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Abstract: Self-assembly is emerging as one of the
main methods for construction of heterogeneous systems
consisting of multiple component types in nano- and
micro-scales. The engineered self-assembly used for sys-
tem integration involves preparation of parts that can rec-
ognize and bind to each other or a template, and perfec-
tion of procedures that allow for high yield self-assembly
of these parts into a system. Capillary forces resultant
from molten alloys are attractive candidates for driving
such self-assembly processes as they can simultaneously
provide electrical and mechanical connections. The basic
self-assembly process is reviewed here. Selection of the
appropriate alloy, a critical issue in development of the
self-assembly mechanism, is discussed and various can-
didates are identified. Examples are provided in which
alloys are used to interconnect parts in nano- and micro-
scales or produce three-dimensional structures. We con-
clude with a brief discussion of opportunities and chal-
lenges ahead in the development of system integration
processes taking advantage of self-assembly.

1 Introduction

Packaging of components at the micro and nano scales is
a major challenge for developing complex heterogeneous
integrated systems. The most common ways used today
for putting multi-component microsystems together are:
pick and place robotic assembly [Hessler (1996)], mi-
crostructure transfer between aligned wafers [Cohn et al.
(1998), Holmes and Saidam (1996)], and self-assembly
[Parviz et al. (2005)]. Robotic assembly is a reliable
method; however it is a serial process and cannot be ap-
plied in assembling very large numbers of components,
especially when the size of components decreases to a
few microns and smaller [Morris et al. (2005)]. Transfer-
ring microstructures between aligned wafers can handle
a large number of parts; however, as the component sizes
decrease maintaining the alignment accuracy becomes
exceedingly difficult. In addition, wafer-level transfer is
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an inherently two-dimensional (2D) fabrication method
and cannot generate truly three-dimensional (3D) struc-
tures. Self-assembly, defined as the spontaneous forma-
tion of structures from a collection of interacting micro-
fabricated parts, is a parallel manufacturing process that
can handle a very large number of components and pro-
duce 3D structures.

The basic approach taking advantage of self-assembly in-
volves microfabrication of freestanding/released compo-
nents; functionalization of the components to allow for
their participation in a self-assembly process; and devel-
opment of procedures to self-assemble complete struc-
tures and systems via self-assembly. Parts that partici-
pate in a self-assembly process need to have the ability to
find each other and appropriately connect to form the fi-
nal structure. Mechanical interconnections hold the final
structure together and the electrical connections between
the components make the final self-assembled structure
electrically functional. There are different ways to make
the electrical connection between miniaturized compo-
nents including: soldering [Dytrych (1993)], electroplat-
ing, electroless plating, and using polymers (Electrically
Conductive Adhesives) [McCreery (2004), Haiss et al.
(2004), Lee et al. (2004)]. Electroplating and electroless
plating produce reliable electrical contacts albeit with
usually poor mechanical properties [Xiong et al. (2003)].
Polymer contacts are relatively easy to fabricate and can
be scaled down to sub-micron dimensions. However,
their electrical resistivity is high, their contact area may
be limited to asperities, and at the molecular level they
may not be able to withstand high-temperature process-
ing and operation [McCreery (2004)].

Using molten alloys (solders) to link different parts to
each other or to a template can produce connections with
excellent electrical and mechanical properties. In this
scheme, metal pads are positioned on the components to
be attached. One or both of the metal pads are covered
by an alloy. In the self-assembly process, the temperature
of the environment is increased to melt the alloy and the
parts are allowed to randomly move. When the molten al-
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loy is in contact with both wettable metal pads it rapidly
reacts to form an intermetallic compound (IMC). The re-
sultant capillary force bonds the two parts together and
a mechanical and an electrical connection between the
components are made at once. After the bond formation,
the temperature is lowered to solidify the molten alloy
and to make the bond permanent. Soldering at larger
length scales is in extensive use in the semiconductor
industry for packaging and interconnection. Taking ad-
vantage of capillary forces from molten alloys in self-
assembly, especially in the sub-micron length scales, is
a much more recent use of the phenomenon. Our goal
is to survey some of the critical issues in developing
a self-assembly technology that relies on such capillary
forces for systems integration. We begin our discussion
in the next section by a brief description of the overall
self-assembly procedure. A critical element in the pro-
cess development is the selection of the appropriate alloy
for interconnecting the parts. We catalogue many of the
available candidates and discuss issues regarding the ex-
tension of their use to the nano-scales. We will follow by
reviewing some of the recent developments in using met-
als and alloys for integration in nano and micron-scales.
Molten-alloy driven self-assembly has not been demon-
strated in the nano-scale to this date; however, some of
the promising works at this length scale on forming metal
interconnects to nano-scale components point toward the
high potential of this approach in system integration. We
review the use of molten alloys for the self-assembly of
micron-scale components in the following sections. Such
self-assembly schemes have been used both for inter-
connection of freestanding components and for moving
structures to form 3D functional microstructures. After a
brief review of modeling, we conclude with a discussion
of challenges and opportunities ahead.

2 The Fluidic Self-Assembly (FSA) Process

System integration via FSA involves fabrication of com-
ponents that have the ability to recognize and bind to each
other or a template, introduction of these components in a
fluid medium usually accompanied by heat and agitation,
and formation of ordered structures as the entire collec-
tion of components proceeds towards a minimum energy
state. After the completion of the process and forma-
tion of the structures, the energy input can be removed to
make the formed structures permanent.

In the nano-scale, nanowires [Ye et al. (2006), Evoy
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et al. (2004), Ye et al. (2005)] and carbon nanotubes
(CNT) [Madsen et al. (2003)] have been used as com-
ponents in FSA processes. These components are cheap
and easy to produce; however, they offer limited func-
tionality and complexity at the component level. The
trade-off between component size and complexity is one
that is prevalent in dividing the nano and micro domains.
In general, nano-scale elements offer a size advantage
but provide less functionality compared to micron-scale
components. For example, a microfabricated micron-
scale element can readily incorporate a circuit with tens
of transistors and have a specific geometry to allow for
selective self-assembly based on complementary shape
recognition [Stauth and Parviz (2005) a, Stauth and
Parviz (2005) b]. Such a component can be made via
surface and bulk micromachining methods followed by
release steps [Talghader et al. (1995)]. Currently, meth-
ods to generate nano-scale components with a compara-
ble level of complexity do not exist.

A number of forces have been employed to control the
interaction between parts in a FSA procedure and to agi-
tate and guide the structures towards their minimum en-
ergy state. They include forces related to gravity [Stauth
and Parviz (2005) a, Stauth and Parviz (2005) b], elec-
tric field [Tu et al. (2003)], magnetic field [Ye et al.
(2006), Ziegler and Srinivasan (1996)], and surface ten-
sion [Jacobs et al. (2002), Gracias et al. (2000)]. Grav-
itational forces scale unfavorably to smaller dimensions.
These forces can be used to guide components in the
micron-scale [Talghader et al. (1995)]; however their
ability to overcome other forces steadily diminishes as
the size scale of the components is reduced to a micron
and smaller. Other forces, such as ones resultant from
application of electric and magnetic fields, are used to
guide the self-assembly of nano-scale components such
as nanowires; however, they do not generate permanent
bonds between the components. When surface tension
is used as the driving force in self-assembly, materials
with specific melting points are positioned on the bind-
ing sites on the components or the template. The com-
ponents are submerged in a fluid medium and the tem-
perature is raised to melt the material positioned on the
binding sites. When two sets of molten zones meet, sur-
face energy minimization forms a bond between the two.
Polymers [Syms (1999), Syms (2001) a], glass [Syms
(1998), Syms et al. (1996)], and solders [Jacobs et al.
(2002), Gracias et al. (2000)] have been used to generate
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capillary forces in FSA processes. A major advantage
offered by molten-alloys or solder is the ability to form
both mechanical and electrical connections at once.

