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Self-Assembly Process to Integrate and Connect Semiconductor
Dies on Surfaces with Single-Angular Orientation and Contact-Pad
Registration**

By Wei Zheng and Heiko O. Jacobs*

The construction of man-made artifacts such as cell phones
and computers relies on robotic assembly lines that place,
package, and interconnect a variety of devices that have mac-
roscopic (> 1 mm) dimensions.[1] The key to the realization of
these systems is our ability to integrate/assemble components
in 2D/3D as well as link/interconnect the components to
transport materials, energy, and information. The majority of
these systems that are on the market today are heterogeneous
in nature. Heterogeneous systems can be characterized as sys-
tems that contain at least two separate parts that prohibit
monolithic integration. Such systems are typically fabricated
using robotic pick and place. The size of the existing systems
could be reduced by orders of magnitudes if microscopic
building blocks could be assembled and interconnected effec-
tively.[2] The difficulty is not the fabrication of smaller parts
but the assembly and formation of interconnects. For compo-
nents with dimensions less than 100 lm, adhesive capillary
forces often dominate gravitational forces, making it difficult
to release the components from a robotic manipulator.[3] Mi-
cromanipulator-based assembly and wafer-to-wafer transfer
methods work poorly on non-planar surfaces, in cavities, and
in the fabrication of 3D systems. Serial processes, in general,
are slow. Conventional robotic methods and assembly lines
are challenged because of the difficulty in building machines
that can economically manipulate parts in three dimensions
that are only micrometers in size.[4]

At another extreme, nature forms materials, structures, and
living systems by self-assembly on a molecular length scale.[5,6]

As a result, self-assembly-based fabrication strategies are
widely recognized as inevitable tools in nanotechnology and
an increasing number of studies are being carried out to “scale
up” these concepts to close the assembly gap between nano-
scopic and macroscopic systems. Recent demonstrations of
processes that can assemble micrometer- to millimeter-sized
components include: shape-directed fluidic methods that posi-
tion electronic devices on planar surfaces using shape recogni-

tion and gravitational forces,[7,8] liquid-solder-based self-as-
semblies that use the surface tension between pairs of molten
solder drops to assemble functional systems,[9–11] capillary-
force-directed self-assembly that uses hydrophilic/hydropho-
bic surface patterns and photocurable polymers to integrate
micro-optical components, micromirrors, and semiconductor
chips on silicon substrates,[12–14] and shape-and-solder-directed
self-assembly that combines geometrical shape recognition
with site-specific binding involving liquid solder to assemble
and package heterogeneous microsystems. [15–17] While all of
these methods share the common feature of providing parallel
assembly on a large scale, process parameters and design rules
remain not well characterized. Another great challenge is the
realization of heterogeneous systems that contain many differ-
ent parts and enable contact-pad registration.[16] While cur-
rent methods allow the positioning of a large number of iden-
tical components in a massive parallel manner, systems that
consist of more than one repeating unit are difficult to build.
Recent studies to overcome this problem include the activa-
tion of selected receptors to enable batch transfer on desired
locations,[18–20] and a sequential self-assembly process that
uses geometrical shape recognition for component registra-
tion and surface tension, involving liquid solder to form me-
chanical and electrical connections.[15–17] In both cases,
batches of components are added sequentially to build the
system, as opposed to adding all components at the same
time.

