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Abstract 

The utilization of electromigration for enhancement of microspheres using sudden change in geometrical shape 

of sample was investigated. The experimental sample of Al metal line is formed on a TiN layer and covered with 

a SiO2 passivation layer. The experimental results revealed that sudden change in geometrical shape of 

specimen significantly affects temperature, current density and current stressing time to enhance atomic 

accumulation for growing microspheres. The experimental results are explained in the discussion. A finite 

element analysis was done to investigate the effect of temperature profile due to sudden change in cross -

sectional area of a sample structure. 
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I. Introduction 
Metallic micro and nano materials (MNMs) have been attracted due to their potential applications 

based on the physical properties as a functional element in micro-electromechanical systems (MEMS). Various 

MNMs, such as nanotubes [1], nanowires [2], micro-spheres [3], micro-belts [4], etc. have been studied. Several 

reports have appeared showing the passage of direct current through aluminum thin -film stripes results void 

formation by mass depletion and hillock formation by accumulation of atoms [5]. The electron wind due to a 

high current density can drive metallic atoms to a specific place in a sample structure. Based on physical 

phenomena, several works have already been done by applying electromigration (EM) [6, 7] and stress 

migration (SM) [8, 9]. Therefore, EM is the vital portion of development of MNMs. 

EM has been proposed for use in the fabrication of metallic micro and nano materials. Various 

techniques have been applied for fabricating Al micro and nano materials. A method was proposed to 

accumulate atoms to form Al micro and nano wires in a passivated Al line buried in a W line by utilizing EM 

[10]. Thereafter, another proposal was reported for accumulation of atoms to form metallic thin wires by 

utilizing EM [11]. The experimental sample of Al metal line was formed on a TiN layer and covered with a 

SiO2 passivation layer. An artificial slit was introduced into the Al layer by etching at the anode end of the 

sample structure. A slit in the Al film and a hole through the oxide were used to control the accumulation of 

atoms and discharge processes and fabricated micro materials [12-14]. In addition, the method of fabricating Al 

micro materials such as wires using EM involves a sample structure with an artificial slit for accumulating 

atoms and a conductive passivation film made of SiO2 to avoid unplanned atomic accumulation [15]. However, 

introducing artificial slit into the sample is a long process and also cost effective. Therefore, a sample structure 

without any slit in the fabrication process is considered for fabricating MNMs. 

During this process, controlling accumulation and discharge of atoms are very important for 

fabricating MNMs structure. Therefore, a possible sample structure indicates  an aluminum line structure with 

sudden change in geometrical shape can effectively promote the accumulation of atoms [16-20]. In this paper, 

accumulation and discharge of Al atoms are needed to effectively fabricated microspheres with EM. The rapid 

sudden change in the geometrical shape of the metal specimen could be expected as the Al micro materials 

growth. Thus optimizing the current density and current stressing time with constant temperature, the desired 

shape was obtained. In the present study, effect of temperature along the metal specimen with sudden change in 

geometrical shape at predefined area was analyzed using finite element method (FEM). 
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II. Experimental procedure  
A schematic illustration of the sample with sudden change in geometrical shape used in the present 

work is shown in Fig. 1(a). A passivated Al line had the large pads for current supply at both ends of the line. 

The cross section of the sample is schematically illustrated in Fig . 1(b). The test sample was fabricated as 

follows. A 290 μm thick Si wafer was oxidized to form a 300 nm thick SiO2 layer, and then a 300 nm thick 

titanium nitride (TiN) layer was deposited on the SiO2 layer by sputtering. After that, a 600 nm Al film was 

deposited on the TiN layer by vacuum evaporation. Following this, the Al and TiN layers were patterned by wet 

etching and fast atom beam (FAB) etching, respectively. Then a 2.4 μm thick SiO2 film was deposited on the 

surface of the sample by plasma-enhanced chemical vapor deposition (PE-CVD) using tetraethyl orthosilicate 

(TEOS) as a source. Subsequently, the SiO2 film was wet etched to expose the pads to current supply. Finally, a 

1 μm diameter hole was etched by focused ion beam (FIB) etching. It was confirmed by the end -point detection 

that the hole would be etched at the Al/TiN interface. 

Length of the metal line was 100 μm. Width of Part A and B of the sample were 12 μm and 424 μm 

respectively, where the thickness remained homogenous all through the metal line. 

 

 
(a) 

 
(b) 

Figure 1: Schematic illustration of the (a) sample with sudden change in geometrical shape used in the 

experiment, and (b) cross-sectional view of the sample. 
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The samples were placed on a ceramic heater under atmospheric conditions, and the temperature was 

maintained at 623 K. The samples were then subjected to a constant direct current flow using a pair of probes in 

contact with the input and output pads. The field emission scanning electron microscope (FE-SEM) image of 

experimental sample with a hole at specific position is shown in Fig. 2. 

 

 

III. Results and discussion 
 

The experimental conditions and results are summarized in Table I. FE-SEM images of typical features 

formed at the sudden change in geometrical shape of the samples are shown in Fig. 3. 