Selection of the material to form the capillary bond
on the interconnect pads is a critical issue in design-
ing a self-assembly process. Tin-lead alloys have been
the most widely used materials in molten-alloy driven
self-assembly; however, since alloys containing lead are
scheduled to be phased out of industrial production in
near future alternative materials are needed as substi-
tutes for these alloys. Electrically conductive adhesives
(ECAs) require mild processing conditions, exert low
stress levels on the substrate, and can be patterned as
fine pitch interconnects. However, their low electrical
conductivity, early electrical fatigue, and poor impact
strength [Li and Wong (2006)] are impeding factors in
their implementation in system integration applications.
The most viable candidates in near future are lead-free
alloys. In the following section we discuss various alloys
available and the issues involved in their implementation
for generation of capillary forces and making mechanical
and electrical connections in the sub-micron regime.

3 Selecting Alloys For Fluidic Self-Assembly

Solder alloys with various characteristics are in extensive
use in the semiconductor industry today to form electri-
cal connections between chips and their packages. The
typical size of the solder bumps in state-of-the-art pack-
aging is 100 um with an equal pitch yielding near 2500
Input/Output interconnects on a 1 cm? chip. Fig. 1 shows
an example of such solder bumps [Tu et al. (2003)].

Alloys containing lead have been traditionally used to
form connections however, as mentioned above, their use
will be restricted in the near future due to environmental
concerns. Another disadvantage of using Pb on Si chips
is the existence of an isotope of Pb that emits alpha parti-
cles and decays to Bi. This alpha emission can generate
electron-hole pairs in Si which causes soft errors, espe-
cially in capacitors (memory units) [Ziegler and Srini-
vasan (1996)]. Extensive development efforts are under-
way to find a proper substitute for lead-containing alloys.
These efforts can also help in identifying suitable alloys
for self-assembly. Tab.1 shows the melting point temper-
ature and other properties of various alloys available for
self-assembly.

An important issue when molten alloys are used for form-

Figure 1 : Area array of solder balls on a Si chip surface
[Tu et al. (2003)].

ing connections is the inter-diffusion of the metal pads
and the molten alloy and formation of inter-metallic com-
pounds (IMC). The formation of IMC can significantly
impact the mechanical and electrical characteristics of
the interconnect, change the surface tension forces, and
even change the chemical properties of the alloy in the
fluidic self-assembly environment. For example, exper-
iments show that during wetting reactions, a tin-based
molten solder can consume a 1 um thick Cu film in less
than 1 min [Tu et al. (2003)]. The interfacial reac-
tion between the solder and Cu forms IMCs of CugSn;s
[Kim et al. (1995), Kim and Tu (1996), Erinc et al.
(2004)]. The Au/Sn system exhibits interdiffusion and
produces the phases AuSn, AuSn,, and AuSn4 at room
temperature with the 0.05Au-0.95Sn having the lowest
eutectic temperature (217 ° C) of the Au-Sn system [Ishii
and Aoyama (2004)]. The formation of IMC, contain-
ing ionic and covalent bonds, can lead to abrupt changes
in mechanical properties of the material [Harsh et al.
(2000)]. Also, the rapid rate of consumption of the metal
pads may limit the time-scale of the self-assembly pro-
cess. For sub-micron elements containing metal pads that
are only a few tens of nanometers thick, the rapid disso-
lution of the pad metals into the molten alloy presents a
major obstacle in forming bonds.

Many lead-free alloys used for forming electrical con-
nections are tin-based. A special class, the eutectic al-
loys of Sn with coinage metals such as Au, Ag, and Cu
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Table 1 : Candidate metal alloys and their properties