In this communication we present a study on controlling an-
gular orientation and contact-pad registration during the self-
assembly process. The presented process can be seen as an
extension of prior work[9–11,15–17] in the area of surface-ten-
sion-directed self-assembly involving liquid solder to form
interconnects and is compatible with these processes. Angu-
lar-orientation control is important because dies, packaging,
or optical elements need to be placed on a substrate with cor-
rect angular orientation to enable contact-pad registration or
device operation. Angular-orientation control has been chal-
lenging in self-assembly. For example, Srinivasan et al. as-
sembled silicon components and micromirrors onto a gold-
coated silicon substrate using hydrophilic/hydrophobic inter-
actions and a non-conducting adhesive lubrication layer. The
assembly of 98 parts, 500 lm in size, was accomplished with
0.3° rotational precision.[12] However, due to the square-
shaped binding and receptor sites four stable angular orienta-
tions, 0, 90, 180, and 270°, were observed. While Liang et al.
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optimized the designs of the receptors and binding sites to re-
move local energy minima and achieve unique orientation
and alignment,[21] unique offset ring patterns with specific
geometric constraints are required for their method. Most re-
cently, studies have focused on the use of gravitational forces
with components that have a peg and a hole on a substrate on
a tilted surface to accomplish assembly with single-angular
orientation.[22] The formation of electrical interconnects and
contact-pad registration has not been possible using the sur-
veyed methods. The key building blocks of the presented self-
assembly process that enables the assembly of standard die
forms with single-angular orientation and contact-pad regis-
tration are “two-element docking sites” on the substrate that
contain alignment pedestals (out of silicon or photoresist) and
solder-coated areas commonly used in printed circuit boards.
These two elements—alignment pedestals and solder-coated
areas—are designed according to the size and shape of the
components, in particular the location and shape of the con-
tact pads. The angular-alignment capability is gained as a re-
sult of the combination of these two elements. During the
self-assembly process the agitated components attach to the
solder-coated areas only after a correct angular preorientation
condition is met; differently sized components can be inte-
grated using sequential batch transfer on substrates present-
ing different docking-site layouts. Assembly of multisized
components without electrical interconnects has been demon-
strated previously using a process that required precise com-
plementary shape recognition.[23,24] Conceptually, this work is
different in the sense that the process integrates components
on a surface and in the sense that the docking site acts as a
chaperone to guide the assembly process, preventing defects;
precise complementary shapes are no longer required and
would slow down the assembly process. The technological fo-
cus of the presented work is the assembly of commonly used
die forms, most of which are square in shape and cannot be in-
tegrated with single-angular orientation using existing meth-
ods while supporting the formation of electrical interconnects.
The components that we tested in this study were standard sil-
icon dies and glass components. Arrays containing one hun-
dred identical components as well as a mix of two components
(900 and 500 lm in size) were prepared using the procedure.
First, design rules were identified to accomplish self-assembly
with an angular-orientation accuracy of 0.3° and filling factors
of 100 %.

The experimental strategy to assemble and connect compo-
nents on surfaces with single-angular orientation and contact-
pad registration is illustrated in Figure 1. The components
were integrated on a substrate using solder-coated areas that
were partially surrounded with raised u-shaped alignment
pedestals. The components can only attach to the solder-coat-
ed areas if a correct angular preorientation condition is met:
components that arrive at the docking sites with an angular
orientation that deviates by more than ±90° from the desired
orientation will not find a sufficient overlap between the bind-
ing site (contact area) on the components and the solder-coat-
ed areas on the substrate and will not attach; other compo-

nents will be captured and aligned due to the reduction of the
interfacial free energy.

As a first demonstration, we focused on silicon dies that car-
ried rectangular gold-coated areas on the back, and square-
shaped contacts and alignment marks on the front. The out-
lined procedure shows the sequential batch assembly for
silicon components with different dimensions. We tested the
sequential batch assembly of (900 × 900 × 500) lm silicon dies
in the first self-assembly step and (500 × 500 × 500) lm in the
second step. Aside from the depicted components that carry a
single contact on the back we tested the directed-assembly
strategy using glass components that carried seven contacts
on one face and the assembly of these components at desig-
nated areas on a surface using a “flip-chip” orientation. The
procedures used to fabricate the silicon, glass components,
pedestals, and solder-coated areas are described in the Experi-
mental section. During the self-assembly the surface of the
liquid solder wets and binds to the gold-coated contact on the
back side of the dies. Energy minimization drives the assem-
bly into a stable single-angular orientation. The solder also
provides the mechanical bond required to hold the assembly
together. We used, both, low- (47 °C) and medium- (138 °C)
melting-point (mp) solders (Y-LMA-117 and LMA-281, Small
Parts, Miami Lakes, FL) that were used in previous self-as-
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Figure 1. Strategy to assemble and connect chip-scale components with
different dimensions, single-angular orientation, and contact-pad regis-
tration. a) Self-assembly elements depicting dies with a gold contact and
two-element docking sites containing alignment pedestals and solder-
coated areas. b) Two-step self-assembly sequence to populate the sub-
strate with different components. The reduction of the interfacial free en-
ergy drives the assembly process into a stable position.



sembly experiments;[11,17,25] we did not observe a notable dif-
ference between the two. The assembly was performed in a
glass beaker (100 mm in diameter) that was filled with ethyl-
ene glycol at a temperature of 150 °C, at which temperature
the solder was molten. Ethylene glycol was used to accommo-
date the higher-mp solder that is not compatible with a water-
based assembly solution and because it prevents the forma-
tion of trapped air bubbles in recessed areas. The ethylene
glycol solution was made slightly acidic (pH ∼ 2.5) with sulfu-
ric acid to remove metal oxide from the surface of the solder
drop; an oxide layer—if sufficiently thick—blocked the wet-
ting of the metal surface. Component transport and mixing
was provided by hand using a constant horizontal orbital
motion while tilting the beaker up and down so that the com-
ponents tumbled randomly across the surface; the component
transport method needs to be automated in future work using
a fluidic conveyor-belt-type system.

