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Abstract
Microspheres of Al have been successfully fabricated utilizing electromigration using sudden change in geometrical shape of a specimen. The experimental sample was a passivated Al line with a hole at the transitional area of
the sample. The hole was used to control the accumulation and discharge
process. The formation of the microsphere is enhanced by controlling temperature and current density. The atomic flux was increased with the increasing current density that was happened along the electron flow direction
in the small region at the geometrical shape of the sample.
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1. Introduction
Elecrtromigration (EM) is an atomic migration phenomenon wherein metallic
atoms are transported by electron wind due to high current density in a metal
line. EM produces atomic accumulations known as hillocks and vacancies as
voids that cause short or open circuits. EM is very important techniques for fabricating Al micro and nano materials (MNMs). In addition, different elemental
materials have been manufactured by chemical [1] [2] [3] [4] and physical approaches [5] [6] [7] [8]. However, Al MNMs are difficult to fabricate because of
their high reactivity to acids and bases. Nevertheless, various approaches for fabricating Al MNMs have been developed by physical approaches. Various MNMs
such as micro-wire [9], micro-belt [10], micro-tube [11] have been successfully
fabricated by introducing an artificial slit at the anode end of an Al line to promote atomic accumulation. Fabrication of an Al microsphere using EM methods
by introducing an artificial slit at the anode end of the sample has previously
been demonstrated [12]. However, the introduction of a slit is quite time-conDOI: 10.4236/mr.2019.74004 Oct. 31, 2019
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suming and also makes this fabrication method costly. Therefore, a hint at a
possible breakthrough is provided by latest findings [13], which indicate that an
Al line structure that undergoes a sudden change in geometrical shape can effectively promote the accumulation of atoms during EM.
In the present research, the sudden change in the geometrical shape of the
metal specimen could be expected to enhance accumulation of atoms. Therefore,
a technique of fabricating of microsphere has been proposed by EM using sudden change in geometrical shape of the sample. In addition, the effectiveness of
this technique was verified with optimization of high temperature and current
density by formation of microsphere from a predefined hole.

2. Experimental Procedure
A schematic illustration of the sample structure used in the present work is
shown in Figure 1(a). The sample fabrication process is summarized as follows:
First, a Si [100] substrate with a thickness of 290 μm was thermally oxidized to
form a 0.3-μm-thick SiO2 layer on the surface. Then, a 0.3-μm-thick titanium
nitride (TiN) layer was sputtered onto the SiO2 layer; this TiN plays several important roles, including preventing the atomic migration of Al toward the Si wafer, promoting adhesion between Al and the Si wafer, and providing a bypass for
current in case an electrical shortcut is induced by the growth of voids due to
EM. Subsequently, a 0.6-μm-thick Al film was deposited on the TiN layer by vacuum evaporation using an Al source of 99% purity (2N). The Al and TiN layers
were then patterned by wet etching and fast atom beam (FAB) etching, respectively, to obtain an ideal sample structure with a sudden change in geometrical
shape as shown in Figure 1. The narrow part of the Al line has a width of 12 μm,
and the wide part of the Al line has a width of 424 μm. The Al sample has the
length of 100 μm. Then, a 2.4-μm SiO2 film was deposited over the Al surface by
plasma-enhanced chemical vapor deposition (PE-CVD); this film acted as a passivation layer to provide sufficient compressive stress. Finally, a hole with a diameter of 1 μm was etched by focused ion beam (FIB) to control the discharge of
accumulated Al atoms. Figure 1(b) shows the cross-sectional view of the sample.
The sample was placed on a ceramic heater under atmospheric conditions,
and a substrate temperature was maintained at 623 K. The samples were then
subjected to a direct current flow using a pair of probes in contact with the input
and output pads. Figure 2(a) shows the experimental sample with sudden
change in geometrical shape. During the EM experiment, substrate temperature,
Ts = 623 K and current density, |j| = 8.33 MA/cm2 was optimized for accumulation of atoms at the sudden change in geometrical shape of metal line.

3. Results and Discussion
The experimental conditions and results are summarized in Table 1. During the
EM experiment, substrate temperature, Ts = 623 K and current density, |j| = 8.33
MA/cm2 was applied for accumulation of atoms at the sudden change in geometrical shape of metal line. Image of typical feature after the passage of current,
DOI: 10.4236/mr.2019.74004

40

Microscopy Research

F. M. Kamal et al.

obtained by field emission scanning electron microscope (FE-SEM), is shown in
Figure 2. Microspheres were fabricated at the predefined location in the sample
with a sudden change in geometrical shape, which is shown in Figure 2(b).
Here, four specimens were used under the same electrical conditions.
Table 1. Test conditions used in experiments.
Sample

Substrate
temperature,
Ts (K)

Current density,

j

(MA/cm2)

Current
stressing time
(s)

Formed
Structure

Diameter
of sphere
(μm)

S1

623

8.33

1860

Microsphere

6.54

S2

623

8.33

1920

Microsphere
goes outside

7.48

S3

623

8.33

1320

Microsphere

7.46

1620

Microsphere
goes outside

8.41

S4

623

8.33

(a)

(b)

Figure 1. Schematic of (a) sample structure, and (b)
cross-sectional view of the sample.