Alloy Melting | Surface Energy Oxide Thickness | Ref.
Temp. Surface (Angstrom)
("0 Tension T (° C)
(N/m)
Sn-37 Pb 183* 0.417¢ [Abtew and Selvaduray (2000)],
[Syms et al. (2003)]
Sn-40Pb 187+ 35 [Abtew and Selvaduray (2000)],
[Kuhmann et al. (1998)]
Bi-26In-17Sn 79 [Abtew and Selvaduray (2000)]
Bi-32In 109.5* [Abtew and Selvaduray (2000)]
Bi-41.7Sn-1.3Zn 127 [Abtew and Selvaduray (2000)]
Bi-42Sn 0.319¢ [Abtew and Selvaduray (2000)]
Bi-43Sn (eutectic) 139* [Abtew and Selvaduray (2000)]
Bi-43Sn+2.5%Fe 139* [Abtew and Selvaduray (2000)]
Bi-45Sn-0.33Ag 140-145 [Abtew and Selvaduray (2000)]
In-3Ag 141* [Abtew and Selvaduray (2000)]
In-34Bi 110* [Abtew and Selvaduray (2000)]
In-48Sn (eutectic) 117* After 50 min: 60 | [Abtew and Selvaduray (2000)],
T=100 °C [Kuhmann et al. (1998)]
After 50 min: 500
T=150 °C
Sn-1Ag-1Sb 232+ [Abtew and Selvaduray (2000)]
Sn-2.5Ag-0.8Cu-0.5Sb | 210-216 | 0.51 [Abtew and Selvaduray (2000)]
Sn-2.8Ag-20In 178 0.39 [Abtew and Selvaduray (2000)],
[Artaki et al. (1995)]
Sn-25Ag-10Sb 233 [Abtew and Selvaduray (2000)]
Sn-2Ag 225 [Abtew and Selvaduray (2000)]
Sn-2Ag-0.8Cu-0.6Sb 210-216 [Abtew and Selvaduray (2000)]
Sn-2Ag-0.8Cu-6Zn 217+ [Abtew and Selvaduray (2000)]
Sn-2Ag-0.8Cu-8Zn 215* [Abtew and Selvaduray (2000)]
Sn-3.5Ag 221% 0.431¢ 271 Initial: 30 [Syms et al. (2003)], [Miric and
After 10 min.: 50 | Grus (1998)]
After 50 min.: 50
T=361 °C, Sn-
oxide
Sn-3.5Ag-(<6)Bi 212* 0.42 [Abtew and Selvaduray (2000)],
[Artaki et al. (1995)]
Sn-3.5Ag-17Zn 217 [Abtew and Selvaduray (2000)]
Sn-3.5Ag-17Zn-0.5Cu 216,217 [Abtew and Selvaduray (2000)]
Sn-3.6Ag-1.5Cu 225 [Abtew and Selvaduray (2000)]
Sn-4.7Ag-1.7Cu 217 [Abtew and Selvaduray (2000)]
Sn-4Ag 225" [Abtew and Selvaduray (2000)]
Sn-4Ag-7Sb 230" [Abtew and Selvaduray (2000)]
Sn-10Au 217* [Tu et al. (2003)]
Sn-0.58Bi 0.319¢ 188 [Syms et al. (2003)]
Sn-10Bi-0.8Cu 217+ [Abtew and Selvaduray (2000)]
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Sn-10Bi-5Sb 232" [Abtew and Selvaduray (2000)]
Sn-42Bi 170" [Abtew and Selvaduray (2000)]
Sn-58Bi 139* 0.349 Y | Peak Initial: - [Miric and Grus (1998)], [Tu et
reflow After 10 min.: | al. (2003)],
temp. 350 [Hua et al. (1998)]
After 50 min.:
800
T=278 °C, Sn-
oxide
Sn-45Bi-3Sb 178" [Abtew and Selvaduray (2000)]
Sn-56Bi-1Ag 136.5 [Abtew and Selvaduray (2000)]
Sn-57Bi-1.3Zn 127 [Abtew and Selvaduray (2000)]
Sn-7.5Bi-2Ag-0.5Cu 212+ [Abtew and Selvaduray (2000)]
Sn-0.75Cu 229+ [Abtew and Selvaduray (2000)]
Sn-0.7Cu (eutectic) 227* 0.491¢ 277 Initial: 20 [Syms et al. (2003)], [Miric and
After 10 min.: 50 | Grus (1998)]
After 50 min.: 50
T=367 °C, Sn-
oxide
Sn-2Cu-0.8Sb-0.2Ag 266-268 [Abtew and Selvaduray (2000)]
Sn-3Cu 275+ [Abtew and Selvaduray (2000)]
Sn-4Cu-0.5Ag 2227F [Abtew and Selvaduray (2000)]
Sn-10In-1Ag- (0- | 188-197 [Abtew and Selvaduray (2000)]
10.5)Bi
Sn-20In-2.8Ag 178-189 [Abtew and Selvaduray (2000)]
Sn-42In 140 [Abtew and Selvaduray (2000)]
Sn-10In-1Ag-0.5Sb 196-206 [Abtew and Selvaduray (2000)]
Sn-36In 165" [Abtew and Selvaduray (2000)]
Sn-50In 125" [Abtew and Selvaduray (2000)]
Sn-51In 120* [Tu et al. (2003)]
Sn-52In 118 Initial: 20 [Miric and Grus (1998)]
After 10 min.:
175
After 50 min.:
600
T=257 °C,
In-oxide
Sn-8.8In-7.6Zn 181-187 [Abtew and Selvaduray (2000)]
Sn-2Mg (eutectic) 200* [Abtew and Selvaduray (2000)]
Sn-20Pb 0.503" | 350 [Syms et al. (2003)]
Sn-37Pb 183 0.464N | Peak Initial: 30 [Miric and Grus (1998)], [Hua et
reflow After 10 min.: 50 | al. (1998)]
temp. After 50 min.:
500
T=323 °C, Sn-
oxide
Sn-40Pb (near eutectic) 0.417¢ [Abtew and Selvaduray (2000)]
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Sn-40Pb 0.482! 350 [Syms et al. (2003)]
Sn-60Pb 0.466/ 350 [Syms et al. (2003)]
Sn-80Pb 0.454 350 [Syms et al. (2003)]
Sn-5Sb 240" 0.4684 290 Initial: 20 [Abtew and Selvaduray (2000)],

After 10 min.: | [Miric and Grus (1998)]

875

After 50 min.:

1425

T=380 °C, Sn-

oxide
Sn-4Sb-8Zn 198-204 [Abtew and Selvaduray (2000)]
Sn-7Zn-10In-2Sb 181 [Abtew and Selvaduray (2000)]
Sn-8Zn-10In-2Bi 175 [Abtew and Selvaduray (2000)]
Sn-8Zn-5In-(0.1- 187 [Abtew and Selvaduray (2000)]
0.5)Ag
Sn-9Zn 199 0.518¢ 249 Initial: 70 [Syms et al. (2003)], [Miric and

After 10 min.: | Grus (1998)]

200

After 50 min.:

325

T=369 °C, Zn-

oxide
Sn-9Zn-10In 178 [Abtew and Selvaduray (2000)]
Sn-5.57Zn-4.5In-3.5Bi 185-188 [Abtew and Selvaduray (2000)]
Sn-6Zn-6Bi 127 [Abtew and Selvaduray (2000)]
Sn-9Zn (eutectic) 198* [Abtew and Selvaduray (2000)]
Sn-9Zn-5In 188 [Abtew and Selvaduray (2000)]

* Eutectic Temperature
* Liquid Temperature
¢ In air

'In inert atmosphere
N In nitrogen

has been extensively investigated. In this class, 95.55n-
4.0Ag-0.5Cu is considered a particularly attractive can-
didate [Erinc et al. (2004), Seeling and Suraski (2001)].
Note that contamination of the solder with lead may re-
sult in nonuniformity, formation of voids and a decrease
in reliability [Seeling and Suraski (2001)]. The migra-
tion of technology to the new alloys does entail an in-
crease in cost as seen by comparing the prices: Sn-4Ag-
0.5Cu US$ 10.12, Sn-2.5Ag-0.7Cu-0.5Sb US$7.88, Sn-
36Pb-2Ag US$ 5.92, and Sn-63Pb US$ 2.95 [Seeling and
Suraski (2001)].

Another critical issue in using metal alloys for forming

contacts is the surface oxide. The metal oxide forming on
the surface of alloys can severely hamper their capacity
to form capillary bonds to metal pads and conduct elec-
tricity [de kluizenaar (1983)]. To form reliable bonds,
this surface oxide is usually dissolved in an acid (flux)
to allow the exposure of fresh alloy surface immediately
before the bond formation. In designing a self-assembly
process one needs to ensure that the acid exposure does
not adversely affect the components. Under ambient con-
ditions the thickness of the native oxide on Sn/Pb, In/Sn
and Au/Sn alloys is near 3.5 nm [Kuhmann et al. (1998)]
immediately setting a lower limit on the thickness of al-
loy films used in self-assembly. The formation of the
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crystalline oxide layer is self-limiting at room tempera-
ture. As mentioned above, the self-assembly process is
conducted in a heated environment with molten alloys.
At elevated temperatures, the oxide thickness can rapidly
increase. Fig. 2 shows the evolution of the thickness
of the oxide layer on an In/Sn alloy at high tempera-
ture in vacuum and ambient O, pressures [Kuhmann et
al. (1998)]. The oxidation of the alloy reduces the vol-
ume of metal that can be used in forming capillary bonds
(since the oxide must be dissolved away before a metal
bond can be formed). This loss of material is particu-
larly severe in nano-scale applications and can essentially
exclude the use of alloys for making contacts between
nano-scale components. To avoid a high rate of oxidation
the partial pressure of oxygen should be reduced or inert
gasses used in the self-assembly process chamber. Oxide
thickness of different alloys is catalogued in Tab.1.
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Figure 2 : Oxide growth on eutectic In/Sn with different
O, partial pressures at 250 ° C [Kuhmann et al. (1998)].

