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Surface tension-driven self-alignmentf
Massimo Mastrangeli,** Quan Zhou,® Veikko Sariola® and Pierre Lambert®

Surface tension-driven self-alignment is a passive and highly-accurate positioning mechanism that can
significantly simplify and enhance the construction of advanced microsystems. After years of research,
demonstrations and developments, the surface engineering and manufacturing technology enabling
capillary self-alignment has achieved a degree of maturity conducive to a successful transfer to industrial
practice. In view of this transition, a broad and accessible review of the physics, material science and
applications of capillary self-alignment is presented. Statics and dynamics of the self-aligning action of
deformed liquid bridges are explained through simple models and experiments, and all fundamental
aspects of surface patterning and conditioning, of choice, deposition and confinement of liquids, and of
component feeding and interconnection to substrates are illustrated through relevant applications in
micro- and nanotechnology. A final outline addresses remaining challenges and additional extensions
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envisioned to further spread the use and fully exploit the potential of the technique.

1. Introduction

Understanding the role that surface tension plays in the multi-
form interactions between liquid phases and solid surfaces
drives a significant part of current research in fluidics,'
mechanics,” soft matter® and interfacial engineering.* Practical
implications of new insights gained from basic research can
rapidly lead to applications in wetting and surface conditioning,’
precision engineering,® colloidal assembly,” microfluidics® and
micro/nanofabrication.® In particular, the accurate and repeatable
manipulation of micro- and nanoscopic objects represents a

Quan Zhou received the MSc
degree in Control Engineering and
Dr Tech. degree in Automation
Technology, both from Tampere
University of Technology, Tampere,
Finland. He is currently Associate
Professor in Automatic Control
at the Department of Electrical
Engineering and  Automation,
School of Electrical Engineering,
Aalto University, Finland, heading
the Micro- and Nanorobotics
research group. His main research
interests ~ are  micro-  and
nanorobotic manipulation and automation methods and their
applications in both industry and biomedical applications. Prof. Zhou
was also the coordinator of EU FP7 project FAB2ASM, the first PPP
project of the European Economic Recovery Plan.

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c6sm02078j&domain=pdf&date_stamp=2016-11-30
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm02078j
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM013002

Open Access Article. Published on 21 November 2016. Downloaded on 6/14/2026 10:02:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

technological field of far-reaching industrial, biomedical and
commercial relevance that is vastly benefiting from such
research.’® In this context, for the past two decades fluid-
mediated manipulation has demonstrated to be capable of
simplifying and enhancing the construction of heterogeneous
micro- and nanosystems.

Precise positioning is of foremost importance when assembling
together sets of modules or devices that are functionally correlated.
Recent advances in miniaturization, especially in the pitch and
diameter of interconnections, and in the integration of diverse
complementary functions often make the realization of novel
microelectronic, optoelectronic and nanoscale systems possible
only through extremely accurate registration among the modules.
Robotic assembly'® and stochastic self-assembly’ represent
the opposite extremes of a range of approaches to precision
assembly."* Robotic pick-and-place is the current standard in
precision industrial assembly. It achieves impressive performance
(on the order of tens of thousands of assembled components per
hour in the case of flip-chip assembly machines'?) through the
supervised dexterity of robotic effectors. The throughput of robotic
pick-and-place is however limited by its seriality, while its accuracy
degrades when handling components of sub-millimetric size.'®
Self-assembly is an alternative, bio-inspired and intrinsically
parallel technique for high-throughput manufacturing,'? parti-
cularly for handling very small, ultrathin and flexible compo-
nents. Surface tension-driven (alias capillary) self-alignment
(Fig. 1) lies somewhat in the middle of the assembly spectrum,
as it merges deterministic aspects of component handling and
feeding with passive, unsupervised and very accurate component
registration. When compared to stochastic fluidic self-assembly,
the key advantage of capillary self-alignment is that its steps
can more easily be individuated, parameterized and streamlined
into industrial process flows.

The development of capillary self-alignment progressed
across three subsequent phases. In the first phase, the surface
tension of molten solder-based interconnections was used to
self-align and electromechanically fix surface-mount components
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to electronic substrates - a process originally introduced in the ‘60s**
which came to be generally associated with flip-chip assembly.
Through continuous evolution, including its adaptation to three-
dimensional capillary deployment of microelectromechanical
systems (MEMS)" and capillary self-folding of micro- and nano-
scopic voxels,'® presently molten solder-based self-alighment is
amply used in advanced microelectronic integration processes
involving solder microbumps, through-silicon vertical inter-
connect accesses (VIAs) and three-dimensional chip stacking
to meet ultimate performance and input/output requirements.
The second phase, started in the late ‘90s, saw the development
of a multitude of fluidic self-assembly approaches. Among
them, capillarity-driven component-to-substrate stochastic self-
assembly emerged as the most convenient for industrial adop-
tion. In the third phase and during the last decade, the fluidic
self-assembly process was adapted to work in an air environ-
ment. This evolution is akin to a return to the origin and enabled
the combination with robotic component feeding into what was
called hybrid microhandling."” Such latest embodiment indeed
consists of an extension of the IBM’s original controlled-collapse
chip connection (C4) integration process,'* whereby an additional
liquid bridge wraps and complements the function of the
solder bumps.'®

The outlined stages of development tackled advances in tech-
nology and materials science, among which in particular surface
conditioning and patterning, wetting control, new interconnection
materials, ultrathin and flexible components. While most of past
and current research concerned inorganic components, capillary
self-alignment may hold potential also for organic assemblies.
The understanding of the impact of process parameters — such as
surface tension, viscosity and contact angle of liquids, geometry of
components and receptors, relative misalignment - also gradually
improved thanks to the development of analytical and numerical
models. While the theoretical picture of capillary self-alignhment,
especially regarding its dynamics, is not fully clear yet, the available
frameworks have contributed to increase assembly throughput
and yield through better process design.
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Fig. 1 Capillary self-alignment. Top row: Sketch of the process. (a) A component is brought in the vicinity of a droplet confined on a receptor site at
offsets xo, yo (not shown) and zo with respect to its final position; (b) description of the process based on the minimization of the surface energy (see
Section 2.3); (c) dual description based on a capillary force vector acting on the component (Section 2.4); (d) end of the alignment process, with possible
residual misalignment. Bottom row: Sequential snapshots of the capillary self-alignment of a square transparent plastic component onto a shape-
matching receptor coated with a thin water film. The autonomous roto-translational motion of the component starts upon its release from the tweezer
only after the triple contact line reaches at least one of the solid edges of the bottom surface of the component. Final placement of the component on
the receptor and alignment of the edges is achieved after a few oscillation cycles (not shown) due to underdamped dynamics. (Adapted with permission

from ref. 20 © 2014, American Chemical Society.)

This review is tailored to guide the readers through the
practice of capillary self-alignment. The underlying physics and
the material requirements of the process are described together
with the state-of-the-art in its performance and achievements.
The paper is intended as a tutorial to help transpose prior
experimental demonstrations into industrial practice. Recent
works'® and patents support the claim that capillary self-
alignment’s current state of development is compatible with
this forthcoming step.

The paper is structured as follows. Definitions and funda-
mental concepts concerning wetting and triple contact lines are
first summarized to introduce an overview and the governing
physics of surface tension-driven self-alignment (Section 2).
The design of constrained liquid bridges is then addressed,
highlighting the importance of surface properties in the
methods of liquid confinement (Section 3) and the role of
shape matching between component and receptor (Section 4).
Section 5 provides an overview of the dynamics of capillary self-
alignment, as reflected in models and experimental data.
Process integration is discussed in the following Section 6,
concerning the choice of liquids, techniques for controlled
liquid deposition and feeding of components to the receptors,
and available options to electrically besides mechanically bind
components to substrates upon completion of capillary self-
alignment. Relevant applications of surface tension-driven self-
alignment reported in recent literature are also exemplified,
and a survey of related patents is provided in Section 7.

306 | Soft Matter, 2017, 13, 304-327

Open challenges and future perspectives are outlined in the
concluding Section 8.

2. Fundamentals of surface-tension-
driven self-alignment
2.1 Definitions and terminology

Surface-tension-driven self-alignment (also known as capillary
self-alignment) is a fluid-based technology used to accurately
align components to patterns or features of a substrate. When a
confined liquid drop is interposed between a suitably patterned
region of a substrate and a freely moving component, the droplet
forms a liquid meniscus whose constrained capillary action
tends to align the component to the pattern. The attribute “self”
refers to the apparent autonomy of the transient component
motion. A sketch of the process and sequential snapshots from a
capillary self-alignment experiment are shown in Fig. 1.

The object to be assembled - typically a chip, die, device or
functional module in electronics applications - is here called
component (C). The well-defined area A;g, on a substrate or
on another component, to which the component is required
to self-align represents the binding, assembly or target site,
hereby referred to as receptor (R). The finite liquid phase L,
bounded by the gas phase G and interposed between the compo-
nent and the receptor to form a liquid bridge or meniscus,*
additionally prevents dry friction between the sliding surfaces

This journal is © The Royal Society of Chemistry 2017
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of component and receptor and hence is sometimes called
lubricant. The height £ of the liquid bridge defines the gap.

Most of the emphasis in capillary self-alignment is reserved
to in-plane motion, ie. the biaxial (x, y) and rotational (0,)
motion of the component relative to the receptor. This repre-
sents a simplified account, as the alignment process inevitably
involves perturbations and motion of the component along all six
degrees of freedom of the fluid joint,>* whereby vertical motion
(2) and out-of-plane rotations (0, and 0,) are also included. The
emphasis on lateral registration derives from technological
applications, such as precision assembly tasks and micro/
nanoelectronic integration, and has in turn largely biased the
study and modelling of the process.