(a)
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(b)

(c)

Figure 2. FE-SEM images of the sample with a sudden change in geometrical
shape. (a) Experimental sample with a hole at specific position. (b) Microsphere and cracks formed in sample S1. (c) Large cracks on the single side and
microsphere becomes outside of sample in sample S2.

Al microsphere was successfully fabricated which denoted as sample S1 in
Table 1. In this case, microsphere with a diameter of 6.54 μm was happened at
the sudden change in geometrical shape of metal line by supplying a constant
substrate temperature, Ts = 623 K and current density, |j| = 8.33 MA/cm2, which
has been optimized during the experiment and is shown in Figure 2(b). The
current stressing time over the experiment was 1860s. Here four specimens with
a sudden change in geometrical shape were used under the same current density
and substrate temperature of the experiment. In addition, crack and microsphere formed outside of the sample was also observed as sample S2 in Table 1,
as shown in Figure 2(c). Therefore, formation of microspheres were observed at
the hole location in two specimens, which indicates to some extent the experimental repeatability. In contrast, microspheres go outside and cracks were observed at the SiO2/substrate interface adjacent to the Al line in the two specimens. The test conditions and diameter of the microspheres and microspheres
goes outside of the samples were also shown in Table 1. The current stressing
conditions are quite different between these samples, in which similar condition
of higher temperature and higher current densities were observed for the present
sample structure.
Electromigration (EM) is a physical phenomenon wherein atoms are transDOI: 10.4236/mr.2019.74004

42

Microscopy Research

F. M. Kamal et al.

ported by an electron wind. The number of atoms are transported depends on
the current density, temperature and the structure of the metal line [14] [15].
The electron wind due to high current density can drive metallic atoms to a specific location in a structure. In the present study, the effective accumulation of
atoms happened at the specific location of the sudden change in the width of the
metal line, leading to fabrication of the desired microsphere.
Actually, atomic flux along the electron flow direction in the small region
around the predefined hole could be very important to enhance the accumulation of atoms in the Al line with the sudden change in geometrical shape. The
atomic flux due to EM, J, can be described from Huntington and Grone equation
[1]:

=
J

ND0
 Q
exp  −
kT
 kT


 Z ∗ eρ j


(1)

where, N is the atomic density, D0 is the pre factor, k the Boltzmann constant, T
stands for the absolute temperature, Q represents the activation energy, Z* is the
effective valence, e is the electronic charge, ρ is the electrical resistivity and the
symbol j represents the current density.
The temperature and current density distribution of the Al line were analyzed
by two dimensional finite element analysis (FEA). Therefore, FEA was used to
explain the experimental results by solving the electro-thermal problem using
the software program MSC. Marc/Mentat. The temperature and current density
distribution along the x2-axis of the sample with sudden change in geometrical
shape are shown in Figure 3. The temperature distribution along the metal line
that absolute value of temperature gradient is higher in part A than that of part B
of the sample as shown in Figure 3(a). Due to high temperature, more atoms
were diffused in part A as small region. On the other hand, higher current density continues up to part A and therefore, sudden decrease in current density
happens near the geometrical transition of the sample along the electron flow
direction, which is shown in Figure 3(b). In the relationship between atomic
flux, J and the temperature T is more complicated, and it also depends on several
parameters, especially the sample structure with sudden change in geometrical
shape and the value of activation energy, Q. Therefore, it is observed that with
any specified Q for either grain boundary diffusion or lattice diffusion, J in the
present sample structure within the corresponding limited temperature range,
increases initially with the increasing T monolithically and then decreases rapidly. However, as given in Equation (1), the atomic flux, J increases with the
increasing current density, j monolithically along the electron flow direction in
the small region on the sample with sudden change in geometrical shape.
Therefore, atomic flux is higher in Part A than that at Part B according to Equation (1). Thus, large number of atoms enters the small region than flow out.
Therefore, more atoms are accumulated in the Part A as small region, near the
geometrical transition, and atoms are discharged through the hole. Finally, formation of microspheres was happened.
DOI: 10.4236/mr.2019.74004
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(a)

(b)

Figure 3. 2D-FEA results of sample. (a) Temperature
distribution. (b) Current density distribution.

The maximum temperature and current density have been occurred near the
geometrical transitional area of the present sample with sudden change in geometrical shape. Therefore, the temperature distribution has been happened
along the metal line. Finally, the present sample structure using sudden change
in geometrical shape of atoms provides the successful formation of microspheres. However, it can be successfully control the accumulation and discharge
of atoms to form microspheres.

4. Conclusion
An approach for fabrication of microspheres with Aluminum specimen has been
attempted in this experiment. Al atoms were accumulated at the geometrical
shape in the metal line by electromigration and discharge of atoms was happened in the hole of the sample. Finally, microspheres were formed by optimizing both of the temperature and current density at the predefined location near
the geometrical transition of sample. FEA was also used to explain the experimental results by solving the electro-thermal problem on the sample with sudden change in geometrical shape.
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