Electromigration is another limiting factor in scaling
down contacts made from alloys. The small size of
contacts results in a high current density and hence fast
atomic diffusivity in solder alloys [Huynh et al. (2001),
Xu (2001)]. The high current density results in move-
ment of voids in the alloy toward the cathode and can
induce very large compositional redistributions [Nah et
al. (2006), Yeh et al. (2002)]. Heat generated because
of current flow can induce non-uniform expansion and
extra mechanical stress in the structure. In a structure
self-assembled using molten-alloy capillary bonds, the
alloys are not only responsible for forming electrical con-

nections but they also provide the mechanical bonds and
must ensure the mechanical integrity of the final struc-
ture. Depending on the application, the final structure
may be subjected to varied levels of mechanical stress.
Tab.2 catalogues the mechanical properties of candidate
alloys to help in choosing a suitable one for a specific
application.

4 Wetting and Mechanisms of Bond Formation by
Solder

When a molten solder volume touches a metal pad, a
number of different physical and chemical phenomena
proceed simultaneously until a static contact angle is
formed and the system reaches the equilibrium state. Sur-
face tension imbalance, viscous dissipation, molecular
kinetic motion, chemical reaction, and diffusion are just
a few parameters that must be taken into account for the
thorough analysis of the complex process of wetting and
bond formation [Kang et al. (2005)]. A number of anal-
yses of the wetting process have been performed by fo-
cusing on one of the phenomena listed above and neglect-
ing the others. Examples of such analyses include: sim-
ulations done using surface evolver based on the static
surface tension model [Renken and Subbarayan (1998)],
calculations based on energetic and kinetics of the dis-
solutive wetting process performed under the assump-
tion that substrate dissolution controls the wetting kinet-
ics [Yost et al. (1998)], modeling of the solder profile
evolution and triple point line motion driven by surface
tensions and the gravity field assuming that the velocity
of the interface (wetting kinetics) is a linear function of
the driving force [Gao et al. (2000)], and wetting analysis
performed using de Gennes’s model [de Gennes (1985)]
assuming there is no interaction or coupling other than
van der Waals forces between the liquid and solid phases.
Despite varied degrees of success, empirical observations
show that none of these models can fully explain the be-
havior of molten solder during reactive wetting [Kang et
al. (2005), Whalley and Conway (1996)]. The experi-
mental observations indicate that the wetting dynamics
clearly depend on temperature, solder materials, and the
substrate metallization. Fig. 3 [Kang et al. (2005)] shows
the dependence of the contact angle evolution over time
on temperature for eutectic Pb-Sn solder on Cu/Ni/Au
substrate. The rate of many processes contributing to the
solder bond formation increase with temperature such as
the reactivity between solder and substrate material and
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Table 2 : Mechanical Properties of candidate alloys

Alloy Elastic Yield Ultimate Tensile | Percent Elonga- | Ref.
Modulus | Strength Strength (MPa) tion
(GPa) (MPa)
Sn-37Pb 39, 30.5 27.23 19 at20 °C, 4 at | 48% [Abtew and Sel-
100 °C vaduray  (2000)],
[Technical Reports
(1998)]
Sn-75Pb 23.62 53% [Technical Reports
(1998)]
Bi-41Sn-1Ag 40% at 25 °C [Abtew and Sel-
vaduray (2000)]
Bi-41Sn-1Pb 73 at 0.4/s strain [Abtew and Sel-
rate, cast process- vaduray (2000)]
ing
55 at unspecified
strain rate and
processing
71 at unspecified
strain rate and
bulk processing
Bi-42Sn 42 41 73-150% at strain | [Abtew and Sel-
rate vaduray (2000)]
0.005<X<0.0033
4.9% at -65 °C,
20% at 25 °C,
159% at 85 ° C
In-48Sn (eutectic) 23.6,19.5 [Abtew and Sel-
vaduray (2000)]
Sn-2Ag-9.8Bi-9.8In 100.39 7% [Technical Reports
(1998)]
Sn-2Ag-7.5Bi-0.5Cu 85.29 [Technical Reports
(1998)]
Sn-2.5Ag-19.5Bi 83.22 [Technical Reports
(1998)]
Sn-3Ag-54Bi-2Cu-2Sb 78.88 4% [Technical Reports
(1998)]
Sn-2.5Ag-0.8Cu-0.5Sb | 294 22.83 39.5 42.4% [Abtew and Sel-

vaduray  (2000)],
[Technical Reports
(1998)]
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rate

Sn-3.5Ag 50 48 42.8 at5 ° C/min [Abtew and Sel-
cooling vaduray (2000)]
55 at 0.022 strain
rate, cast
Processing
37 at 0.000033
strain rate, cast
processing
20 at 0.00015
strain rate, cast,
aged 25 °C
56 at 0.0008 strain
rate, cold
rolled sheet
37at20 °C
Sn-5Ag 34 [Abtew and Sel-
vaduray (2000)]
Sn-3.5Ag-<6Bi 7177 at 5 °C/min | 15% at 5 °C/min | [Abtew and Sel-
cooling cooling vaduray (2000)]
40% at 0.00015/s
strain
rate
25% at 0.033/s
strain rate
31% at 0.000033/s
strain
rate
Sn-3.5Ag-1Zn 522 at 5 °C/min | 27.5% at 5 | [Abtew and Sel-
cooling ° C/min cooling vaduray (2000)]
Sn-3.5Ag-1Zn-0.5Cu 483 at 5 *C/min | 7% at 5 °C/min | [Abtew and Sel-
cooling cooling vaduray (2000)]
Sn-42Bi 16.6% [Abtew and Sel-
vaduray (2000)]
Sn-31.5Bi-3Zn 72.39 53% [Technical Reports
(1998)]
Sn-5Bi-3.5Ag 7177 at 5 °C/min | 15% at 5 °C/min | [Abtew and Sel-
cooling cooling vaduray (2000)]
Sn-56Bi-2In 116% [Technical Reports
(1998)]
Sn-20In-2.8Ag 38.6 at 20 46.9 at unspeci- | 47% at unspeci- | [Abtew and Sel-
°C fied cooling rate fied vaduray (2000)]
cooling rate
Sn-30In 17 [Abtew and Sel-
vaduray (2000)]
Sn-421n 38% at 5/s strain | [Abtew and Sel-

vaduray (2000)]
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Sn-60In 4.5 [Abtew and Sel-
vaduray (2000)]
Sn-5In-3.5A¢g 62.1 at 5 °C/min | 20% at 5 °C/min | [Abtew and Sel-
cooling cooling vaduray (2000)]
Sn-8Zn-4In 503 at 5 °C/min | 25% at 5 °C/min | [Abtew and Sel-
cooling cooling vaduray (2000)]
Sn-8Zn-5In(0.1-0.5)Ag 524 at 5 °C/min | 40% at 58C/min | [Abtew and Sel-
cooling rate cooling vaduray (2000)]
(0.1%Ag) rate (0.1% Ag)
Sn-9Zn-10In 52.2 [Abtew and Sel-
vaduray (2000)]
Sn-9Zn (eutectic) 64.8 at 5 °C/min | 45% at 5 °C/min | [Abtew and Sel-
cooling rate, cooling vaduray (2000)]
103 rate
Sn-9Zn-5In 62.1 [Abtew and Sel-
vaduray (2000)]
Sn-5Sb 25.65 31at20 °C 25% at 20 °C [Abtew and Sel-
20at 100 °C 31% at 100 °C vaduray (2000)]

the diffusion of reactants in the solder alloy. On the other
hand the viscosity of molten solder and its surface ten-
sion decrease with temperature allowing for higher mo-
bility of the solder volume at elevated temperatures.
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Figure 3 : Variations of contact angle over time for a

eutectic tin—lead solder on a Cu/Ni/Au substrate at six
temperatures [Kang et al. (2005)].