In terms of component placement, the bias or offset refers
to the initial distance (i.e. prior to the inception of the self-
aligning motion) of the component to its final expected
position - typically the one where the edges of the component
are perfectly aligned to those of the receptor. The offset vector
identifies the component position at the time the component is
released, in case of robotic feeding, or when the component is
first wet by the droplet, in case of stochastic feeding (Fig. 1a).
Misalignment is conversely a measure of registration error,
and refers to the eventual residual distance between actual
and expected position of the component after completion of the
self-alignment process (Fig. 1d, top row). Misalignment may
arise from wetting defects (Section 3.2) and shape mismatch
(Section 4.2). Null misalignment identifies correct final compo-
nent positioning. Both offset and misalignment can be measured
either absolutely or relatively to the dimensions of the compo-
nent or receptor. Offset and misalighment are sometimes also
measured by the distance between corresponding edges of
component and receptor, respectively at the beginning and at
the end of the process.

triple
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The (alignment) yield of capillary self-alignment indicates the
fraction of components that end up being correctly positioned
after process completion on a selected number of receptors
(i.e., 9 correctly aligned components out of 10 delivered onto
10 receptors corresponds to a yield of 90%). Successful align-
ment is usually defined by compliance with targeted misalign-
ment margins. The margins are in turn specifically determined
by the applications at hand. Beside alignment yield, functional
yield is relevant in the assembly of systems whereby the
mechanical connection needs to provide also an electrical path
between receptor and component. Functional assembly yield is
altogether a more restrictive success metric, since typically only
a subset of the correctly aligned components can also sustain
electrical functionality. For instance, in the packaging of advanced
integrated circuits onto back-end-of-line (BEOL)-processed sub-
strates, sub-micrometric post-alignment registration accuracy is
being targeted to enforce working electrical interconnections
through solder microbumps.'® Finally, the overall efficiency of
the process is measured by its throughput, which quantifies
yield per unit of time. Sections 3, 4 and 6 and Mastrangeli et al.>*
provide an overview of major failure modes in capillary self-
alignment and fluidic self-assembly.

2.2 Wetting and contact lines

A drop (Fig. 2a) is a finite liquid phase delimited by an interface
which is the seat of the surface tension phenomenon.>* The
excess surface energy of the interface is its surface tension y.
When a liquid drop is in contact with a solid substrate, two
additional interfaces besides the liquid-gas (LG) are identified:
the liquid-solid (LS) interface and the solid-gas (SG) interface
elsewhere (Fig. 2b). The intersection between the surfaces
tangent respectively to the solid-liquid and the gas-liquid
interfaces is called the (triple) contact line. The angle defined

G

(o3 d
h
S
‘ |

Pinned contact line

(a) A suspended liquid drop (without support); (b) a liquid drop wetting a rigid substrate without solid edge, defining a triple contact line and a

static contact angle; (c) a liquid drop wetting a rigid substrate with a solid edge; (d) a liquid bridge, i.e. a liquid drop bridging two separated solid surfaces.
(e) Moving contact line with constant prescribed (advancing) contact angle, versus (f) pinning of the contact line at a fixed position imposed by a solid
edge. The compression of the liquid bridges is in both cases consequent to the reduction of the gap between the parallel bounding surfaces.

This journal is © The Royal Society of Chemistry 2017
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by both tangent planes and spanning the liquid phase is called
the contact angle 0. The contact angle governs the capillary
forces exerted by the liquid on the solid (see Section 2.4).
Usually, the tangent to the solid-gas interface coincides with
the tangent to the solid-liquid interface. There exist however
situations where this is not the case, for instance when the
contact line wets a sharp solid edge (see Fig. 2c and Section 3.1).
When the droplet makes contact with separated solid surfaces, it
is usually referred to as a meniscus or liquid bridge (Fig. 2d).*?*

The contact line is in principle free to move across a
substrate with chemically homogeneous and topographically
smooth surface (Fig. 2e). At equilibrium, in proximity of the
contact line the meniscus will eventually assume on a suffi-
ciently rigid substrate a shape set by the equilibrium contact
angle, which, although ill-defined, is typically described by the
Young-Dupré equation cos0 = (ys¢ — 71s)/y- The equation
captures the balance of the tension components parallel
to the substrate. A low 0 signals high chemical affinity of
the liquid to the substrate, and perfect wetting is achieved for
6 — 0. Over rough and/or chemically heterogeneous surfaces, a
range of apparent contact angles can instead be observed at a
given contact line position (Fig. 2f). Contact line movement will
then only occur when the apparent contact angle is either larger
than an upper threshold value, called the advancing contact
angle 0,, or smaller than a lower threshold value, called the
receding contact angle 6,. The angular sector [0, 0,] between
both threshold values quantifies the contact angle hysteresis.
When the contact angle lies within such interval, the contact
line is said to be pinned. Contact line pinning, whose micro-
scopic origin is attributed either to localized defects or adhe-
sion hysteresis,” can be further reinforced by the presence of
sharp edges on the substrates (Fig. 2c). The increases in contact
angle hysteresis induced in this case by slope discontinuity can
be exploited for topographical liquid confinement, as described
in Section 3.1.

For a geometrical description of meniscus shape, the knowl-
edge of the contact line position is needed when the contact
line is pinned (Dirichlet boundary condition), while the knowl-
edge of the contact angle must be used when the contact line is
moving or its position is unconstrained (Neumann boundary
condition).”® The dynamic contact angle is also dependent on
the velocity of the contact line.”® The contact line can switch
from being pinned to mobile during a single experiment
according to changing conditions. For instance, in the early
instants after deposition on a homogeneous solid surface, a
droplet relaxes and the liquid spreads over the substrate until
its motion stops upon reaching an equilibrium configuration or
a boundary. Similarly, when a component is set on top of a
confined liquid droplet, either by release or by pre-contact,*®
wetting of the bottom surface of the component starts upon
contact with the liquid interface, and the liquid stops spreading
when the meniscus reaches the edges of the component (Fig. 1,
bottom row).

In the following subsections, we show how analytical
descriptions of capillary forces can be derived from surface
energy- and force-based models for the simple case where the

308 | Soft Matter, 2017, 13, 304-327
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liquid meniscus completely wets the receptor and the compo-
nent. In Section 3.2 this assumption will be relaxed.

2.3 Surface energy models

The mechanics of capillary self-alignment can be understood as
the consequence of the minimization of the system’s excess
free energy. Specifically, the surface energy of the liquid menis-
cus is minimized when its interfacial area is minimized. In a
proper design of the system, this condition is satisfied when
the edges of the component are aligned to those of the receptor.
Assuming other energy components to be negligible (e.g.,
gravitational energy, for Bond number Bo « 1), the excess free
energy is represented by the interfacial energy E of the system

E=9A (1)

where y is the surface tension and A is the total interfacial area
of the liquid. Assuming to know the equilibrium shape of the
liquid meniscus for each offset X, = [x, yo zo] of the component,
the restoring force F = F(¥,) can be calculated from the energy
function E = E(x,) by

F=-VE (2)
Considering the energies of all interfaces, eqn (1) is
expressed as:
E =9Ai6 * yic Arc t Yir Ar (3)

where y.- and A.. represent respectively the interfacial energies
and areas among liquid (L), gas (G), component (C) and
receptor (R) (see Fig. 1b). In case of e.g. fluidic self-assembly,
the gas phase can be replaced by the immiscible liquid hosting
the process.”’>° Under the common and simplifying assump-
tions of perfect wetting (Section 2.2), which implies full and
constant liquid coverage of the liquid-solid interfacial areas
(ALc and A, ), and absence of surface tension gradients, eqn (2)
reduces to:

F = _ﬁ(VALG) = _'J)@ALG (4)

Eqn (4) can be used for estimating self-centering forces for simpli-
fied geometries of liquid menisci, such as given by circular’®*" or
rectangular’**?* components on shape-matching receptors
under purely lateral translation (Fig. 3). By approximating the
shape of the corresponding menisci as a sheared cylinder and
parallelepiped, respectively, the energy can be written as:

21 ’Cz
Egre = thJ 1+ cos20;l—2d0 (5)
0

Frea = 7(20h + 2/ 2 .

For small displacements (x « h), the lateral force F, = —dE/dx
can be approximated as:

_ X-

Fcirc ~ 7TER7Z1X (7)
_ X—

Frect = _2CVEIX (8)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Simplified meniscus geometries for the analytical derivation of the capillary force from the surface energy: case of a circular (a) and of a

rectangular component (b) over shape-matching receptors.

that is, the lateral restoring force is linearly proportional to the
displacement from equilibrium, as in an Hookean spring, and
to (half of) the perimeter of the component/receptor. Following
this approach, Berthier et al. generalized eqn (5)-(8) to the case
of arbitrary polygonal components.** Gao and Zhou proposed a
unified semi-analytical model that describes small deforma-
tions of liquid menisci through plate series.*® It should be
emphasized that these are only coarse approximations, since
real menisci are not ideal cylinders nor parallelepipeds. More
accurately, the energy E has to be solved by finding the actual shape
of the liquid meniscus under the given boundary conditions. In the
most general cases, the solution can only be found computationally.
This requires modelling the meniscus by digital tools, such as
multiphysics software or Surface Evolver (ref. 2 and 8 provide
extensive descriptions and examples). Numerical simulations
additionally allow the characterization of the fluid geometries
for all roto-translational degrees of freedom.*>>°

2.4 Capillary force models

In the previous section, the capillary self-alignment process was
analysed through energy minimization, and centering forces were
derived through the energy gradient. The centering capillary forces
can alternatively and equivalently be calculated directly from
the composition of their two contributions: the tension force
and the Laplace force. Indeed two distinct concepts merge under
the denomination of capillary forces: the tensile, tension or surface
tension force Fr, and the pressure, Laplace or simply capillary
force Fp. The reader must bear in mind these two different
physical effects, adding to one another to constitute what we
will call the capillary force in the following.