Figure 2 shows the result of batch-assembled silicon compo-
nents with single-angular orientation and contact-pad regis-
tration using both the silicon (Fig. 2a,b) and SU-8 alignment
pedestals (Fig. 2c,d). The first result (Fig. 2a,b) shows a two-
component 10 × 10 array that contains 900 lm and 500 lm
dies that were assembled using the two-step self-assembly
sequence, while the lower half (Fig. 2c,d) shows a single-com-
ponent 10 × 10 array that was used to determine the alignment
accuracy. The alignment was measured for the entire array
using a set of top-view scanning electron microscopy (SEM)

images—Figure 2d shows a representative example—that
were overlaid with a grid of squares that had a constant pitch
and angular orientation. The required displacement and rota-
tion of the overlaid squares to match the actual assembly was
measured using AutoCAD 2000 software (Autodesk, San
Rafael, CA). The results are depicted in Figure 2e. We found
a systematic error of 0.8° in the angular orientation that re-
sulted from an angular-misalignment error that was made by
the operator during the dicing of the dies. The shift towards
positive values is visible in the histogram for the angular ori-
entation. The accuracy of the self-assembly process was deter-
mined using the standard deviation which was 0.3° for the an-
gular orientation and 19 lm for lateral accuracy. The
recorded values were limited by the accuracy of the dicing
saw (grit size 15 lm, Disco DAD 2H/6T, Disco, Santa Clara,
CA) and may improve if higher-precision components are
used. We carried out these self-assembly experiments a num-
ber of times and found that it is necessary to use excess dies in
the assembly suspension. Without excess dies we were not
able to completely populate the substrate using the random
motion. Excess dies were recycled between experiments. The
illustrated results were accomplished using an assembly
suspension that contained 500 dies. Complete coverage of the
respective receptors was accomplished in 5 min for Figure 2a
and b and 3 min for Figure 2c and d. All experiments were re-
peated three times; we obtained complete coverage each
time.

During the course of this study we observed that the width,
length, and height of the alignment pedestals were important
parameters that affected the assembly process and yield. At
first, we started the experiment without alignment pedestals.
Figure 3a shows a number of conformations that were ob-
served. Without alignment pedestals four angular orientations
0°, 90°, 180°, and 270° were apparent, which were evenly pop-
ulated for square-shaped receptor/binding sites, while two ori-
entations were favored for rectangular designs. The two-fold
symmetry was sufficiently disturbed for a 2:1 side-to-length
ratio which favors 0° and 180° angular orientation (Fig. 3a, a1
and a2). The 90° and 270° angular-orientation results were not
recorded experimentally unless two components assembled
onto a single receptor at the same time, which occurred in less
than 2 % of the cases (Fig. 3a, a3). The results without align-
ment pedestals were consistent with other asymmetric binding
site/receptor designs (triangles, L shapes, spiral-type drops)[14]

that generally favor one orientation but fail to completely
remove defects due to local energy minima in the space of
possible conformations. To design self-assembly systems with
alignment pedestals, we started with computer-aided designs
(CADs) of the components and different designs of alignment
pedestals. The components were rendered semitransparent
and arranged in the CAD tool to find different conformations
that had an overlap with the binding site while modifying the
design of the alignment pedestals to remove defects. This
CAD procedure allows for the optimization of the geometri-
cal parameters including alignment-pedestal design and com-
ponent design by placing the components at different angles
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Figure 2. Photographs and SEM images of silicon dies that have been as-
sembled using a combination of alignment pedestals, solder-coated
areas, and sequential batch transfer. a) Photograph and b) SEM image
of a 10 × 10 array that contains alternating rows of 900 lm and 500 lm
dies that are surrounded by Si alignment pedestals. c) Photograph of a
10 × 10 array with SU-8 alignment pedestals that was used to study the
alignment accuracy. d) Representative SEM close-up and overlay that il-
lustrates how the center-to-center distance and angular-orientation accu-
racy was determined. e) Histograms of the measured values.