Different metal pads have different rates of reaction and
IMC formation with solders, which can affect the wetting
process. For example Cu reaction with Sn is faster than

Ni, and Au dissolves very fast in tin-based solders [Bader
(1969)]. Consequently, tin-rich solder reaches the equi-
librium contact angle faster on Cu than Cu/Ni/Au, with
just a thin layer of gold (since the gold layer is very thin,
Ni is dominant in specifying the IMC formation rate)
[Kang et al. (2005)]. Fig. 4 shows how the eutectic
Sn-Pb solder evolves as it contact a Cu/Ni/Au substrate
and wets the surface. In this case the diffusion and reac-
tion kinetics of the Sn and substrate metallization tend to
govern the wetting dynamics. It has been reported that a
small increment in the percentage of Sn in high-Pb Sn-Pb
solder significantly improves the wettability of Pb-xSn
solder on Cu [Wang et al. (2006)]. Despite significant
efforts in the area, a comprehensive understanding of the
solder bond formation processes is yet to emerge.

5 Self-Assembly and Forming Metal Contacts in
Nano-Scale

Forming good electrical contacts to nano-scale compo-
nents is one of the major challenges faced for integration
of these components into systems. Molten-alloy driven
self-assembly has not been demonstrated to this date for
system integration at the nano-scale. However a few pi-
oneering works in forming metal contacts to nano-scale
components, as briefly surveyed below, point towards the
high potential of this approach. It is interesting to note
that the melting point decreases with the decreased size
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Figure 4 : Images of a eutectic tin—lead solder on a
Cu/Ni/Au substrate, where the diameter of solder sphere
is 635 _m, and the ambient temperature is 190 C at vari-
ous wetting times [Kang et al. (2005)]

of the structure [Unruh et al. (1993)]. This observation is
in good agreement with the results of a classical thermo-
dynamic treatment of melting in finite systems and may
enable forming metal contacts to temperature sensitive
structures and materials that are incompatible with the
procedure in larger scales.

5.1 “Soldering” to carbon nanotubes

Unique electrical and mechanical properties of carbon
nanotubes have made them attractive candidates as nano-
scale building blocks for forming integrated systems
[Collins and Avouris (2000)]. It has been shown that
two-thirds of all possible single-walled nanotubes are
one-dimensional semiconductors, whereas the remain-
ing one-thirds are one-dimensional metals [Saito et al.
(1992), Wilder et al. (1998), Odom et al. (1998)]. Un-
modified crossed single-wall metallic nanotube junctions
show a very high resistance of approximately 200 k€
[Fuhrer et al. (2000)], which is partly due to the small
contact area of about 1 nm?. Metals can increase the con-

E-SEM e -beam

microelectrodes
CNT Sample
e

==
Au-containing
xyz-stage = -~ compound

E-SEM pos. stage

Figure 5 : Setup for positioning and soldering of carbon
nanotubes onto microelectrodes inside an E-SEM [Mad-
sen et al. (2003)].

tact area and enable the formation of low resistance inter-
connects between carbon nanotubes and a larger struc-
ture. Nano-scale “soldering” have been demonstrated for
connecting nanotubes to gold microelectrodes.

Here is an example of metal contact formation be-
tween carbon nanotubes and adjustable gold cantilevers
at the nano-scale. Free standing multi-wall carbon nan-
otubes (MWNT) with diameters between 50-120 nm
were grown on a silicon substrate using chemical va-
por deposition [Madsen et al. (2003)]. Some carbon
nanotubes would extend over the edge of silicon sub-
strate, which made them accessible for contact forma-
tion on gold electrodes. Microcantilever gold electrodes
extending over the edge of a silicon chip were fabri-
cated using standard microfabrication methods. To form
the contacts, the microelectrode chip was mounted on
a translation stage with xyz position control inside an
environmental scanning electron microscope (E-SEM).
The MWNT sample was placed close to the opening of
a gold-compound source (Dimethylacetylacetonate gold
(IIT)), which was mounted on the position stage of the
E-SEM (Fig. 5).

Next, the electron-beam was slowly scanned across the
nanotube at the point of contact with the electrodes.
The electron-beam assisted deposition of gold from the
organo-metallic precursor made a metal junction be-
tween the MWNT and the electrode effectively soldering
the two (Fig. 6). Resistance measurement of four dif-
ferent nanotubes after completion of soldering showed 9
kQ, 11 kQ, 27 kQ, and 29 kQ, which remained constant
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Figure 6 : Positioning, soldering and release of a car-
bon nanotube bridge device. A microelectrode pair was
positioned so that a nanotube bridged the gap. Electron-
beam assisted deposition of gold soldered the nanotube at
both ends to the electrode (upper panel). A higher beam
current at the outer edge of the electrodes can be used
to release the device. The lower panel shows the device
before (left) and after (right) release from the nanotube
extensions [Madsen et al. (2003)].

over time in air. A control experiment involving the de-
position of carbonaceous material originating from the
background gas in a high vacuum SEM showed contact
resistance in the MQ range verifying the effectiveness of
the nano-scale soldering method.

5.2 Forming contacts to metallic nanowires

There are two major challenges in the self-assembly of
nanowires: precise positioning, and forming low resis-
tance electrical contacts. A common way of position-
ing which can be used on nanowires with ferromag-
netic nickel segments is magnetic directing [Tanase et al.
(2002)]. In [Ye et al. (2005)] both magnetic positing
and soldering of metal nanowires have been reported. To
prepare a template for self-assembly, contact micro-pads
were fabricated using standard fabrication methods. The
pads were made of Cr (adhesion promoter), Ni (mag-
netic), Cu (readily wettable by alloy), and Sn/Pb alloy.
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Next Au-Ni nanowires with diameter of 50-200 nm were
positioned and magnetically directed on the pads (Fig.
7). To perform this step, the substrate patterned with the
contact pads was placed at the bottom of a vial, and a few
drops of a suspension of nanowires in ethanol was placed
on its surface. The concentration of wires in the suspen-
sion was estimated at approximately 10 wires/ml. The
vial was then placed in a magnetic field (200 G) for 20 to
30 min causing the alignment of the nanowires between
contact pads. The nanowires were permanently attached
to the contact pads using alloy reflow. Reflow was done
in nitrogen environment to prevent excessive oxidation
of alloy-a critical issue in nano-scale soldering. The re-
flow temperature was kept below 220 ° C to reduce the
rate of intermetallic compound formation. After reflow,
samples were cooled slowly to form reliable solder con-
nections [Ye et al. (2006)]. The electrical resistance of
the nanowire bridged contact pads before reflow ranged
between 300 Q to 10° Q. After reflow, the contact re-
sistance decreased substantially to 10 € to 50 Q.