The first contribution Fr is due to the tensile force exerted by
the liquid meniscus on the solid and directed along the tangent
to the liquid-gas interface. The surface tension force, always
tensile, is quantified by the integral of the surface tension along
the triple contact line (see Fig. 4 for symbols definition):

Fr = Jy a/i, (©)
According to recent studies by Marchand et al,*” this is to be
considered an imprecise physical description of the capillary

This journal is © The Royal Society of Chemistry 2017

Triple line

pout /
~~Meniscus
Receptor

Fig. 4 Free body diagram of the component showing the tensile and
pressure components of the capillary force. The tensile force is computed
as the line integral of the force element dFy = ydii; (see inset). The Laplace
force is computed as the surface integral of the force element dF, =
2HydSTy where, according to the depicted sketch, Ap = 2Hy is negative.
Unit vectors are defined in the inset.

effect of a liquid on a compliant solid. We will however use the
traditional description in the following, since both theories
agree with one another for rigid solids.

The second effect is associated with the so-called Laplace
pressure drop Ap, induced by the curvature of the meniscus.*®
The Laplace pressure drop is given by the well-known Young-
Laplace equation:

pin - Pout = AP = ZHV (10)

where 2H is the total curvature, equal to the sum of the ortho-
gonal curvatures 1/p; and 1/p,.>** This leads to a pressure-
related force Fy, equal to:

Fy = ”Ap dS1y (11)

These concepts are exemplified in the snapshot shown in
Fig. 5. In this case the surface tension force is estimated to equal
the perimeter of the square chip (800 pum) times the surface
tension of water (72 mN m™ " at room temperature) projected
along the symmetry axis by an angle of 10°, i.e. Fr = 59 uN along

the diagonal defined by — (14X + T},) / V2. Estimating the radii

Soft Matter, 2017, 13, 304-327 | 309
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P2=272 pm

Fig. 5 Force analysis on the capillary self-alignment study described in ref. 39. (a) Estimation of surface tension force, (b) estimation of Laplace pressure

effects (adapted from ref. 39, © 2012, American Institute of Physics).

of curvature to be p; = 105 pm and p, = 272 pum leads to a
curvature 2H = 13200 m~ !, and a Laplace pressure Ap = 950 Pa.
This provides a Laplace force F;, = 38 uN along the diagonal

+ (fx + T},) / V2. The resulting capillary force is Fr + Fy, = 21 pN
along the diagonal — (fx + fy) / V2.

2.5 Model equivalence

The modelling methods presented in Section 2.3 (energetic)
and 2.4 (sum of Laplace and tension force components)
are demonstrably equivalent. As a quick illustration, let us
consider the configuration of Fig. 3b. The Laplace pressure
acts perpendicular to the bottom surface of the component and
does not contribute to the lateral restoring force along x. The
tension force only contributes to the total capillary force along
x, and can be expressed as:

Freet & 2cycosad, (12)

where cosa=x/Vx>+ 2 ~x/h for x « h, leading to
Freee ® —2cyx/h1, as in eqn (8).

A more detailed analysis of the equivalence of energy- and
force-based models is reported in ref. 40.

a ‘ canthotjc‘%)is

sector 0
a;
0y,
wetting non — wetting

3. Liquid confinement

Liquid confinement amounts to imposing a barrier to the
spreading of a liquid on a substrate. To be localized on the
target substrate, a liquid droplet must be confined along its
entire perimeter by the edges of the receptor. Without confine-
ment of the liquid meniscus, the final position of the compo-
nent is underspecified and not predictable. Only in presence of
liquid confinement can the shape of the receptor conveniently
match the profile of the component.

3.1 Receptor types and fabrication

Liquid confinement on a solid substrate can be enforced in a
surface-chemical way, in a geometrical way, or in a combination
thereof.”>*" In all cases, the mechanism underlying liquid
confinement is the pinning of the contact line and the associated
extension of the contact angle hysteresis along the pinned
perimeter of the droplet (Section 2.2).

The surface-chemical method (Fig. 6a) exploits the
wetting contrast between the interior surface of a receptor
(i-e., the receptor proper) and the exterior surface, which can
be intended e.g. to space arrays of receptors apart according to
a defined pitch.*”> The receptor surface needs to be signifi-
cantly more wettable by the liquid than the spacer surface.

b P canthotaxis

sector

9

i o ﬁ

o

trench mesa

undercut

Fig. 6 Liquid confinement within receptors. (a) Surface-chemical confinement, exploiting the wetting contrast between adjacent surfaces. (b) Topographical
confinement, using the geometry of a solid edge of aperture ¢. (c) Implementations of topographical liquid confinement.
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Fig. 7 Microfabricated receptors for surface chemical (a—e) and topo-
graphical (f—h) liquid confinement. (a) Top view and (b) side view of a
hydrophilic silicon dioxide receptor surrounded by hydrophobic
fluorocarbon-treated spacer. Water droplets wet only the hydrophilic
receptor (adapted from ref. 54, © 2011, Institute of Physics). (c) Oleophilic
Au-coated receptors surrounded by oleophobic porous spacer function-
alized with a fluorinated self-assembled monolayer (adapted from ref. 45,
© 2011, American Institute of Physics). (d) Side view of a droplet of oil-
like adhesive on Au, and (e) droplet of the same adhesive on the back-
ground (adapted from ref. 45, © 2011, American Institute of Physics).
(f) Topographical confinement of a water droplet within a laser-scribed
receptor on plastic substrate (adapted from ref. 55, courtesy of G. Arutinov).
(@@ SEM micrograph of a receptor topographically defined by undercut
edges (reprinted with permission from ref. 56, © 2013, IEEE). (h) An oil-
like adhesive droplet confined on a receptor defined by an undercut edge,
showing ~180° apparent contact angle (adapted with permission from
ref. 49, © 2013, Wiley).

The difference between the liquid contact angles on the adja-
cent surfaces provides a rough quantification of the wetting
contrast. According to this metric, a difference larger than 60°
is sufficient for robust chemical confinement.*>** Once on the
edge of the receptor, the contact line remains pinned for all
values of the edge angle comprised within the canthotaxis
sector, delimited respectively by the receding contact angle
on the wetting side and by the advancing contact angle on
the non-wetting side.® Hydrophilic (Fig. 7a and b) or oleophilic
receptors (Fig. 7c-e) are specifically implemented to be highly
wettable by water or hydrocarbons, respectively. Chemical con-
finement is effective also for liquids of low surface tension
in air.*’

The geometrical or topographical method makes use of
sharp solid edges of the substrate to define the shape of the
receptor’® (Fig. 6b). In this case, the edge angle of the liquid
needs to increase up to the advancing contact angle value with
respect to the plane tangent to the outer side of the receptor
before the contact line can further advance, causing liquid
overflow out of the site. Such extension of the contact angle
hysteresis is captured by the so-called Gibbs’ criterion,
which for a chemically-homogeneous solid surface defines
the canthotaxis sector as [0,, 0, + © — ¢], where ¢ is angle
spanned by the solid edge.”” The most common geometries of
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topographical receptors include trench,*® mesa and undercut
types (Fig. 6¢c and 7f, g). Notably, by using receptors with solid
undercuts, it is possible to confine low surface tension liquids
in air, and obtain apparent contact angles in excess of 180°
(Fig. 7h).*® Sparse arrays of micropillars with a doubly-reentrant
nanomachined tip geometry were recently demonstrated to
turn every solid surface, including highly wetting ones, super-
repellent to all liquids.*®

An issue for mesa-type receptors of micrometric size is the
required step height difference, which should be of the order of
1 um.>" Receptors exploiting a hydrophilic/hydrophobic wetting
contrast are relatively easy to fabricate using photolithography.
Conversely, the more reliable hydrophilic/superhydrophobic
contrast is challenging to enforce due to the surface nano-
roughness required in the spacer. Recently, electron beam was
employed to achieve patterned wetting and create um-sized
superhydrophilic patterns on superhydrophobic substrates.>?
Hydrophobic sidewalls surrounding hydrophilic mesa-type
receptors were also shown to improve liquid confinement and
benefit the capillary self-alignment performance.***" Similar
observations were shown to apply to the surface conditioning
of components.*?

3.2 Partial wettability

In presence of perfect wetting (§ — 0, Section 2.2), the contact
lines of the liquid meniscus are pinned along the edges of both
receptors and components. The perfect wetting condition
represents a useful model simplification and a good approxi-
mation for common applications, such as e.g. solder bumps
over oxide-free metal pads or water on highly hydrophilic
receptors (see previous section). However, perfect wetting does
not capture the most general scenario.””

Upon dispensing, a large advancing contact angle may
prevent the liquid to wet the complete receptor. Capillary self-
alignment was nonetheless demonstrated also on partially
wetting or hydrophobic receptors, such as e.g. with advancing
and receding water contact angles of 118° and 69°, respectively.*®
Wetting of the receptors was in this case forced by using
excessive amounts of liquid or by applying pressure on the
component. Capillary self-alignment across relatively large
component offsets is another significant instance where partial
wetting affects the performance of the process in terms of
accuracy and yield.*® Partial wetting makes the liquid/solid
interfacial areas time-variant during transient component
motion®*”” and, as expected from eqn (3), this affects lateral
restoring forces.”® A recent piecewise model of lateral restoring
capillary forces can justify the experimental observations by
accounting for partial liquid wetting.>* According to what was
mentioned in Section 2.2, in this case the boundary conditions
must be adapted to the offset of the component to reproduce
the local meniscus geometry in proximity of the contact lines.
In the model, progressively larger lateral deformations of the
liquid meniscus, corresponding to progressively larger compo-
nent offsets, are accommodated by switching the boundary
conditions from pinned contact line to prescribed receding
contact angles.*?
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4. Influence of shape and size

Capillary self-alignment typically requires the shape of the
component to be commensurate with that of the receptor.
The general design guideline is that, for a given initial compo-
nent offset, the liquid meniscus constrained by receptor and
component (or a part of it) possesses sufficiently higher
potential energy compared to its equilibrium shape so that its
relaxation can sustain the self-aligning motion, as discussed in
Section 2. Most reported instances of the process target perfect
final alignment between the components and the receptor.
Accordingly, components and receptors have shapes and sizes
matching up to the degree allowed by fabrication process,***8>%3%-61
which is often in the order of fractions of um. In some applications,
the receptor is fractioned into several separated parts, due to the
requirements of electrical functionality, structure of the device,
or to remove excessive amount of liquid after alignment.®>%® The
working principle for such single-component to multi-receptor
embodiment is analogous to the standard single-component
to single-receptor self-alignment configuration, except for the
mechanism of meniscus formation, which may slightly differ
due to the segmented shape of the receptor.®”

