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Capillary self-alignment (CSA) has emerged as a convenient technique to assemble solid objects. In this
technique a liquid droplet forces a mobile solid plate or chip to align with its counterpart on a solid
substrate. It has been widely investigated for applications such as 3D microelectronics and assembly of
optical components. It is now thought that it could be a solution for surface mounting and packaging
technologies. For 3D microelectronics, where square or rectangular chips are used, it has been found
that amongst the four displacement modes, i.e. shift, twist, lift and tilt, only the tilt mode was unstable
(not restoring). In particular, tilting of a floating square or rectangular chip may trigger a direct contact
between the plate and the pad that impedes alignment. In this text, an analysis of the tilt mode is first
presented. Second, it is demonstrated that tilt can be stabilized by incorporating specific geometrical
features such as lyophilic bands patterned on the substrate.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Capillary self-alignment (CSA) of mesoscopic objects emerged
in the early 1990s as a convenient technique to assemble solid
objects [1-4]. It has been recently widely investigated for appli-
cations such as 3D microelectronics [5-7] and assembly of optical
components [8-10]. It is now thought that it could be a solution
for packaging technologies [11]. In this technique the capillary
forces exerted by a liquid sandwiched between the two plates
forces the mobile solid plate or chip to align with its counter-
part on the solid substrate. More specifically, surface tension forces
associated to capillary pinning create restoring forces and torques
that tend to bring the moving part into alignment [12-14]. Later,
evaporation—when the liquid is water—or solidification—when the
liquid is a solder—immobilizes the chip in the aligned position.

In the particular case of 3D microelectronics, where square or
rectangular chips are used (Fig. 1), it has been found that amongst
the four displacement modes—shift, twist, lift and tilt—the three
first were stable (restoring). On the other hand, the effect of the tilt
mode has been lengthily debated. Using sophisticated calculation,
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it appeared that this mode is slightly unstable (not restoring) [13].
Fig. 2 shows the tilting of a LED deposited on a solder. The instabil-
ity of the tilt mode may bring serious drawbacks on the capillary
alignment technique [ 13-19]. For 3D microelectronics, where small
amounts of liquid are used, the distance between the two solids is
small, and tilting may trigger a direct contact between the mov-
ing plate and the fixed pad that impedes alignment. Avoiding tilt
requires achieving perfect horizontality of the chip at the instant
of the drop-off, which complicates substantially the robotics that
brings the chip above the pad [20].

Self-alignment of mirrors uses the same capillary principle as
microelectronic chip alignment [7-9]. In the alignment process of
mirrors for optical applications, a solder is used, then gelled, and
tilt cannot be tolerated. Fig. 2 shows an example of tilt instability
during the alignment of mirrors.

Other approaches for the control of the tilt have been done:
mechanical stops and hinges for the guidance of the pieces to
assemble have been shown to be effective against rotational unde-
sired motion [21,22]. However, due to their 3D structure, such
devices require complicated fabrication, not compatible with the
requirements of microelectronics. Note that for very small objects
to align—in the range from 50 to 200 wm where random agitation
is efficient—hydrophobic patterns on the objects have been used to
improve the alignment [23]. This type of solution is not effective
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Fig. 1. Chips self-assembled on a wafer.
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Fig. 3. The four displacement modes during alignment process.

for microelectronic chips whose size is much larger—in the range
1-5mm—and for which random agitation is not conceivable.

Based on a computational approach, a completely passive
method is described in this work that impedes the tilt motion for
square and rectangular chips.

First an analysis of the tilt mode is presented: it shows that the
tilt mode is slightly unstable in the case of square or rectangular
chips [13]. Second, it is demonstrated that tilt can be eliminated by
incorporating specific geometrical features such as wetting bands
patterned on the substrate. These wetting bands allow for a con-
trolled spreading of the liquid.

The solution is completely passive and does not bring compli-
cation in the microfabrication process. It just requires drawing a
patterning mask that includes the wetting bands.

(a) shift (b) lift

] ! g : |

2. Alignment modes

In the process of alignment of square or rectangular chips, four
displacement modes have been defined: (1) shift, which is a hori-
zontal translation of the plate, (2) twist, corresponding to a rotation
of the plate in the horizontal plane, (3) lift, corresponding to a ver-
tical motion of the plate, and (4) tilt and roll, which are respectively
rotations around the horizontal y-axis and x-axis (Fig. 3).