5.3 Soldering silver nanoparticles

Metal or semiconductor nanoparticles can also be used
as building blocks in nano-scale integrated structures
[Colvin et al. (1994)]. It is possible to fuse silver
nanoparticles (20 nm to 35 nm) positioned near each
other to form a larger structure [Mallicka et al. (2005)].
Silver nanochains can be obtained by putting silver
nanoparticles in an oriented polymer such as methoxy
polyethylene glycol (MPEG). Upon ultraviolet irradia-
tion MPEG generates free radicals that serve as the re-
ducing agent for silver ions, causing them to link the
nanoparticles. Dependent on the concentration of sil-
ver ions in solution and the density of nanoparticles, the
resulting structure may be a single chain (low concen-
tration) or a cross-linked nanochain (high concentration)
(Fig. 8).

The above examples show that metal contacts can be
formed to nano-scale objects. Besides heat, electron
beams and photon irradiation may be used to initiate
nano-scale soldering of these objects. The results re-
viewed here are promising and pave the way for the de-
velopment of a self-assembly process taking advantage
of alloys. The large forces resultant from metallic bonds
are expected to hold structures made via molten-alloy
driven self-assembly firmly together at the nano-scale.
We now turn our attention to molten-alloy driven self-
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(a)

(b)

Figure 7 : (a) Directed assembly of nanowires on top of patterned substrates using magnetic fields. The wires align
between the pads in the direction of the field. Number of wires between pads is determined by the concentration of
the wire suspension (b) Nanosolder reflow results with slow cooling [Ye et al. (2006)].

soldering
zone

20 nm

20 nin

S0 nm

Figure 8 : Transmission Electron Microscope (TEM) images of silver chains containing different numbers of silver
nanoparticles. The image shows the ‘soldering zones” where assembly of the nanoparticles takes place to form
a nanochain. (a) Two soldered particles, (b) three particles soldered together, (c) seven soldered silver particles

[Mallicka et al. (2005)].

assembly in the micron-scale. This area has witnessed
rapid progress in the recent years.

6 Molten-Alloy Driven 2D Self-Assembly in Micro-
Scale

Capillary forces resultant from molten metals and al-
loys can be used to integrate microfabricated components
into 2D templates for construction of heterogeneous in-
tegrated systems. An early application of this approach
for integration of compound semiconductor components
on silicon substrates was reported in [Talghader et al.
(1995)]. In this work, a 700 nm layer of tin was patterned
on a silicon template and a thick gold pattern was posi-
tioned on released 40 um x 40 um light emitting diodes
(LED) to be assembled on the template. During the self-
assembly process, the LEDs were trapped in the binding
sites on the template with matching shapes, putting the

gold pads adjacent to the tin layer on the template. Heat-
ing the template to 232 ° C, near the melting point of Sn,
caused the diffusion of Sn into gold and forming a good
mechanical and electrical contact between the LEDs and
the template. This processes demonstrated yields ap-
proaching 90% for FAS.

Molten-alloy driven self-assembly of 300 um LEDs on
plastic substrates has also been reported [Jacobs et al.
(2002), Zheng et al. (2005) a, Zheng and Jacobs (2005)
b]. Here, alloy-coated areas acted both as receptors for
the components during self-assembly and as electrical
connections during operation. To form the structure, a
plastic template containing binding sites coated with a
low melting point alloy was prepared. A collection of
LEDs with gold contacts on both sides were introduced
on the template submerged in a heated fluid. Energy min-
imization between the components and the template re-
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Figure 9 : Procedure used to self-assemble a functional cylindrical display on plastic. (A) Top and bottom views
of a LED segment that has two contacts: a small circular Au contact (cathode) on the front, and a large square
Au contact (anode) on the back. (B) Array of alloy-coated copper squares supported on a flexible substrate; these
squares are the same size as the anodes of the LEDs and act as receptors for the LEDs during the self-assembly. (C)
The components are tumbled in a vial at a temperature above the melting point of the alloy. (D) Two-dimensional
array of the assembled LEDs. (E) Alignment of a top electrode: The copper wires of the top electrode and the
cathodic contacts on the front of the LEDs were first dip-coated with alloy. The array of wires is pre aligned with
the array of cathodic alloy bumps. At a temperature above the melting point, electrical connections form and the
structure self-aligns. (F) Test of the self-assembled display-prototype [Jacobs et al. (2002)].
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Plastic
Substrate

Low Melting Point Alloy

== Freestanding ——
(b) |Ethylene Glycol Microcompogents

Figure 10 : Illustration of self-assembly process. Microfabricated silicon components assemble at complementary
shaped binding sites on the plastic substrate. a) Side view and top view of substrate with components. Low melting
point alloy establishes both electrical connection and binding force between part and substrate. b) Fluidic self-
assembly process. Substrate is tilted to angle between 20 and 60 degrees and immersed in a solution heated to 70
° [Stauth and Parviz (2006)].

1 ik
HENENR M
Square | Lgircuht‘-
Parts | :

SU-8 Wells

A Intefconnect

500 wm

Figure 11 : (I) A) Polyester substrate with binding sites and embedded interconnects. B) Close-up of binding sites;
select SU-8 wells are outlined for clarity. C) Binding site and molten alloy. (II) A) Polyester substrate with two
types of binding sites. Circular components have assembled into the sites with complementary shapes. B) The
self-assembly process continues by the placement of square-shaped parts in the binding sites with matching shapes

[Stauth and Parviz (2005) a].

sultant from molten alloy contact between the metal pads
on the LEDs and the binding sites trapped the compo-
nents on the correct location. After arrangement of LEDs
on the binding sites, the gold contacts on top of the LEDs
were wetted with alloy by dipping the assembly again
into a molten alloy bath. The flexible top electrode was
manually positioned at an approximately correct position
to make contact with the top surface of LEDs. Conse-
quently, the entire structure was heated above the melting
point of the alloy to self-align the top electrode. Fig. 9
shows the summary of the process. The process reached
~98% coverage of patterned solder drops in less than 3
minutes for 1500 receptor sites for silicon cubes.

We [Stauth and Parviz (2005) a, Stauth and Parviz (2005)
b, Stauth and Parviz (2006)] have demonstrated the FSA

of microfabricated single crystal silicon parts (diffusion
resistors and field effect transistors) onto flexible plastic
substrates driven in part by capillary forces resultant from
low melting point alloy reflow (Fig. 10 and Fig. 11).
The self-assembly process done on substrates each con-
taining 10,000 binding sites, realized 97% self-assembly
yield within 25 min for 100 um elements. The advantage
of this work compared with the previously mentioned
demonstrations is the completion of the self-assembly
process in a single step. In this approach all the me-
chanical and electrical contacts are formed at once and
no further processing of the template is necessary. The
self-assembly process relies on shape recognition to pro-
gram the landing sites of the microcomponents on the
template. At the bottom of each binding site on the tem-
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(1)

Figure 12 : (I) The procedure used to form electrical networks in 3D by self-assembly: (A) An array of the basic
pattern of copper dots, contact pads, and wires was defined on a flexible copper-polyimide sheet using photolithog-
raphy and etching. (B) These pattern elements were cut out along the dotted line, (C) glued on the faces of the
TO, and (D) LEDs were soldered manually onto the contact pads. (E) The copper dots and wires on the TOs were
coated with solder, and self-assembly occurred in hot, isodense, aqueous KBr solution [Gracias et al. (2000)] (II)
Assembled TOs with biased LEDs emitting red light on them.