4.1 Capillary length and liquid volume

The volume of the liquid meniscus is an important parameter
for achieving high yields from the self-alignment process. To
discuss the appropriate liquid volume for self-alignment, the
concept of capillary length Lc = +/y/pg is useful, where y is the
surface tension of the droplet, p is the density of the liquid and
g is the gravitational constant. For a water droplet in air at room
temperature, the capillary length is about 2.7 mm. Capillary
length can be used to quickly check the dominating force in
self-alignment regarding the different size of patterns. For
example, when the components and receptors are smaller than
the capillary length, and so is the gap, it is safe to say that
the surface tension will dominate the self-alignment process.
Similarly, by replacing the gravitational constant g by an accel-
eration, an equivalent cut-off length can be defined, which is
relevant for high-acceleration pick-and-place machines.®
However, L alone cannot be used to determine whether self-
alignment will succeed or not. Other important parameters are
volume and corresponding thickness of the meniscus between
component and receptor, surface wetting, the weight of
the component and the possibility of friction between solid
surfaces. Self-alignment of rather thin, 20 mm-sized compo-
nents (i.e. an order of magnitude larger than L; of water) was
reported with good success rates.>®*®°%%° Even below the
capillary length and in absence of liquid overflow, an excessive
liquid volume can cause a tilted and misaligned component
pose, corresponding to a locally stable meniscus geometry.**”
Conversely, at the small droplet limit there is not enough liquid
to wet both bounding surfaces, the component can touch the
substrate and dry friction can prevent alignment completion.
For maximizing yield of self-alignment, there may be an
optimum liquid volume value between these extremes. To the
knowledge of the authors, only a few design rules for selecting
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the droplet volume have been provided.®” For the specific case
of 300 pm x 300 um cuboidal components assembled over
square shaped receptors, the optimal droplet volume maximizing
yield was experimentally found between 1.8 and 2.7 nL,* whereas
a gap of 125 um was suggested to optimize the performance in the
alignment of millimetre-sized foil dies.** The addition of wetting
bands around the edges or corners of the receptors was suggested
to help avoid tilting of the components.®®

4.2 Shape matching

Self-alignment does not require the shape of the components
and of the receptors to strictly match each other. In early
studies,”® the receptors were designed with shapes supposed
to allow robust correction of initial angular offsets, such as half-
discs and commas. The patterns could not exclude unintended
component placements corresponding to local energy minima.
Analytical studies on the design of component and receptor
shapes were pursued by Bohringer et al.®®® They developed a
simple geometrical model to predict the energy landscape for
the self-alignment of components and receptors based on the
convolution of their shapes. The model is valid for arbitrary
geometries and for large biases compared to the gaps. The model
recovers the intuition according to which the energy of the
system is smallest for the largest overlap between component
and receptor, and is helpful to predict and avoid configurations
associated with local energy minima.®®

For the widely used cuboid-shaped components and square
or rectangular receptors, capillary self-alignment faces several
application scenarios depending on the feeding methods
(Section 6.1). Particularly, if the shapes and sizes of the com-
ponent and the receptor are significantly mismatched, besides
local energy minima there can exist multiple relative positions
which cannot be distinguished by their energy. In presence of
such degeneracy, the final position is contingent to the details
of feeding and can be hardly predicted with precision.

Fig. 8 shows general scenarios wherein the size of the compo-
nents and of the receptors are significantly different and their
final relative position is underconstrained. Cases A;-B; repre-
sent a component placed onto a larger receptor. When released
partially outside the receptor, the component can still margin-
ally align to the receptor, provided that the motion is over-
damped. This can lead to partial self-alignment (A;), corner
self-alignment (A,) or edge self-alignment (A;).”*”" The compo-
nent may conversely overshoot past the receptor edge and pull
the contact line with it, away from the edge, when small liquid
viscosity and/or large liquid volumes induce underdamped
motion. Insufficiently large offsets may also not be conducive
to the alignment conditions A;-A;. In these cases, the compo-
nent may end up in either of the B;-B; configurations (B,
being equivalent to Az). When the weight of the component is
insignificant compared to surface tension of the meniscus, the
relative sizes of components and receptors can also be inverted,
so that for instance the configurations C;-C; can be mapped
onto A;-A;. It is interesting to note that in all cases, except for
B3, the in-plane orientation of the component will be corrected
during the self-alignment.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Scenarios for capillary self-alignment where the sizes of component and receptor are not commensurate. (Ag) Default: component and receptor
with matching shapes; (A;) matching of a single lateral size, leading to partial self-alignment; (A;) component matching the shape of a corner of the
receptor, leading to corner self-alignment; (As) component matching the shape of an edge of the receptor, leading to edge self-alignment. (B;—B3)
Components released from undesired offsets, leading to poor self-alignment or even no alignment. (C;—-Cs) Reciprocal cases to A;—As, leading to similar
results only in absence of component tilting and of friction between dry surfaces.

Capillary self-alignment can also be used to align components
with more sophisticated geometries than the primary shapes
previously analysed.”” Millimeter-sized MEMS force sensors
were picked up and precisely aligned to a pre-patterned printed
circuit board (PCB).”® The capillary force of molten solder
bumps between matching pads on both board and sensors
was exploited, and three devices were assembled simultaneously.
A capillary approach was also applied to the fluidic assembly of a
GaAs-based microcantilever spin injector,”® microcantilever for
atomic force microscopy,”” and of millimeter-sized components
with inner cavities.®® In this case the hydrophilic receptors,
coated with a thin layer of water-diluted hydrofluoric acid,
matched only the perimeter of the components. The receptors
contained additional microchannels for liquid evacuation, so
that an interior area free of liquid could safely be maintained to

25

N

o

41pm

Alignment accuracy [um]

+2um

Edge jaggedness

host additional structures. This solution is suitable for sealed
packaging of e.g. sensors and MEMS devices.

When the size of the component and the receptor are
commensurate, the self-alignment can allow accurate positioning
despite mismatch in shape or edge profile (Fig. 9). Defects inside
the receptor or along the edge of the receptor bear relatively
little influence to the alignment.”* Even when the edge of the
receptor is poorly defined, due to e.g. low quality manufacturing,
the self-alignment will still lead to rather good accuracy. For
example, for receptors of size 200 pm x 200 pm with edge
jaggedness of +4 pm, the lateral and orientational self-alignment
accuracy of smooth matching components was +1 pm and +0.6°
respectively, which is significantly better than the definition of
the pattern. The reason for this is that the energy minimization
of the self-alignment process arises from a weighted average

Rotational accuracy [°]

Oum

+2um +4pm

Edge jaggedness

Fig. 9 The alignment accuracy of 200 pm x 200 um x 50 pm components on 200 pm x 200 um receptor with different edge profiles: linear,
jaggedness of £2 um, +4 um and +8 pm (adapted from ref. 74, © 2014, IEEE).
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where the influences of opposite edge distortions may
cancel each other out, leading to a modest magnitude of the
total error.

4.3 Size of components

Capillary self-alignment can be applied to a large range of
component sizes, from tens of pm to tens of mm, and to
components with length to thickness ratio up to 100.

4.3.1 Large components. Capillary self-alignment works
best when surface tension dominates. When the characteristic
size of the component is larger than a few mm, gravitational
and inertial effects may become comparable (Section 4.1).
Nevertheless, self-alignment of relatively large dies has been
successfully demonstrated. In this case, the thickness of the
dies is usually below 1 mm, and the height of the liquid
meniscus measures few hundreds pm, such that capillary
forces still prevail.

Assembly of arrays of 20 mm dies on carrier substrates
through a combination of parallel vacuum gripping and capil-
lary self-alignment was reported.®® The capillary self-alignment
of 10 to 20 mm-sized plastic foil dies fed by pick-and-place onto
silicon-based® and laser-scribed plastic substrates*® was also
demonstrated, the latter being also suitable for autonomous
deployment onto moving webs.”> Centimeter-sized compo-
nents floating at the air/water interface were assembled onto
matching hydrophilic receptors of hydrophobic substrates.”®
The substrate was pulled at an angle through the fluid inter-
face, and unique pre-orientation of the components could also
be enforced by using a magnetic template.”’

Capillary self-alignment is also simplifying 3D micro-
electronic integration. For instance, several layers of 5 mm X
5 mm X 50 um chips with 5 pm-diameter through-silicon VIAs
(TSVs) were self-aligned and stacked onto BEOL-processed
silicon substrates."’

4.3.2 Ultra-small components. 20-60 pm-sized semiconductor
components were assembled on a vertically pulled substrate at
a silicon oil/water/substrate triple interface.”®’® The surface
chemical treatment of the components and the chosen immis-
cible fluid couple made the trapping of the chiplets at the
interface energetically favourable. The authors reported the
largest self-assembly throughput to date with 62500 chips
assembled in 45 s, equivalent to 1388 s~ . The process requires
significant preparation steps for each assembly run, and repeated
crossing of the substrate surface by the liquid interface carrying
the chiplets is needed to achieve the claimed high surface
coverage of the receptors. The reported accuracy and assembly
yield were 0.9 um and 98%, respectively.