on the surface to study possible conformations and defects.
Through a number of iterations we obtained design rules that
supported assembly without defects. Figure 3b illustrates this
design approach alongside experimental results. Introducing
the alignment pedestals was effective in removing the defects
illustrated in Figure 3a. To remove incorrect orientations, we
started with one pedestal along the elongated side (b1), per-
formed the assembly experiment three times and found that
this design accomplished correct angular orientation in 98 %
of the cases if certain design rules were considered. For exam-
ple, the clearance h1 between the solder and alignment pedes-
tal needs to be equal or smaller than the distance h2 between
the binding site (metal contact) and center line on the compo-
nent to prevent partial overlap for the 180° angular orienta-
tion. We used h1 = h2 = 50 lm in our design to leave some
clearance for the components to adjust their position. Further-
more, the binding site needs to be sufficiently large to ensure
that the components adhere to the substrate during the
self-assembly process. As a first-order approximation, the
capillary energy gain and energy of adhesion was proportional

to the overlap between the receptor on the substrate and the
metal-coated binding site on the component.[14] In the illus-
trated designs, the solder-coated areas on the substrate and
the binding sites on the components had the same dimensions
to provide maximum overlap. Experimentally, we observed
that the adhesion was sufficiently strong if the metal binding
sites occupied at least 30 % of the footprint of the component;
below this limit components detached during the self-assem-
bly.

In order to remove the remaining 2 % defects where two
components assembled next to each other, we added align-
ment pedestals on the side of the solder-coated area (b2). The
opening w needs to be smaller than twice the component size
and larger than the diagonal length of the components, such
that the components can rotate freely. Within this permissible
range larger widths allowed a slightly fast assembly rate. We
performed a number of assembly experiments using this de-
sign that yielded defect-free assemblies in all cases.

In the last design we changed the length (l) of the pedestal
opening (b3) and noticed that this parameter was not critical
in terms of yield; however, it did influence the assembly
speed. The time to complete the defect-free assembly was re-
duced from 4–5 min for design b2 to 3 min for design b3. A
representative image using design b3 is shown in Figure 2d.
Design b1, without alignment pedestals on the sides, had the
fastest assembly rate—it took 2 min to reach completion.

The assembly process follows similar design rules to assem-
ble the different-sized components that were illustrated in
Figure 2a and b. The additional consideration is that the
opening should be designed to avoid 900 lm components as-
sembling into the docking sites that were designed for 500 lm
components. We used design b2 with two 800 lm and 1.4 mm
openings in this case. The design strategy can be extended to
the flip-chip assembly of components and dies that carry more
than one contact. An initial result is illustrated in Figure 4
that used glass components that were made from borofloat
glass wafers (Universitywafer, Boston, MA). Each component
had seven gold contact pads, two on the left, and five on the
right. The five contacts on the right were coated with a high-
mp solder (Y-LMA-281, mp ∼ 138 °C, Small Parts, Miami
Lakes, FL) and protected with photoresist to prevent mis-
orientation during the self-assembly. Each docking site con-
tained two corresponding gold contacts carrying a low-mp
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Figure 3. Semitransparent component arrangements that illustrate the
computer-aided design (CAD) design approach that is used to eliminate
defects and establish design rules together with experimental results.
a) Rectangular receptor/binding site design that favors the 0° and 180°
(a1 and a2) angular orientation along with predictions of defects (a3)
and (a4). The predicted defect where two components assemble on a sin-
gle receptor (a3) was recorded experimentally in 1–2 % of the cases. The
90° and 270° orientation with a single component (a4) was not observed.
b) Alignment-pedestal designs to eliminate defects. b1) Single-pedestal
designs with h1 ≤ h2 eliminate the 180° conformational overlap and yield
the correct orientation in 98 % of the cases. b2,b3) Pedestals on the side
eliminate the attachment of two components. l and w indicate the per-
missible range of the opening to ensure defect-free assembly.

Figure 4. Glass components with multicontacts assembled into a sub-
strate by single-angular orientation self-assembly.



solder (Y-LMA-117, mp ∼ 47 °C Small Parts, Miami Lakes,
FL) on the left and five gold contacts on the right connecting
with the gold wires on the substrate. The low-mp solder is
used to drive the assembly and ensure correct angular orienta-
tion during the self-assembly. The assembly was performed in
ethylene glycol at a temperature of 100 °C instead of 150 °C
that was used for the earlier experiments described above.
After completion of the self-assembly the entire structure was
heated to 150 °C to establish the seven contacts. Electrical
connectivity with a contact resistance of less than 2 X was
confirmed in all cases. Alternatively, the high-mp solder could
be integrated on the substrate instead of components.

We have demonstrated the directed self-assembly of mi-
crometer-sized components with single-angular orientation
accuracy of 0.3° and contact-pad registration with an accuracy
of 19 lm for 500 lm–2 mm components. While the feasibility
has been tested we have not yet established the ultimate com-
plexity in terms of alignment accuracy, number of contacts,
and density of interconnects that could be established by this
process. First, design rules have been established to enable
batch transfer of differently sized components onto surfaces
without defects. The graphical CADs of the shapes and bind-
ing sites were found to be very efficient in predicting the out-
come of the self-assembly as well as in identifying and elimi-
nating potential defects. We believe that combinatorial
methods that combine geometrical shape recognition, surface
tension, sequential self-assembly, and programmable self-as-
sembly that activates receptors[15,17,20] are necessary to achieve
the required flexibility in the design of heterogeneous systems
on both the micro- and nanometer length scale with minimal
defects.