plate an area covered by a low melting point alloy is po-
sitioned. To perform the self-assembly, the element is
submerged in a heated fluid environment. The elevated
temperature melts the alloy. The pH of the solution is ad-
justed to remove the surface oxide from the molten alloy
areas. A collection of microcomponents is then intro-
duced into the self-assembly vessel. Controlled vibration
of the vessel, gravity, and fluid flow affect the motion
of the microcomponents in the fluidic environment. As
the shapes of a microcomponent and the corresponding
binding site on the template match, the microcomponent
enters the binding site allowing the molten alloy to make
contact with gold pads positioned on its surface. The re-
sultant capillary force traps the microcomponent in the
right location. After all the binding sites are occupied
with the appropriate microcomponents, the temperate of

the fluid is lowered to solidify the alloy and make the
electrical and mechanical connections permanent.

7 3D Self-Assembly of Freestanding Components

The use of a 2D template can guide the self-assembly
process and produce structures with a high yield. In-
tegration of independently fabricated microcomponents
into 3D structures is one of the areas in which self-
assembly is clearly superior to conventional manufactur-
ing techniques [Benkart et al. (2005)]. A demonstration
of this concept with meso-scale components has shown
how molten-alloy driven self-assembly can be employed
to put a 3D structure together and form electrical con-
nections [Gracias et al. (2000)]. Here, polymer trun-
cated octahedrons (TO) incorporating LEDS were used
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Lower Electrodes
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1

Figure 13 : Scanning electron micrographs of assembled
micromirrors [McCarthy et al. (2003) a]. The mirrors
fold into their final position, out of the microfabrication
plane, as a result of energy minimization of solder balls.

as building blocks. The LEDs were manually wired to
patterns of solder dots on adjacent faces of each TO. The
TOs were suspended in an isodense liquid at a tempera-
ture above the melting point of the solder, and allowed to
tumble gently into contact with one another. The drops
of molten solder fused, and the minimization of their in-
terfacial free energy generated the forces that assembled
the TOs into regular structures (Fig. 12).

The solder pattern on TO faces and procedure of solder-
ing and assembly is shown in Fig. 10. As can be seen in
the Figure, patterns were symmetric in all directions. The
width of solder dots was about 1 mm, and the optimum
distance between adjacent solder dots was one-half of the
width. When the patterned TOs were dipped in solder,
the wires were also covered with a solder layer. These
wires had been made substantially narrower (150 um),
which made the height of solder on them 15 % of that of
solder dots. This reduction was necessary because when
solder dots fused into connections, wires did not touch
and so there was no need for insulating wires to prevent
shorting. This work is the first demonstration of using
self-assembly for construction of an electrically intercon-
nected 3D structure from independent components.
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Figure 14 : Comparison between model prediction of
equilibrium angle and measured final angles. Error
bars represent uncertainty due to solder volume variation
[Harsh et al. (2000)].

Figure 15 : 4.5-turn meander inductors after self-
assembly [Dahlmann et al. (2001)].

8 Molten-Alloy Driven Folding and Positioning

As mentioned above, capillary forces resultant from
molten-alloys allow for construction of 3D structures via
self-assembly of released and freestanding components.
Another application of these capillary forces is to fold
or align a partially released microstructure. This type
of molten-alloy driven motion has been extensively used
in making 3D microelectromechanical systems (MEMS)
and in aligning photonic components. In a typical fold-
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Figure 16 : (a) Self-aligned assembly using solder. (b) Self-aligned assembly using solder and mechanical stop [Lee

(1994)].

ing application, a known volume of alloy is positioned
on a hinge, bridging between two sections with at least
one of the sections free to move. Reflow of the alloy
redefines the shape of the metal and drives the system to-
wards a minimum energy state. As the alloy reflows, it
causes the motion of the movable part of the microstruc-
ture. The final configuration of the hinge, corresponding
to a minimum energy state for the alloy, often presents a
section of the microstructure folded out of the microfab-
rication plane on the wafer surface. This approach has
been successfully implemented for making micro mirror
arrays and for rotating mirrors to different angles [Mc-
Carthy et al. (2003) a, McCarthy et al. (2003) b, Harsh
et al. (1999)] (Fig. 13).

Given a known quantity of alloy, the motion of the mir-
rors can be accurately predicted by modeling the surface
tension forces. Fig. 14 shows a comparison of surface
energy based model predictions and experimental data
[Harsh et al. (2000)].

Solder surface tension self-assembly has been used to
make high-Q inductors [Dahlmann et al. (2001)] as
shown in Fig. 15. By rotating the coil into a plane per-
pendicular to the substrate, further reduction of capaci-
tance and inductive substrate coupling is achieved. Al-

though this type of self-assembly by folding does not
generate arbitrary 3D structures, the out of plane de-
vices and the 2.5D structures yielded extend the utility of
conventional microfabrication techniques as seen in the
above examples.

Molten-alloy driven motion has been extensively used for
precision-aligned optoelectronic assemblies [Xiong et al.
(2003), Kallmayer et al. (1996), Sasaki et al. (2001), Lee
(1994), Sasaki et al. (1995), Docoslis and Alexandridis
(2002)]. Two representative configurations for such as-
semblies are shown in Fig. 16. In Fig. 16 (a) the top sur-
face is roughly aligned with the solder bumps and the re-
flow is used to complete the alignment. Despite success-
ful implementation of this procedure, it becomes exceed-
ingly difficult to use this approach for sub-micron level
alignment. One of the main reasons for this shortcom-
ing is the loss of capillary force as the alignment makes
progress towards the final correct configuration-the full
overlap of identical pads generates zero net force paral-
lel to the plane of the pads. One method to remedy this
shortcoming is to incorporate mechanical stops, as shown
in Fig. 16 (b) to improve the self-alignment process ac-
curacy. Currently, alignment precision of a few hundred
nanometers is readily achieved with the approach.
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Figure 17 : Stable solder shape with minimum surface
energy between two planes with fixed angles as deter-
mined by Surface Evolver [Harsh and Lee (1998)].
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Figure 18 : Surface area (a measure of energy) as a func-
tion of angles [Harsh and Lee (1998)].