4.3.3 Ultra-thin components. Capillary self-alignment can be
particularly suitable to handle very thin and fragile components,
since gravity is small for the otherwise significant size of the chips.
12 ultra-thin 10 um chips were successfully stacked and precisely
aligned on top of each other using robotic pick-and-place and
capillary self-alignment.”® Capillary forces were also combined
with magnetic alignment, mediated by magnetically-susceptible
metal interconnects, for the templated integration of 20 pm-thick
components onto polymer foils.*
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5. Dynamics

5.1 Inertial and viscous effects

A no-flow situation was implicitly considered in the previous
sections, with the liquid meniscus at mechanical equilibrium.
To describe the physics of the process in presence of liquid flow
in the meniscus, the associated Navier-Stokes equations must
be solved. The viscous effects induced by the flow can then be
compared to the capillary effects through the capillary number
Ca = %, while the relative magnitude of inertial over viscous

effects is considered in the Reynolds number Re = %, with L
the characteristic dimension of the system (typically, the com-
ponent sidelength). The comparison of capillary, viscous and
inertial effects was studied by Valsamis et al. in the case of axial
motion of liquid bridges,®" illustrating the existence of three
distinct regimes: a capillary regime for small Ca and small Re, a
viscous regime for large Ca and small Re, and an inertial regime
otherwise. It remains unknown whether this description is
valid also for lateral motion.

To go beyond pure scaling laws, it is necessary to consider
the set of Newton and Navier-Stokes equations describing the
alignment process. For the simplified cylinder and parallelepiped
geometries of Fig. 3, where only the lateral displacement of the
component during the self-alignment motion is considered,
it is possible to develop a simplified analytical approximation
of the viscous force®” by assuming Couette flow between the
component and the receptor. Assuming a linear velocity profile,
the viscous shear stress on the component can be written as

X 1dx

o o K JIX
My TR T

; , and the viscous force is thus equal to:
1 h

Fviscous - =

pALcdx
hodt

where p is the dynamic viscosity, A;c = wl and w, [, x and % are
respectively the component width, length, offset and the gap.
For the parallelepiped case of Fig. 3b, this can be combined
with Newton’s law and the linear approximation of the surface-
tension force from eqn (8) to describe a damped second-order
dynamics of the capillary self-alignment process:

uwldx

d2x wwl

n ywx
dr? h dt h

m =0 (13)

From this model, one can estimate the natural frequency o
and the damping coefficient ¢ of the dynamical system:

[2yw

ulw
. 15
‘ V/8ymwh (15)

These results can thus be interpreted as usual for a second-
order system dynamics.

The linear velocity assumption used above only holds when
the flow velocity has the time to develop a linear profile, i.e.
after a timescale of about #%/v, v being the kinematic viscosity.
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Fig. 10 Non-dimensional characteristic time t4 as a function of non-dimensional viscosity « and mass /m. The stripped lines indicate the analytical

4
solutions to eqn (12) of the linear second-order system, valid for & > 1. For smaller o = % the solid lines are obtained from numerical simulations®® and
G

deviate from the analytical expression [reproduced from ref. 2, © Springer, 2013].

If the restoring capillary force triggers oscillations with a shorter
period, which can be the case for large gaps or low viscosities,

the coupled equations must be solved simultaneously.>**?
The results are represented in Fig. 10, where = /m/k is a
characteristic time of the oscillations of the component mass m
subjected to a capillary stiffness k (e.g. for rectangular compo-
2cy 4yt 4 . . . .

Y ), o= 77 —Re 52 non-dimensional viscosity
(corresponding to 4 times the ratio of the characteristic time t

nents, k =

2m . .
= —— is a non-dimensional mass
pwlh

(component mass scaled by the liquid mass). The map then gives

and the timescale h*/v), m

. . .. . Tc .
the non-dimensional characteristic time 74 = — associated to
T

the second-order system defined above, where the characteristic

2
time 7, = —I:”; when eqn (13) holds. Table 1 lists pertinent values
pw

of Ca and Re extracted from recent literature.

The in-plane modes of oscillation of a millimeter-sized self-
aligning component were recently tracked simultaneously and
with high spatial and temporal resolution by means of a high-
speed camera (Fig. 1, bottom row).>® The study evidenced the
possibility of both uncoupled and coupled motion along the
degrees of freedom of the fluid joint depending on the initial
conditions of component release. As noted above, increased
viscosity and lower surface tension slow down the capillary

Table 1 Capillary and Reynolds numbers from selected recent works

Reference Liquid Ca Re

Lu and Bailey (2005)* Solder paste 4.62 x 107° 0.933
Lambert et al. (2010)*° Glue Dymax 0.012 0.055
Lambert et al. (2010)*° Silicone oil 0.158 0.010
Lambert et al. (2010)*° Silicone oil 75404 0.002
Arutinov et al. (2014)*° Water 1.39 x 10°° 0.013
Dubey et al. (2016)** Water 1.22 x 107* 0.674

This journal is © The Royal Society of Chemistry 2017

self-alignment process, making it easier to visualize using
ordinary frame rate cameras.

The full dynamics of chip alignment is based on the coupling
of the 6 degrees-of-freedom of the component (3 translations
and 3 rotations) with the flow dynamics of the meniscus. This
amounts to coupling Newton’s law for the component with
Navier-Stokes equations for the fluid. Analytical estimates
for the axial motion®“*> and, under strong assumptions,
for the lateral motion®” were reported. This is however not
representative for the transient period typical of the oscillatory
motion of a self-aligning component, as observed by Arutinov
et al.’® Other solutions were proposed by Lu and Bailey® and
Lambert et al.*® relying on the assumption of one-dimensional
liquid flow, i.e., of liquid flowing only parallel to the fluid film
(vy # 0, v, = 0). None of these approaches however manages
to describe very accurately the dynamics of capillary self-
alignment of the component recorded experimentally.*’

5.2 Viscosity and surface tension of common liquids

The previous analyses show that several physical and chemical
parameters of the liquid menisci influence the self-alignment
process: surface tension (typically ranging from some tens
of mN m™' for water-based solutions, adhesives and oils up
to several hundreds of mN m™* for molten metallic alloys),
dynamic viscosity (ranging over several orders of magnitude)
and density. For the most commonly used liquids we specifi-
cally report in Fig. 11 the values of surface tension and
viscosity, which are explicitly involved in the analytical models
(Section 2.3). It is apparent that the liquids can be grouped into
two main clusters at opposite ends of the ranges, and that water
sits roughly in between. It is also apparent that the viscosity
varies up to 4 orders of magnitude between liquids, while the
surface tension varies only over 1 order of magnitude. As seen
in the previous section, the capillary number and the charac-
teristic time constant are set by the ratio of viscosity and surface
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Fig. 11 Dynamic viscosity versus surface tension for most used liquids in ca
(rectangular boxes) are taken from ref. 85. Values for Dymax glue, silicone oi

pillary self-alignment. Typical orders of magnitude for adhesives and solders
L and molten alloy Indalloy can be found in ref. 30, and for epoxy adhesive in

ref. 86. Liquid density values (needed to compute e.g. the Reynolds number, see Table 1) are indicated in the legend.

tension. Hence, since there is greater freedom in choosing
liquid viscosity, to tune the self-alignment time it is usually
preferred to change the viscosity of the liquid, all other para-
meters being equal.

5.3 Experimental self-alignment dynamics

As earlier mentioned, most of the works in capillary self-
alignment have considered perfect wetting of liquids on both
receptors and components (e.g., oxide-free molten solders on
metal pads, water on oxidized surfaces), and excluded contact
line unpinning and partial wetting during the process. In
presence of contact line pinning, contact angles affect the self-
alignment process only for what concerns liquid confinement,
since vanishing contact angles and small wetting contrast tend to
make the confinement unreliable and not robust*® (as discussed
in Section 3.2). Conversely, upon delivery of the component on
top of the confined droplet, the contact lines are generally not
pinned, and the meniscus transiently spreads to reach the edges
of the component (Fig. 1, bottom row). The dynamics of self-
alignment is then significantly affected by liquid spreading,
and thus by the contact angles.”® Higher wettability (i.e., lower
contact angles) was shown to induce faster aligning motion
of the components,***® consistently with the predictions of
energy-based models.*® However, self-alignment can still be

achieved through the relatively slow spreading of a liquid
medium of high viscosity and low surface tension, such as resin
materials®*®” or adhesives.”>** Fig. 12 illustrates the capillary
self-alignment between two shape-matching and vertically
stacked 300 pm x 300 pm SU-8 chips bridged by an adhesive
of high viscosity curable by ultra-violet (UV) radiation. The
process reached successful completion about 4 minutes after
release of the top chip.

6. Process integration

The self-alignment process includes several essential process
steps: component feeding, liquid deposition, self-alignment and
post-processing. The order of component feeding and liquid
deposition is determined by the design of the whole process.

6.1 Liquids

6.1.1 Liquid deposition and choice. To achieve surface
tension-driven self-alignment, an appropriate volume of liquid
must be introduced at proper time during the process. Liquids
are conveniently introduced onto the receptors (see Section 3)
and, especially in presence of very small volumes of volatile
liquids, the component should be introduced shortly after.

Fig. 12 Snapshots from the recording of the capillary self-alignment of two
interposed highly viscous UV adhesive (full video available in ESI¥).
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stacked and shape-matching 300 um x 300 um SU-8 chips mediated by an
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Fig. 13 Common methods of liquid deposition: (a) non-contact, single droplet; (b) contact, single droplet; and (c) parallel stochastic; (d) parallel

deterministic.

Liquid deposition methods can be divided into four main
categories: (a) non-contact, single-droplet methods; (b) contact,
single-droplet methods; (c) parallel stochastic methods and (d)
parallel deterministic methods. Fig. 13 illustrate the working
principle of the different liquid deposition methods, and
Table 2 summarizes their main features.

In non-contact, single-droplet methods a droplet is shot from
a nozzle to the receptor, similarly to inkjet printing (Fig. 13a).
Numerous receptors can be addressed efficiently and in
sequence with the help of a motorized positioning system when
the dispenser is shooting at a high speed. The resulting single
droplet volume can measure down to tens of picoliters.®***® Such
non-contact dispensers are suitable for water-based and low
viscosity fluids (e.g. 5 mPa,’® 20 mPa®’). More viscous liquids
can also be handled, provided their viscosity is reduced (e.g. by
heating) below a dispenser-dependent threshold value.®® During
operation, the tip of the dispenser is kept a few millimeter away
from the receptors. A distance of tens of millimeters is possible
with reduced reliability. Acoustic liquid handling™ is an alter-
native technique, in which high-frequency acoustic signals are
focused on the surface of a fluid of interest to eject sequentially
and directionally droplets of nL to pL volumes with high
accuracy and precision.”