An analysis of the restoring forces and torques has been done
analytically [13,20] and in addition numerically by using the pro-
gram Surface Evolver [24]. Fig. 4 shows the restoring of alignment
for shift, lift and twist modes, but not for the tilt mode. In the fol-
lowing, we investigate the physics of the tilt mode and propose
a geometrical solution to render the tilt mode stable for chips of
sufficiently light weight.

3. Analysis of the tilt mode

By definition, tilt is a rotation around the y-axis and roll a
rotation around the x-axis. Basically, tilt and roll share the same
behavior. In the case where the chip has a square shape, tilt and
roll are exactly identical. Tilt is a complex phenomenon because
the variation of the surface area is difficult to intuitively predict.

If we make the very simple reasoning presented in Fig. 5, com-
paring horizontal and fully tilted chip positions, we deduce that
the problem is indeterminate. For the same volume of liquid, we
assume the simplest form of surfaces: flat interfaces in the case
of parallel-to-pad chip, and in the case of the dihedral position, a
cylindrical interface for the largest surface area, and flat interfaces
for the two lateral surfaces. The surface energy E in the horizontal
configuration is

E=yS=y(4Lh):y(4%), (M

where V| is the liquid volume, L the dimension of the pad—and
chip—edge, and y the liquid-air surface tension. In the dihedral
morphology, the surface energy is

E:yS:y{Z (aTLZ>+aL2]=y(4%>, )

where « denotes the dihedral angle.

The two calculated energies are equal. Hence, it is the distor-
tion of the surfaces that can make the difference and pinpoint the
stable position. It is a second order problem that requires a careful
numerical approach. This remark leads to serious complications:
from a numerical standpoint, the meshing of the surface should be
sufficiently fine and the numerical method should be sufficiently
elaborated to produce a precise value of the energy. In return, the
computation time is long. From a physical standpoint, the roles of
the parameters—Ilike the weight of the chip, or the surface tension
of the liquid—are difficult to predict.

In the investigations presented in this work, we have considered
a square chip of horizontal dimensions 5 x 5 mm, with a weight of
0.07 g (corresponding to a chip height of approximately 400 pm).
The liquid is water, with a surface tension y =72 mN/m.

(c) twist (d) tilt

 —
1 |

ﬁ_ﬁ‘

Fig. 4. (a)-(c): Shift, lift and twist modes are stable; tilt mode (d) is unstable (from Evolver).
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Fig. 5. Two morphologies of the liquid having the same surface energy.

(A) (B)

etting
region

Fig. 6. (A) Sketch of the fixed pad with two wetting bands; (B) Evolver calculation of the shape of a droplet pipetted on the central region.

(A)

Fig. 7. (A): A square chip realigns horizontally after an initial tilt; (B) the square chip realigns perfectly after an initial combination of shift, twist and tilt motion. Chip
dimensions 5 x 5mm, chip weight 0.07 g.

oV - NN

Fig. 8. (A): An initial displacement of a square chip placed above a square pad with diagonal wetting bands is restored by the action of capillary forces and torques.

The numerical model (Evolver) shows that, in absence of stabi- angle is presented in Fig. 9, showing the decrease of surface energy
lizing wetting bands, the dihedral position (denoted (b) in Fig. 5) is with the tilt angle when no wetting bands are present.
the stable position; in other words, the tilt mode is unstable. It is
unstable even in combination with other modes, such as shift and 4. Blocking the tilt motion using wetting bands
twist modes [13].

Fig. 2 is an example of tilt instability during the alignment of As one of the main interests of CSA concerns the square
chips for optical applications. An energy calculation with the tilt chips used in 3D microelectronics—and this shape being tilt-
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Fig. 9. Interfacial energy vs. tilt angle; (A) square pad with no bands, (B) square pad with perpendicular-to-pad bands, and (C) diagonal bands. The chip weight considered

for the calculation is 0.07 g.

unstable—we introduce lyophilic (wetting) bands on the substrate
perpendicular to the fixed pad, as shown in Fig. 6A. A droplet
deposited on the central region takes the shape shown in Fig. 6B.
Liquid fingers spread on the wetting bands, and does not overflow
out of the bands if the wettability contrast is sufficient. For the cal-
culation, the contact angle on the patterned bands is set to 20°,
the contact angle on the lyophobic substrate 120°, the width of the
bands is 1 mm and the wetting region is a square of 5 x 5 mm.

