 hr
dodecanethiol

none 20 150 40 1.402 5 min dilute
piranha, 28 hr
dodecanethiol

none 20 150 40 1.414 5 min dilute
piranha, 28 hr
dodecanethiol

none 20 150 45 1.523 5 min dilute
piranha, 28 hr
dodecanethiol

5 min. 20 150 45 0.934 none

5 min. 20 155 45 1.231 none

5 min. 20 165 45 1.173 none

5 min. 20 155 45 1.12 none

5 min. 20 150 45 1.463 none

none 20 150 45 1.553 5 min dilute
piranha

none 20 150 45 1.075 5 min dilute
piranha

none 20 155 45 1.504 5 min dilute
piranha

none 20 150 40 0.971 5 min dilute
piranha

none 20 150 40 0.687 5 min dilute
piranha

Test array #2 — The test arrays fabricated at CINT using evaporation were not suitable for
bonding experiments because of poor adhesion of the Au-Ti: Each die had regions where the Au

and the Ti adhesion layer had completely debonded from the silicon and quartz wafers.
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Test array #3 — These test arrays have only 100 nm of Au, which is thinner than that used in
most other studies. (The Au was only 20 nm thick in the room temperature bonding study we
mentioned previously, but the surfaces had a RMS surface roughness of 1-3 A.) We found that
the minimum temperature at which these arrays bonded is 165°C. These bonds required higher
loads (200N) and longer times (30 min.) to form than did the #1 test arrays. The only samples
that bonded were those having a dodecanethiol SAMs coating (see Table 4). The shear strength
of these bonds (0.067kg) is not yet up to Mil-Std-883F requirements, but the bonding process is
not yet optimized. When the temperature was increased to 185°C, bonds formed having shear
strengths of 0.149-0.235kg. As indicated in Table 4, bonding for 10 min. at 165°C produced
temporary bonds that held together anywhere from a few hours to a few days. Temporary bonds
that are electrically continuous enable the pre-testing of devices before they are irreversibly

attached to costly assemblies, thus eliminating waste and production delays.

Table 4. Effect of applied load, bonding time, and surface treatment on the bondability of immersion gold
pad arrays at 165°C and 185°C. Au thickness=100 nm.

Surface treatment and bondability
Force Time Dilute piranha Ar plasma Dilute piranha
(N) Dodecanethiol
20 45 sec Did not bond Did not bond Did not bond
20 60 sec Did not bond Did not bond Did not bond
200 10 min Did not bond Did not bond Temporary bond
200 30 min Did not bond Did not bond Bonded
200 30 min/185°C - Did not bond Bonded

The Au-Au bonding studies demonstrate that the dodecanethiol SAMs do not interfere
with and may actually enhance the bondability of Au micropatterned surfaces. In fact, 100 nm
thick immersion Au films bonded only when they were coated with dodecanethiol SAMs. The
100 nm Au films required slightly higher temperatures to bond (165-185°C) and higher loads
(200N) than those used for Au bump bonding. We have not found any reports of Au-Au bonding
of such thin Au layers.
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4. CONCLUSIONS

This late-start LDRD demonstrates that it is possible to use interactions between
micropatterned surfaces to vastly increase alignment accuracy. The key outcomes of this project

are listed below.

1. Submicron alignment of dies having micropatterned commensurate gold features that have
been functionalized with alkanethiol ligands before the die are brought into contact has been
achieved. The ligand interfacial energy is minimized when the features on the die are brought

into registration, due to favorable interactions between the complementary ligand tails.

2. We have computed the alignment forces and torque between two surfaces patterned with

arrays of lines or square pads to illustrate how best to maximize the tendency to align.

3. We have studied complex, aperiodic patterns such as rectilinear pad assemblies, concentric

circles, and spirals that point the way towards extremely precise alignment.

4. An array of lines with a sinusoidal modulation in their spacing is an approach that could
greatly reduce the need for precision placement, while still retaining the high registration force

given by fine lines.

5. After alignment is achieved, standard bonding techniques can be used to create precision
permanent bonds. We have demonstrated Au-Au bonding of dodecanethiol SAM-coated Au
features at 150-185°C. The SAM-coated and Ar-plasma treated Au bumps bond under the same
conditions and have comparable shear strengths. The Au thin films are more difficult to bond.

In fact, only the SAM-coated Au films bonded.

6. It may be possible to tune the bonding conditions to create temporary bonds and thus enable

pre-testing of devices before they are irreversibly attached to a substrate.
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7. The alignment and bonding process developed in this LDRD is applicable to many SNL

applications.
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