Contact, single-droplet methods (Fig. 13b) include a variety
of dispensers and techniques, from traditional time-pressure
dispensers and pump dispensers to nano-contact printing. In
all these methods, a single droplet is formed when the nozzle
of a needle comes into contact with the receptor, followed by
liquid injection, pinch-off and removal of the needle. Nanoliter
droplets are typically achievable with commercial dispensers.
With more precise control of the contact time profile, smaller
volumes are also achievable. Similarly to non-contact methods,
the addressing of multiple receptors require proper positioning
systems. Contact dispensers can dispense a wide range of
liquids, from aqueous to very viscous.

Parallel stochastic methods (Fig. 13c) provide an efficient
way to deposit at once liquids to a large amount of receptors or
component-receptor pairs. In parallel stochastic methods,

This journal is © The Royal Society of Chemistry 2017

liquid is delivered randomly to the substrate e.g. by condensa-
tion from vapor phase or by water mist droplets impacting on
the surface. Compared to the single droplet methods, the
parallel stochastic methods can produce a huge amount of
individual droplets of down to femtoliter volumes, which
makes it highly efficient. The parallel stochastic method is
most suitable for water disposition,>**>°® even though other
liquids can also be handled. As the deposition takes place
on the full substrate, droplets on undesired regions of the
substrate (e.g., outside the receptors) should be removed by
post-processing (e.g., vaporization) after the self-alignment
step, unless their existence is compatible with the subsequent
processing steps.

Parallel deterministic methods, such as dip-coating (Fig. 13d),
can deposit liquid to a large amount of receptors.*>*® In dip-
coating, the substrate patterned with receptors is dipped into
the liquid to be coated and then redrawn from the liquid.***?
Depending on the receptor types, either chemically of topogra-
phically defined (see Section 3.1), the coating dynamics and
particularly the failure of the liquid bridges can change
significantly.** In the case of chemical patterning, the receptors
should be hydrophilic, while the substrate should be suffi-
ciently hydrophobic such that only the receptor will be coated
and the substrate will be dewetted by the liquid. Compared to
e.g. lines, the coating of closed chemically-patterned patches,
like the receptors, involves capillary break-up effects that are
intrinsically time-dependent.”® The thickness of the coated
liquid depends on the pulling speed and insertion angle of
the substrate, the surface tension, viscosity and density of the
liquid, the surface energy of the receptors and the substrate
(i.e., the wetting contrast), and the shape, size and orientation of
the receptors.*>**%* Coating thickness down to 1 pm (equivalent
to 1 nL. mm ™) and sessile droplets of femtoliter volumes**
can be obtained by dip-coating. Additionally, low melting point
solders are typically deposited on receptors by this technique.>
Selective liquid deposition onto hydrophilic receptors can
also be carried out using droplets sliding over hydrophobic
substrates.®”
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Table 2 Common methods for liquid dispensing

View Article Online

Review

Single droplet, non-contact

Single droplet, contact

Parallel stochastic Parallel deterministic

Technologies Droplet dispenser
Minimum dispensed
liquid volume

Liquid deposition speed

~pL ~pL

1000 s droplets per s

Time pressure valve, pump

Continuous flow

Condensation, mist
generator, spray
~fL Down to fL

Dip coating

Process dependent, Dependent on pulling

eg 1.5nL mm >s" speed
Liquid viscosity Aqueous to high Most liquids Aqueous (technology dependent) Aqueous (technology
viscosity (e.g. 500000 mPa s) (instrument dependent) dependent)
Positioning 1D or 2D 2D or 3D 2D Vertical pulling
Comments Dispenser-to-substrate Contact influences Dispensing covers Liquid should de-wet
distance: few- to tens of mm positioning speed the whole substrate from the substrate
References 88-90 91 54 and 92 42, 59 and 93

Many parameters guide the liquid choice, including the
ability to wet the chosen surfaces, electrical or thermal con-
ductivity, optical transparency, the ability to make permanent
bonding through phase change (e.g. by freezing, optically- or
thermally-initiated cross-linking), and processing tempera-
tures. The three main types of liquids that have been applied
in capillary self-alignment are solders, water and other solvents,
and adhesives. Their specific properties are discussed in the
following sections.

6.1.2 Solders. Capillary self-alignment mediated by solder
droplets in air was the first extensively studied self-alignment
process, in the context of flip-chip®®"°' and surface-mount
reflow soldering.'®>'® The self-centering force of the solder
joint was clearly identified in early work'®® focusing on soldering
defects. One of the major applications identified for solder self-
alignment was for passively aligned optical interconnects.*®* The
high accuracy requirements of optical interconnects could
not be achieved using solder self-alignment alone, but capillary
self-alignment was usually combined with mechanical shape
matching or stoppers to achieve accuracies better than 1 pum,"%*%*
suitable for interconnects. Variations in solder volume can
cause undesired variations in chip-to-substrate gap, or tilts
when multiple solder balls are used. These variations can be
avoided by using mechanical spacers.'

Molten solders characteristically have high surface tension
and low viscosity (Fig. 11), and are therefore well suited for self-
alignment. Additionally, solders can make permanent bond
upon cooling and serve as an electrical connection (Section 5).
Since solder balls are also used as electrical connectors, typically
multiple solder joints are used, laid out in a row or a matrix
pattern (ball grid arrays). The multipurpose role of solder joints
means that solders are usually not chosen solely based on the
self-alignment properties. Environmental aspects also limit the
choice: lead-based solders are banned or limited in commercial
use, e.g. by the Restriction of Hazardous Substances Directive
(RoHS) in the EU. Examples of solders used for self-alignment
include Sn/Pb (5/95'% or eutectic 63/37'%), Au/Sn'%® (78/22'%” or
eutectic 80/20'°®%) and In/Pb (50/50).**°

One issue with traditional solders can be the required
high melting temperatures, not compatible with heat-sensitive
materials and components. Low melting point solders,"* ">
such as Bi/Sn/Pb (46/34/20)"* are therefore used. Another issue,
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often hindering solder self-alignment and interconnect relia-
bility, is insufficient wetting or adhesion caused by solder or
pad oxidation. This can be solved by using liquid flux during
reflow, or by removing the oxide prior to the reflow and self-
alignment in protected environments'®* (see also Section 6.3).

6.1.3 Water and other solvents. As for solvents, water droplets
in air have mostly been used for capillary self-alignment. Water is
a polar solvent and has a relatively high surface tension, resulting
in large forces for self-alignment. Water is an attractive choice also
because it is easily available, non-toxic and compatible with many
materials and processes. Moreover, (super)hydrophobic surfaces
can be fabricated in many ways and can be used as non-wetting
areas for self-alignment substrates (Section 3.1).

Water alone does not achieve a permanent bond, even after
evaporation. By using silicon oxide surfaces, and adding small
fractions of hydrogen fluoride (HF) into the water, components
can be chemically and permanently bonded to receptors.'"? Alter-
natively, several authors have explored a two-phase process,"**'¢
whereby the initial self-alignment is done using large hydrophilic
receptors and commensurate water droplets. Metallic (e.g. Au
finished) bonding pads and corresponding solder bumps are
contained inside the droplet on receptors and components.
After the self-alignment, the bumps are bridged to the contact
pads. Adding mild acids to the water droplet prevents solder
oxidation during capillary self-alignment.'*

Other solvents that have been used for self-alignment
include ethylene glycol.'"” Tonic liquids represent moreover
an interesting and so far overlooked option. Ionic liquids
are salts with low melting points (typically below 100 °C)
and moderate electrical conductivity. They afford negligible
volatility and a wide range of surface tension values depending
on their chemical composition.**8*?

6.1.4 Adhesives. Adhesives have several attractive proper-
ties for capillary self-alignment.'*® Many adhesives are liquid
at room temperatures, and only after being heated up they
cure to make a permanent bond. The downside is that many
such adhesives have small surface tension, and are not easily
confined inside receptors (Section 3.1). The problem can be
solved by increasing the interfacial tension, for instance by
immersing the adhesive droplet in an immiscible liquid. The
interfacial tension of all hydrocarbons (such as hexadecane,””
besides adhesives) in contact with water increases,'®" so that

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm02078j

Open Access Article. Published on 21 November 2016. Downloaded on 6/14/2026 10:02:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

they can be confined within hydrophobic areas. Electrical
connections in adhesive-based capillary self-alignment can
also be established by using anisotropic conductive adhesives
(ACAs),*®'2? together with low-melting point alloys.'**

6.2 Component feeding

Before capillary self-alignment can take place, the components
need to be brought into contact with the liquid on the receptors.
Three main strategies have been devised for component feeding:
deterministic feeding, in series or in parallel, and parallel
stochastic feeding.

For deterministic feeding, the components can be fed using
a robotic pick-and-place device, either in series’”**”*?3 or in
parallel."®”>">* Pparallel deterministic feeding includes laser-
induced release and transfer from a donor substrate,>>'?° roll-
to-roll mechanisms,'>'?” parallel component handling over
temporary carriers’>'>* and floatation.>”’® Feeding can be
accomplished also stochastically, as often done in fluidic self-
assembly.?82961,111128,129 1y this case, the components are
introduced to a liquid bath and driven towards the receptors
using fluidic flow and/or vibration to impose movement and
overcome friction and component aggregation. The main feed-
ing strategies are illustrated in Fig. 14 and their properties
summarized in Table 3.