The next step of the numerical approach is the taken into
account of the mobile chip. When the chip is placed on top of the
liquid, liquid fingers extend on the wetting bands. It is observed
that these fingers counteract the tilt motion. Moreover, it is shown
that the presence of these bands—if they are not too wide—does not
change the restoring properties of the other modes (shift, twist, lift)
as shown in Fig. 7.

Note that the disposition of the wetting bands perpendicular
to the fixed pad—as in Figs. 6 and 7—can be placed otherwise, for
example diagonally, as shown in Fig. 8. We will investigate later the
effect of the position of the bands.

The stable position corresponding to a minimum of the energy,
the chip is brought back into a horizontal position if the energy
decreases with a decreasing tilt angle. Equivalently, the chip is
brought back into a horizontal position if the value of the torque
defined by

) as
ELE (3)

where E is the interfacial energy and « the tilt angle, is negative.
It is seen in Fig. 10 that the torque is negative in the case where
lyophilic bands are present, the two configurations—diagonals
or perpendicular-to-pad bands—producing similar results. On the
other hand, the torque is slightly positive when no bands are
present. We have considered small initial tilts (less than 4°), but
the results can be extrapolate further due to the linearity of the
curves; note that the maximum possible tilt when the chip touches
the pad is 10°.
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Fig. 10. Tilt torques vs. tilt angle; red curve corresponds to square pad with no
bands, green curve to square pad with perpendicular-to-pad bands, and yellow curve
to diagonal bands. The two last cases show a negative, i.e. restoring torque. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

The physical reason behind the restoring torque caused by the
bands is not straightforward. We present here a tentative physical
explanation. Let us start with a pad with only one lyophilic band, as
shown in Fig. 11. The capillary forces on the triple line on the band
trigger the extension of liquid fingers. Any random perturbations of
the initially horizontal position of the chip—for example a tilt and a
roll—results in the tipping of the chip due to an increase of the tilt;
the roll is however cancelled by the presence of the lyophilic band.

Let us consider now a tilt of the chip in the case of two
perpendicular-to-pad bands. The Laplace pressure is determined
by the curvature radii in the horizontal (R}, ) and vertical plane (Ry).
Whereas the vertical curvatures are similar, the horizontal curva-
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no roll

tilt

Fig. 11. In the case where only one lyophilic band is present, any perturbation in
the initially horizontal position (A) is increased in the direction perpendicular to the
band (tilt), and decreased in the direction of the band (roll) as shown in (B). The blue
arrows symbolize the capillary forces on the triple line located on the band.

ture is much higher for a deeper finger (Fig. 12). So the tilted up side
has the higher curvature and the higher pressure. Hence the fluid is
driven out into the shallower fingers, decreasing the tilt until hori-
zontal stabilization. A very intuitive way to explain the stabilization
is to imagine that the bands act as “ropes” exerting lateral forces of
the moving chip.

5. Effect of the bands on the other modes

In order to be effective, the presence of wetting bands should
keep all the other displacement modes—shift and twist—restoring.
In this section, we show that the introduction of the wetting bands
does not change substantially the restoring capacities of the other
modes. In Fig. 13 we compare the effect of the bands on the shift
and twist modes.

In all cases the shift and the twist modes are restoring, because
the capillary forces and torques are negative. Note that the

two configurations—diagonal or perpendicular-to-pad bands—are
equivalent for the shift force and the twist restoring torque is some-
what larger for the diagonal bands.

6. Influence of the chip weight on the tilt

With the application to 3D microelectronics in mind, we have
considered so far a chip weight of 0.07 g, corresponding approxi-
mately to a silicon chip of 5 x 5mm x 500 pm. Other applications,
such as the optical applications sometimes require heavier mobile
plates (Fig. 2).

It has been observed—in the reference case of a pad without any
wetting bands—that the tilt instability was increased by a larger
chip weight [13]. Then the question is: would the wetting bands
still stabilize the tilt motion in the case of large chip weight?