9 Modeling and Simulation of Alloys

There are a number of different methods and soft-
wares available to model and simulate solder behav-
ior including the modified embedded atom method
(MEAM), molecular dynamics (MD) simulation [Dong
et al. (2005)], equivalent layer models [Gu 2005], and
surface energy minimization modeling [Harsh and Lee
(1998)]. Determination of the final shape of a self-
assembled alloy structure and its current carrying capac-
ity are of utmost importance in design and integration
of heterogeneous systems. Surface energy minimization
has been the dominant method used to calculate the fi-
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Figure 19 : Experimental set-up for verification of elec-
tromigration induced strain simulation results [Ye et al.
(2005)].

nal shape of a molten alloy after the completion of the
self-assembly process. This method can predict the fi-
nal shape of 3D MEMS configurations and the acting
forces, given known geometries, surface energies, and
alloy volumes. A number of studies have experimentally
validated the results of this type of modeling. For exam-
ple in [Harsh and Lee (1998)] the experimental results
were compared with model predictions for a two-plate
pop-up MEMS structure. The experiment confirmed that
the model could predict the final, equilibrium angle be-
tween the plates to within +2 degrees. This and many
other works in the field use a freely available modeling
software, the Surface Evolver, to calculate the local min-
imum energy state (Fig. 17). Here, for a given angle
between the plates, the total energy of the system was
calculated and the solder was allowed to relax to its min-
imum energy state (Fig. 17). For a constant contact area
between the solder and the metal pads, the surface area
of the solder is a direct measure of the energy of the con-
figuration. The angle between the plates can be varied
and at each angle, the solder can be allowed to relax to
its minimum energy state and the total surface area of the
solder determined. A plot showing the surface area vs.
each angle is shown in Fig. 18. The stable final angle
can be identified from the minimum point in this Figure.
Although this calculation takes only a few minutes for
a simple shape, for complicated geometries, it presents
a heavy computational burden. Another issue in setting
up the proper initial conditions for such a simulation is
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determination of the correct boundary conditions and ac-
cess to the relevant contact angle and surface energy val-
ues.

Electromigration is the transport of material caused by
the gradual movement of the ions in a conductor due
to the momentum transfer between conducting electrons
and diffusing metal atoms. This effect causes solder
joints to deform under high current density, which is a
commonly encountered issue in small scales. Electro-
migration effects and consequences can be modeled and
simulated with finite element methods (FEM). For exam-
ple, the structure shown in Fig. 19 has been tested for
electromigration induced deformation of solder zones,
and has also been simulated using FlexPDE [Ye et al.
(2005)].

In this experiment, the current density was close to
1.12x10* A/cm?, and the height, width, and thickness of
the solder were 1.5 mm, 1 mm, and 0.25 mm respectively.
The lead-free solder alloy was Sn95.5/Ag4/Cu0.5 with
the melting point of 218 ° C. The structure was moni-
tored using Moiré interferometry to measure the strain of
the solder part as electromigration generated stress. The
results of experiment and simulation are shown and com-
pared in Fig. 20. As can be seen in the plots, solder was
deformed both in vertical and in horizontal directions as
a result of high-density current flow. The experiments
show that the deformations created by high current den-
sity were significant and irreversible.

10 Scaling and Limits

The smallest solder dots commonly used today are in
the order of tens of microns; however, the extension of
solder-driven assembly to much smaller scales has also
been considered [Harsh et al. (2000)] demonstrating that
surface energy minimized solder spheres as small as 5
nm are possible to attain. In a pilot study [Harsh et al.
(2000)] 100 nm of pure Indium was evaporated on a sil-
icon wafer and then reflowed at 200 ° C for ten minutes
to form individual solder dots. Fig. 21 shows the SEM
image of the indium spheres on the silicon surface. Un-
fortunately, the formation of the solder spheres does not
immediately translate to a capability to use them in a
self-assembly process. A number of significant hurdles
remain to be overcome.

IMC formation rapidly consumes nano-scale pads. The
new compounds have high melting points, poor surface

FDMP, vol.2, no.4, pp.221-245, 2006

tension properties, and can significantly affect the uni-
formity of the solder at nano-scale and prevent it from
forming a capillary bond. Another important parame-
ter is the oxidation rate of the solder especially at higher
temperatures necessary to complete a self-assembly pro-
cess. The oxide thickness can reach tens of nanometers
in less than 10 min at 250 ° C [Kuhmann et al. (1998)]
making the entire alloy volume non-functional. It is evi-
dent that a nano-scale molten-alloy driven self-assembly
process must be performed under vacuum or inert gas
conditions. Since the fluid environment is necessary to
allow for random motion of components during the self-
assembly process, the only viable option is the saturation
of the self-assembly vessel with an inert gas. It should be
noted that oxidation is not just a concern at elevated tem-
peratures during the self-assembly process. The forma-
tion of the native oxide on a contact formed from many
of the alloys mentioned above can readily render a few
nanometer contact zone insulating. If the entire contact
is only a few nanometers wide, over time, the electri-
cal connectivity will be lost. Such contacts must be pro-
tected with thin layers of noble metals such as gold with
extremely low oxidation rates.

Various methods can be used to deposit an alloy onto
pads used for self-assembly including evaporation, elec-
troplating, and the most commonly used de-wetting. As
the size scale of the pads decreases and the solder is
forced to deform into larger radius of curvatures to wet
the pads, the de-wetting process becomes a less viable
option for deposition of the alloys. Also, as it is diffi-
cult to generate uniform alloy thickness with de-wetting
in nano-scale, it is expected that evaporation and plating
will dominate alloy deposition for self-assembly.

11 Conclusions

Self-assembly presents an attractive candidate for inte-
gration of heterogeneous multifunctional systems of fu-
ture both in the micro and in the nano scales. Molten-
alloy driven self-assembly, as described here, allows for
formation of both mechanical and electrical connections
between the components of a system at once and is an
attractive approach for system integration. Selection of
the appropriate alloy is a critical issue in the design of
the self-assembly process. We have catalogued a num-
ber of alloys here and identified many that can be po-
tentially used in self-assembly processes. Molten-alloy
driven self-assembly has already been extensively used
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Figure 20 : Comparison between simulation and experimental results of solder displacement caused by electromi-
gration (a) maximum relative vertical displacement between lower and upper interface of solder joint and copper
plates (b) maximum relative horizontal displacement between the two edges of the solder joint [Ye et al. (2005)].

Figure 21 : SEM picture of nano-scale indium solder
spheres [Harsh et al. (2000)].

in the micron-scale for alignment of optoelectronic com-
ponents and for folding MEMS structures. Pioneering

works in the micron-scale have even shown the self-
assembly of components onto templates and the self-
assembly of released parts into 3D structures for forming
integrated systems. Molten-alloy driven self-assembly in
the micron scale has made long strides forward and is
expected to be heavily used in the next few years for
system integrations. A number of issues remain to be
addressed in such a system integration scheme includ-
ing the development of methods to program the self-
assembly process, the development of methods to agi-
tate a self-assembling “plasma of parts” and guiding it
towards a minimum energy state in the micron-scale, and
finally development of modeling methods to predict the
outcome of a self-assembly process with high accuracy.

As mentioned above, molten-alloy driven self-assembly
has not been demonstrated for the integration of compo-
nents in the nano-scale. The integration at nano-scale
poses major challenges and offers significant opportu-
nities. IMC formation and oxidation are two major is-
sues in nano-scale “soldering”. The surface oxides of
the alloys are typically removed in acidic fluxes; the
compatibility of the components with these fluxes must
be ensured in the self-assembly processes. Many nano-
scale components of future may be made from organic
materials. Design and synthesis of appropriate organo-
metallic compounds will be critical for developing meth-
ods to form high quality electrical contacts to these ob-
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jects. In summary, the utility of molten-alloys to drive
self-assembly and guide system integration is an untested
hypothesis in the nano-scale; however, for system inte-
gration needs of near and medium term in the micron-
scale, molten-alloy driven self-assembly offers one of the
most powerful candidate technologies.
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