Single component pick-and-place is a widely used process in
precision industrial manufacturing, whereby a robot moves a
gripper to pick components from a dicing tape or other carriers
and bring them to the receptors (Fig. 14a). Besides vacuum
grippers, other tools such as mechanical tweezers and capillary
grippers are used.®®”>*3%131 The performance of single compo-
nent pick-and-place can reach tens of assembled components
per second, with an accuracy of e.g. 10 um. For example, for a
typical linear chip size of 1 mm, a high-end assembly system

(@) (b)

View Article Online
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like the FCM 10000 (Miihlbauer AG, Roding, Germany) is able
to assemble ~ 8000 chips per hour with a placement accuracy
of 30 um."** The accuracy can be significantly improved only by
reducing the operating speed. Capillary self-alignment provides
a simple and remarkable way to overcome such throughput/
accuracy trade-off: it is an attractive method to let pick-and-
place reach the highest accuracy without sacrificing speed.

Parallel pick-and-place using multiple vacuum or capillary
grippers is an interesting batch feeding process (Fig. 14b).
A closely related technology is wafer-level transfer of the com-
ponents on an intermediate carrier before the components are
placed onto the final target.** The challenge is to meet
simultaneously the operational conditions, particularly the
alignment and orientation, for all components in the batch
during the pick-and-place, especially when the number of com-
ponents is as high as in typical batch fabrication. Therefore, the
parallel pick-and-place process requires careful engineering and
high-speed operation.

Laser-induced release of components can directly
operate on the donor substrate, such as a transparent wafer
or dicing tape, and combines the component release step
directly with feeding to receptors (Fig. 14c). This is in contrast
with all other methods, where the chip should be transferred to
intermediate media such as gripper, transfer wafer, feeding
container or liquid surface. The limitation of this methods lies
in the possible reorientation of the component upon the abrupt
detachment process."*®

Fluidic feeding and vibrational agitation is a widely used method
for fluidic self-assembly (Fig. 14d). The structure hosting the assem-
bly system can be a bath,***'*” a rotating drum,”® or a reel-to-reel
machine."”” The benefit lies in the parallelism and precision of
the process achieved without high-precision mechanism. The
drawback is the randomness of the assembly process, which

125,126,135,136

Fig. 14 Main component feeding techniques: (a) single-component and (b) parallel multi-component pick-and-place, using e.g. vacuum or capillary
gripping; (c) laser-induced component release and transfer; (d) fluidic agitation and vibration feeding for fluidic self-assembly; (e) floatation feeding.

This journal is © The Royal Society of Chemistry 2017
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Table 3 Comparison of component feeding techniques

View Article Online

Review

Laser-induced Fluidic feeding

Method Single component pick-and-place  Parallel pick-and-place  releasing and vibration Floatation feeding

Speed [unit per s]  High-speed: >15 low-speed: <1 Process dependent Several Few to 500 >1000

Accuracy [pm] High-speed: <10 low-speed: <1 <1 >10 High NA

Compatibility Excellent Good Good Low To be proven

Comments Speed reduces accuracy Careful alignment Directly using Non-deterministic ~ Chip should float

for high parallelism the dicing tape  feeding on/in the liquid

References 19, 60 and 133 124 134 12, 13, 28 and 29 59 and 77

26,53,72,120

leads to non-deterministic results and complicates the
construction of sophisticated structures. Moreover, the fluidic
self-assembly process differs significantly from state-of-the-art
semiconductor back-end-of-line processes. Nevertheless, ran-
domness can be partly compensated by high components-to-
receptors ratios, and highly efficient systems can be designed
after careful engineering."”’

The feeding mechanism exploiting component floatation has
demonstrated the highest assembly rate to date® (Fig. 14e). The
process is largely deterministic and resembles flow coating by
iterative substrate pulling. The process is facilitated by a prior
orientation of the components floating at the immiscible liquid
interface determined by the minimization of surface energies
(Fig. 16¢). The liquid phase not only works as the self-alignment
medium but should also be compatible with the other chemical
or physical properties of the components (e.g. energy, density),
and a mechanism to release the component into the liquid.

Mechanical trapping based on three-dimensional geometric
features has been exploited to direct component assembly,
program multistep assembly sequences and enforce unique
component orientation. Examples include stochastic compo-
nent feeding over a planar template for batch pre-alignment,>
alignment wells and pedestals for univocal component assembly,”®
shape-specific recessed receptors for the simultaneous and
non-interferring assembly of matching components'**'*” and
three-dimensional shape-encoded sequential self-assembly.'**

Capillary self-alignment can correct the initial translational
and rotational offsets of the feeding step relative to the final,
correctly aligned position (see Section 2.2). A few studies
analysed the influence of the component feeding offset on

o
% lateral
) —
4 »

shearing

the success of capillary self-alignment. Sariola et al.
experimentally investigated the alignment yield upon varying
translational biases of sub-millimeter square components.®°
The main result was that the yield dropped much faster with
normal bias than with lateral bias, because lateral bias only
shears the meniscus, while normal bias can result in either
bulging of the liquid from the sides or necking of the meniscus
(Fig. 15). Capillary self-alignment through biases as large as
half the sidelength of the components were demonstrated
in the assembly of silicon dies''® and plastic devices.*® Such
initial displacements are associated with an initial dewetting
of the bottom surface of the component by the meniscus,
as captured by a recent piece-wise model.** In the model, an
extension of the one shown in Section 2.3, the lateral restoring
force depends on the liquid contact angle upon unpinning
of the contact line, besides on the geometry of the meniscus,
and it is predicted to saturate to a constant limit value for
offsets larger than the gap.

The maximum offset that can lead to successful capillary
self-alignment can actually be larger than the size of the
receptor. Particularly, self-transport and self-alignment of micro-
components was reported, whereby even a gap of tens of microns
between a component and its shape-matching receptor, defined
chemically on a superhydrophobic substrate, is bridged by
means of microscopic rain.’®

6.3 Post-processing

Successful capillary self-alignment leads to the registration of
the components to the underlying receptors. In some manu-
facturing applications, eminently in electronic assembly and

necking

vertical

—_——

bulging

Fig. 15 Lateral versus normal component displacement with respect to the equilibrium configuration (sketched in wireframe). Lateral displacement (left)
only shears the fluid joint. Normal displacement (right) can cause necking (top) or bulging (bottom).
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packaging, the finalization of the assembly process further
requires the establishment of a stable connection between
components and receptors to form a functional system. In this
case, capillary self-assembly becomes an important step within
a more comprehensive heterogeneous integration process, and
compatibility needs to be assured.*'

The component-to-receptor connection can be simply
mechanical or additionally electrical. In the former case, the
component only needs to be attached to the receptor. Volatile
liquids, such as water-based solutions, rapidly evacuate the
gap after capillary self-alignment leaving the surfaces of
component and receptor in direct contact. This can lead to
capillary adhesion, which was shown to be viable for temporary
transfer of components to carriers,"** or even to covalent bonding
mediated by chemical reactions, for instance by using diluted
hydrogen fluoride between oxide-passivated surfaces.''® Alter-
natively, glues or epoxies can be used as lubricants, which can
be optically or thermally cross-linked to provide the mechanical
connection.”

A few strategies can be used to electrically beside mechani-
cally interconnect components to receptors. The earliest and
simplest strategy consists in the use of an electrically conduc-
tive fluid material as the medium for the self-alignment. Dating
back to the original IBM’s C4 process,"* molten solder driven
self-alignment’"'"> has been object of intense research
through the years and is still actively employed in advanced
implementations of parallel roll-to-roll stochastic assembly of
microcomponents'>**”®'?7 (see also Sections 3.1.1 and 6.2.1).
In this version of capillary self-alignment, a solder material is
coated on the metal-finished surface of the receptor or of its
fractions where the interconnections need to be established. The
solder can be applied in several ways, e.g., by dip-coating,>”'* 11?7
screen printing, or electroplating.>*>'*> The high surface ten-
sion of the molten solder, wetting both receptor and component,
promotes the final self-alignment. However, this requires that
the solder material be kept in the molten state and free of
superficial oxide throughout the process until final solidifica-
tion. When in air, molten-solder self-alignment is akin to flip-
chip assembly and is performed under reducing atmospheres,
such as formic acid, that continuously reduce the solder surface.
When performed by fluidic means, the process is hosted in
warm acidic solutions."*"**” It should be noted that the pro-
tracted growth and removal of oxide erodes the material and can
severely damage the interconnections.'™"** This issue signifi-
cantly affects the yield of assembly processes that use small-sized
interconnections such as microbumps. In contrast to original
demonstrations and proofs of concept, lead-free solder alloys
with relatively low melting points, such as bismuth- and indium-
based, are by now widely used (Section 6.1.2).

Alternatively, a two-step approach can be exploited, whereby
the electrical interconnections are formed after the finalization
of the capillary self-alignment. For instance, Xiong et al. used
an epoxy as liquid meniscus for self-alignment, and copper
electroplating to bridge the receptors to the components after
their placement.”® More commonly, after capillary self-alignment
employing an acidic solution for the meniscus, a thermal

This journal is © The Royal Society of Chemistry 2017
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treatment under vertical loading is applied at substrate level to
establish in parallel the interconnections between matching
arrays of metal pads and corresponding oxide-free solder bumps
at single component level. Such thermo-compression bonding
makes use of solder-specific time-programmed thermal reflow
profiles to ensure the formation of high-quality and reliable
metal bonds (i.e., showing no voids, good adhesion, and electrical
contacts with low resistance and low parasitic components).*%*®
Thermo-compression bonding mediated by anisotropic conduc-
tive adhesives (ACAs) was successfully demonstrated in a capillary
self-alignment process.*® Though featuring higher electrical
resistances compared to fully metallic solders, ACAs offer a
distinct dispensing advantage: they can be coated over arrays of
interconnects of arbitrary spatial distribution without inducing
electrical short-circuits or cross-talks, thanks to their anisotropic
and pressure-dependent electrical conductivity.'*> Recently,
advanced approaches that skip the use of solder microbumps in
favour of direct metal insertion"** and metal/dielectric bonding,
such as e.g. copper/copper'*® and copper/oxide,'** were also
successfully demonstrated.

As earlier mentioned, a further alternative for known good
components is to be first ordered by capillary self-alignment over
a temporary carrier, in this case with their bonding side facing
up. The carrier is then flipped and aligned onto the target
substrate, to which the components are contextually bonded and
released."®'** This approach is suitable for sequential three-
dimensional stacking of components onto target substrates,'®
yet it suffers from the combined registration tolerances of the
capillary self-alignment and wafer-level alignment steps.