In order to answer this question, we have investigated the sta-
bility to tilt for two different chip weights: 0.07 and 0.1g. The
results are plotted in Fig. 14. It is observed that an increase of
the chip weight decreases the value of the restoring torque—when
the torque is restoring, and increases the tilt instability—when the
torque is not restoring. In our case, for a 5 x 5 mm chip, the weight
of the chip should not be larger than approximately 0.13 g to benefit
from a tilt-restoring torque.

7. Influence of the width of the bands

Another question can be raised: what is the best bandwidth to
ensure tilt-stability? It is clear that if the ratio between the band-
width w and the length of the square pad edge L decreases to
zero, the effect of the bands disappears. Fig. 15 shows the restor-
ing torques for widths w={0.58 mm, 0.71 mm, 1.3 mm, 1.8 mm},
corresponding to the ratios w/L={0.12, 0.14, 0.25, 0.36}. The larger
the widths of bands, the higher the value of the restoring torque,
until approximately a value of the ratio w/L ~ 0.35. Interestingly,
the ratio w/L ~0.35 does not deteriorate the restoring effect of the
two other modes (shift and twist), as shown in Fig. 16.

8. Influence of the contact angle
Finally we analyze the effect of the contact angle on the magni-

tude of the restoring torques. Using continuity arguments, contact
angles close to 90° are equivalent to a situation without wetting

Tilt 3.4°

(A)

(B)

(€

Fig. 12. (A): View of the tilted chip; (B), sketch of the two vertical curvatures which are very similar; note that the angle of the surface is much more vertical at the top on
the left, providing a restoring torque; (C) view of the horizontal curvature radii, showing the inequality Ry; <Rp;.
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Fig. 13. Shift and twist are restoring in all cases. (A) shift mode and (B) twist mode; Evolver comparison between square pad (red dots), perpendicular-to-pad bands (green
dots) and diagonal bands (orange dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. An increase in the weight of the mobile chip decreases the stability of the
tilt mode (the two top curves correspond to the no-band case, and the two bottom
curves to diagonal bands, contact angle 20°, width of bands 0.07 mm).

bands. Small contact angles are needed to obtain a restoring torque,
as was proved by the Laplace analysis conducted above.

Fig. 17 shows an increase of the magnitude of the restoring
torque with a decreasing contact angle, confirms this analysis.
Remark that small contact angles are the rule for CSA, because lig-
uid spreading on the chip and pad must be efficient [17], besides in
the case of 3D microelectronics, hydrophilic surfaces facilitate the
direct bonding of the two solids.

9. Discussion and conclusion

In the technique of capillary self-alignment (CSA) for 3D micro-
electronics where square or rectangular chips must be aligned
above geometrically corresponding pads, it is known that the tilt
mode is slightly unstable. Hence an initial tilt—occurring at the
moment of chip release on the liquid—cannot be restored and the
achievement of alignment can be impossible due to a mechanical
contact of the chip with the pad.

It is shown in this text that the use of two lyophilic bands pat-
terned on the pad changes the unstable tilt mode into a restoring
mode, at the condition that the chip weight is not too large. Heavy
chips would always be subject to tilt instability. Moreover, optimal
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Fig. 15. The restoring torque increases with the width of the bands (case of diagonal
bands, contact angle 20°, chip weight 0.07 g, chip dimensions 5 x 5 mm).

values of the system parameters, such as the width of the bands
and the value of the contact angle have been determined. Different
geometries for the bands are possible. We have studied the two
most straightforward geometries, i.e. perpendicularly-to-pad and
diagonal bands. If the chip weight is not too large, the use of such
additional bands renders all displacement modes stable—i.e. any
departure from alignment is automatically restored.

From a microfabrication standpoint, the lyophilic bands do not
bring complications in the micro-fabrication process; they just
require a patterning mask that takes into account these bands.
Two different patterning of the fixed substrate can be readily envi-
sioned: hydrophilic pads connected or not by perpendicular stripes,
as shown in Fig. 18. Additional studies must be conducted to inves-
tigate which of the two designs is the most effective.

For any of the two geometries depicted in Fig. 18, the microfab-
rication process is similar, and is described in Fig. 19.
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