Experimental

All the components were fabricated using standard photolithog-
raphy and surface micromachining. As photomasks we used a rapid
prototyping approach that uses a high-resolution laser printer (Lino-
type Herkules Imagesetter, Heidelberg, Germany) to create 5080 dpi
prints onto transparency films instead of commonly used chrome
masks that take some time to fabricate. The transparency films were
mounted onto a glass plate that fits into the mask aligner. The mini-
mum feature size using the transparency films was ca. 40 lm and line
roughness was ca. 10 lm.

Fabrication of the Silicon and Glass Components: In brief, the sili-
con blocks and glass components were made using standard photoli-
thography and surface micromachining from p-type silicon wafers and
borofloat glass wafers (Universitywafer, Boston, MA), respectively.
Alignment marks on the top were formed by spin-coating Ship-
ley 1075 photoresist (Shipley, Phoenix, AZ) at 3000 rpm onto the wa-
fer, UV exposure through a shadow mask for 80 s, development in
MIF-351 1:5 developer for 2 min, and etching in a deep-trench etcher
(SLR-770, Plasmatherm, North St. Petersburg, FL) for 1 h. The con-
tact pad on the back was formed by coating 25 nm of chrome and
500 nm of gold using an electron-beam evaporator. Shipley 1813
photoresist (Shipley, Phoenix, AZ) was spin-coated at 4000 rpm, ex-
posed through a shadow mask for 7 s, and developed in MIF-351 1:5
developer for 15 s to expose the underlying metal areas that were sub-
sequently removed by etching using 4 KI:1 I2:40 H2O for gold and
1 HCl:1 Glycerol:3 H2O for chrome. Finally, we diced the wafers using
a fully automated dicing saw to obtain the components. The glass

components did carry contact pads on a single side and no alignment
marks on the front. The contact pads were made of gold and five of
them were protected with Shipley 1813 photoresist. The protection
was necessary to ensure correct angular orientation.

Fabrication of the Silicon and SU-8 Pedestals and Solder-Coated
Areas: The pedestals were fabricated, either by deep-trench etching
silicon or using SU-8 photoresist. The etched silicon pedestals were
formed by spin-coating Shipley 1075 photoresist (Shipley, Phoenix,
AZ) at 3000 rpm onto a 500 lm thick p-silicon wafer, followed by UV
exposure through a shadow mask for 80 s, development in MIF-351
1:5 developer for 2 min, and etching in a deep-trench etcher (SLR-
770, Plasmatherm, North St. Petersburg, FL) for 3 h. The patterned
protective photoresist was removed in acetone to expose the 300 lm
tall silicon pedestals underneath.

The pedestals out of SU-8 were formed by spin-coating Nano SU-
8 2001 photoresist (Microchem, Newton, MA) at 1000 rpm onto a
500 lm thick p-silicon wafer, followed by a two-step soft bake at
65 °C for 7 min and 95 °C for 60 min on a hotplate, UV exposure
through a shadow mask for 60 s, post-exposure bake at 65 °C for
1 min and 95 °C for 15 min on a hotplate, and development in PM ac-
etate developer for 60 min.

Following the fabrication of pedestals, the wafers were started by
coating 25 nm titanium and 500 nm copper using an electron-beam
evaporator. Shipley 1805 photoresist (Shipley, Phoenix, Arizona) was
spin-coated at 1000 rpm, exposed through a shadow mask for 30 s,
and developed in MIF-351 1:5 developer for 60 s to expose the under-
lying metal areas that were subsequently removed by etching using a
ferric chloride solution (1.4 g of FeCl3 per milliliter of H2O, pH 1.3,
20 s) for copper and 40 % NH4F/49 % HF 10:1 buffered oxide etchant
for titanium for 15 s. The remaining copper squares were coated with
solder by removing the protective photoresist in acetone and by im-
mersing the wafer into a solder bath until each copper square was
coated with solder. The solder bath carried a layer of water on top
that contained small amounts of sulfuric acid (pH 2) which is neces-
sary to maintain an oxide-free solder surface. Immersing the wafers
through the acidic water also helped remove any oxide on the copper
surface that might have formed during the process before it was
brought into contact with the solder. A clean copper surface was nec-
essary for the wetting to take place.
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