6.4 Specific implementations

6.4.1 High throughput. High-throughput precision assembly
is one of the main advantages of capillary self-alignment. Both
robotic assisted hybrid assembly and fluidic self-assembly have
shown promising results.

The combination of high-speed robotic feeding with capillary
self-alignment has been tested in semiconductor industrial
settings. Capillary self-alignment has been integrated with high-
speed die pick-and-place machines, using receptors pre-coated
with adhesive'**> (Fig. 16a). The pick-and-place robot alone
normally operated at a throughput of over 40000 units per hour
(UPH, ie., >15 unit per s) with an accuracy of about 10 pm for
300 um silicon components on lead-frames. Assisted by capillary
self-alignment, the assembly accuracy reached 1 um with respect
to the receptors and 2 pm in the global coordinate system, without
sacrificing the throughput. Assembly yield reached 98% in the tests.

An automated roll-to-roll fluidic self-assembly setup has been
recently developed, which combines stochastic fluidic compo-
nent feeding, substrate vibration, a rolling mechanism for the
movement of the flexible substrate, and component recycling
(Fig. 16b). Self-assembly of 300 to 1000 pm-sized square silicon
components onto 2.5 cm-wide polyimide-based web was demon-
strated using low melting point solder as self-aligning medium
in a mildly acidic, water-based solution at 80 °C.">'*” A through-
put of 15000 UPH (>4 unit per s) and a yield larger than 99% has
been reported, without indicating the actual assembly accuracy.
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Fig. 16 Applications of capillary self-alignment. (a) Industrial high-throughput robot using adhesive self-alignment to assemble 300 um-sized
microchips on leadframe;**? (b) automated roll-to-roll fluidic self-assembly machine to assemble 300 to 1000 pm-sized square silicon components
onto 2.5 cm-wide polyimide-based web using low melting point solder (reprinted with permission from ref. 12, © 2014, John Wiley & Sons); (c) 20—-60 pm-sized
semiconductor components assembled on a vertically pulling substrate at the silicon oil/water/substrate triple interface with a batch assembly throughput of
62500 chips in 45 seconds (reprinted with permission from ref. 59, © 2010 National Academy of Sciences); (d) assembly of arrays of 20 mm dies on carrier
substrates through a combination of parallel vacuum gripping and capillary self-alignment (reprinted with permission from ref. 113, © 2010, American Institute of
Physics); (e) millimeter sized MEMS force sensors picked up and aligned to a PCB by the capillary force of molten solders between matching pads on both the
PCB and the sensors (reprinted from ref. 143); (f) sequential stacking of 10 pm-thick silicon dies using robotic pick-and-place and capillary self-alignment

(reprinted with permission from ref. 79, © 2013 IEEE).

The intrinsic parallelism of fluidic self-assembly makes
the process scalable to the integration of microcomponents
onto arbitrarily large substrates, suitable for macroelectronic
applications such as flexible substrates for solid-state lighting.

6.4.2 High precision. Capillary self-alignment can easily
achieve sub-micron registration accuracy.*®*°%'%%7* Whereas
the highest absolute accuracy is normally achieved for sub-
millimeter components, millimetre-sized components have
also achieved similarly high relative accuracy.

In ref. 113, droplets of diluted hydrofluoric acid have been used
to align arrays of 5 x 5 mm? chips onto hydrophilic receptors on a
substrate (Fig. 16d). Average and best alignment accuracy were
400 nm and 50 nm, respectively. Dubey et al have recently
demonstrated accurate (<2 um), fast and good dielectric bonding
of 10 x 10 mm?” Si dies for 3D integration applications through a
capillary self-alignment process.®® They reported a systematic
improvement in alignment accuracy to substrate receptors when
rapid substrate heating was enforced as compared to room tem-
perature and slow heating bonding conditions, and tentatively
attributed the result to surface tension gradients and reduced
viscous resistance (see Section 5) induced by the thermal treatment.

The precision of capillary self-alignment is also rather robust
against jaggedness and poor definition of receptor edges. As
seen in Section 4.2, the achieved accuracy can be better than the
mean profile deviation from the smooth edge shape.

6.4.3 Component flipping. In addition to achieving lateral
component movement and component rotation around the
vertical axis, the surface tension of a droplet can be used
to power rotations around in-plane axes. This principle was
engineered to deploy three-dimensional MEMS devices," to

322 | Soft Matter, 2017, 13, 304-327

capillary
torque

Fig. 17 Using surface tension of a droplet to flip components. The top
component is wetted by the liquid meniscus and upon release is free to
move under the action of the capillary torque. The component conse-
quently rotates until its wet side faces the receptor.

self-fold patterned micro- and nanoparticles,'® and to actuate
three-dimensional voxels.* Capillary forces are also congenial
to efficiently flip parts in place (Fig. 17). For instance, 100 X
50 um microchips were flipped and temporarily bonded to
the target structure by robotic manipulation and capillary self-
alignment - an operation that would otherwise require either
dexterous manipulations, complicated kinematics capable of
object-centric rotations, or rotating the part by pushing it against
an external object.'**

7. Patents

Patents provide an interesting outlook on both potential
and commercial use of surface tension-driven self-alignment.

This journal is © The Royal Society of Chemistry 2017
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Patents can at times disclose works that are not redundant with
or that are prior to academic research published in journals.
Relevant patents with these characteristics are mentioned here
below. The search keywords were ‘““surface tension”, “capillary
forces”, “assembly”’, “packaging”, “SMD components”, “pick-
and-place”, and “‘grippers”.

Patents related to self-alignment root back at least to IBM’s
1973 patent,'* where we read: “[...] The chip structure permits
a method of automatic alignment [...]. The structure is heated
to melt the solder mounds, wetting said land pads and thereby
moving the chip [...]”. Many companies later patented several
additional ideas related to self-alignment: Western Digital
Corp.**® (“The method includes coating the pad with solder,
placing the leads of the components on the solder coated pads,
melting the solder and vibrating the leads relative to the pad
while the solder is molten, so that the surface tension of the
molten solder centers the leads on the pads. The molten solder
is then cooled until it resolidifies.”), Plesseys Overseas,'*’
Ricoh,'*® Motorola.'*®

Several aspects of fluidic self-assembly have been patented,
including a method for self-assembling several, differing com-
ponents simultaneously into a single system;'*° a method to
assemble microdevices into receptors with shape-complementary
geometry;"”" a method to form self-assembled electrical networks;'>
methods and apparatuses relating to block configurations," an
apparatus for forming an electronic assembly">* and other similar
patents from Alien Technology;">>"®" methods for assembling
microcomponents to binding sites'®® and fabricating stacked
chips using fluidic templated assembly;'®* a system including
self-assembled interconnections;'®* a method for fabricating
self-assembling microstructures'® and fluidic self-assembly of
active antenna;'®® and a method for mounting anisotropically-
shaped members."®” All mentioned patents concern fluidic self-
assembly whereby the components are delivered to the receptors
through a fluidic suspension.

Aspects of flip chip mounting and bumping have been
patented, including a mounting and bump forming method"®®
and properly shaped self-aligning micro-bump structures.'®’
In these patents, the self-alignment takes place at solder
bump level.

More recently, a new wave of patents were published in
Japan (M. Koyanagi, “Method and apparatus for manufacturing
integrated circuit device using self-organizing function”;'”°
Tokyo Electron LTD, “Method and apparatus for producing
3D integrated circuit”'”"), France (CEA, “Self-Assembly of Chips
on a Substrate”'”?) and Germany (Miihlbauer AG, “Method and
apparatus for manufacturing an electronic assembly”,'”?
wherein “A chip [...] as an electronic component, is deposited
on a carrier substrate [...] by free fall motion [...] by contacting
the liquid meniscus of the deposited liquid. Because of the
minimization of the free interfacial energy, the chip is aligned
on the flexible substrate [...]. As a variant, the liquid can be a
heat-curable adhesive with low viscosity”).

The patents highlight an evolution from large components,
put in contact with many solder bumps, to hybrid assembly,
in which the component is dropped in free fall in the vicinity

2

This journal is © The Royal Society of Chemistry 2017
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of the target, to the more recent introduction of non-solder
liquids, such as curable adhesives with low viscosity.

8. Outlook

In this review we have presented the current knowledge and
state-of-the-art of surface tension-driven self-alignment. Despite
of its apparent simplicity, it was shown that the process is
controlled by many physical, material and technological para-
meters which can significantly affect its throughput and
yield. The considerable potential of capillary self-alignment
was illustrated through several recent experimental applications.
By the combination of robotic component feeding with passive
accurate component positioning, capillary self-alignment makes
assembly process flows more effective, as it can overcome the
current trade-off between assembly throughput and component
placement accuracy. Such comparative advantages prompt the
technique to be progressively adopted in precision industrial
manufacturing, whereby electronic packaging and advanced
assembly applications can be particularly benefited.

Most research has focused so far on the assembly of inorganic
components. Nonetheless, surface tension can well be engineered
for precise handling and assembly of organic materials: many of
such materials do express their functionality in presence of liquids,
and in turn physiological liquids have physical properties (e.g.,
surface tension, viscosity, density) well compatible with or suitable
for capillary self-alignment. Furthermore, assembly of thin, fragile
and flexible components is already being tackled through the
technique, as well as self-alignment on soft substrates."”*

In contrast to its statics, the dynamics of capillary self-
alignment is not yet fully captured within a theoretical model.
Besides open theoretical questions, further challenges for surface
tension-driven self-alignment include mastering the handling of
small liquid volumes: how to controllably and reliably deliver very
small amounts of liquids, and how to engineer reliable surface
tension applications despite intrinsic variations of liquid volume
due to evaporation, spreading and contact angle hysteresis. Open
impactful opportunities can conversely be envisaged through
the control of surface tension effects by external stimuli, such
as temperature, surfactants, light and electric fields.
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