 

Table I: Experimental conditions and results 

Condition Substrate 

temperature, 

Ts 

(K) 

Current 

density, 

j 

(MA/cm
2
) 

Current stressing 

time, 

t 

(s) 

Results 

 

1 623 7.5 2400 Cracks 

2 623 8.33 1620 Microsphere becomes 

outside and cracks 

3 623 9.17 900 Large Microsphere 

 

 

It is observed that cracks were formed, which is shown in Fig. 3(a), in case of condition 1. In contrast, 

microsphere discharged from the fracture area was observed at condition 2, shown in Fig. 3(b), at the 

SiO2/substrate interface adjacent to the Al line, which may be attributed to the weak adhesion between SiO2 and 

substrate during the sample fabrication. The diameter of the microsphere discharge from the fracture area is 8.4 

μm, which is shown in Fig. 3(b). Finally, large microsphere was obtained, in condition 3, at the specific position 

with sudden change in geometrical shape, which is shown in Fig. 3(c). In addition, cracks were also obtained 

after the experiment, shown in Fig. 3(c). Microsphere was successfully observed under the condition of current 

density, j  9.17 MA/cm
2
, substrate temperature, Ts  623 K, where current stressing time was at 15 s. The 

diameter of the microsphere is 9 μm, which is shown in Fig. 3(c). 

 

 

 
 

Figure 2: FE-SEM images of experimental sample with a hole at specific position. 
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(a) 

 

 
(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) 

Figure 3: FE-SEM images of experimental sample with a hole at specific position showing, (a) no result 

but crack was observed at the predefined location, (b) cracks on one side of the sample and the 

microsphere discharged from the fracture area were also formed in the sample at the predefined location, 

and (c) large microsphere was formed observed after experiment at the predefined location. 
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Electromigration (EM) is a physical phenomenon whereby metallic atoms are transported by an 

electron wind. The atomic flux depends on the current density and temperature [21, 22]. The efficient 

accumulation of atoms happened in a specific location of the sudden change in geometrical shape of the metal 

line using EM. Therefore, from Huntington–Grone's equation [21], the atomic flux increases exponentially, 

enhancing the formation of Al microsphere through EM. 

 

The atomic flux caused by EM can be expressed as [21], 

jJ eZ
kT

Q

kT

ND
*exp0









                (1) 

 

where J is the atomic flux vector, N is the atomic density, D0 is a prefactor, k is Boltzmann’s constant, T 

is the absolute temperature, Q is activation energy, Z* (<0 for Al) is the effective valence, e is the electronic 

charge, ρ is the electrical resistivity, and j is the current density vector. 

 

A theoretical model of the sample used in the experiment for evaluating and discussing the 

experimental results by finite element method (FEM). Finite element (FE) method was applied to  analysis the 

temperature distribution in the sample structure and its contribution for accumulating atoms, which is shown in 

Fig. 4. Marc FE program was used for analysis the model. Temperature distribution was obtained by FE 

analysis using MSC Marc, which is shown in Fig. 4(a). 

The temperature distribution of 2D-FEM analysis along the sample with sudden change in geometrical 

shape is shown in Fig. 4(b). FE model was constructed to simulate the temperature distribution on the metal 

specimen during current stressing. The effect of Joule heating was observed and have been found from the 

temperature distribution curve that high temperature developed in Part A compared to Part B of the metal 

specimen due to the resulting effect of Joule heating. In addition, absolute value of higher temperature gradient 

is observed in Part A and very small temperature gradient in Part B of the sample, which is shown in Fig. 4. 

 

 
(a) 
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(b) 

Figure 4: Temperature distribution obtained. (a) FE analysis using MSC Mark, and (b) 2D FE analysis of 

the specimen. 

 

Consider the mechanism for the formation of Al microspheres by utilizing EM using a sample with a 

sudden change in geometrical shape. Al atoms migrated in the direction of electron flow. Al atoms are 

transported along the grain boundaries from the cathode current pad to transitional area. A pressure is created 

and increased with continuous accumulation of atoms at transitional area  with a sudden change in geometrical 

shape. At the transitional area, the accumulation of Al atoms leads to the development of a compressive stress. 

Therefore, atoms were pushed out through the hole when the pressure was larger than the discharged resistance, 

resulting in the formation of microspheres. 

As a result of this rapid development, Al atoms are pushed out through the hole forming the 

microspheres. The discharge is related to the temperature at the transitional area with sudden change in 

geometrical shape, which can be determined from the current density and the substrate temperature. Therefore, 

temperature distribution profile is obtained along x-axis of the metal line with sudden change in geometrical 

shape, which is shown in Fig. 4. The Al atoms are discharged out from the holes continuously  to form 

microspheres at the current density from 8.33 to 9.17 MA/cm
2
 (sample c). Obviously, the higher current 

density, 9.17 MA/cm
2
 provides more Joule heating resulting better microsphere of a part of accumulated atoms 

from the transitional area. On some experiments, melted atoms are pushed out to form liquid spheres due to 

surface tension, then the micro materials are cooled and solidified in atmosphere conditions (sample a). 

Microsphere was formed, which is shown in fig. 3 (c), after different current stress time, corresponding 

to 900s, respectively. Thus, the length of the microsphere depends on the current density and current stress time. 

Fig. 2(c) suggests that the current density is a key factor in the formation of the microsphere. It has been 

reported that the temperature derived by finite element analysis increases up to the transitional area. Using the 

present technique, Al microspheres can be formed by design by placing holes at prearranged positions through 

FIB etching. Therefore, the lengths of the microsphere are dependent on the temperature, current density and 

current-stressing time. Additionally, the widths and thickness of the Al microsphere could be readily controlled, 

and their lengths could be determined by the current stressing time. Therefore, the atoms of Al region have been 

accumulated may be partly melted. Consequently, microsphere would form in atmospheric conditions when 

melted Al is discharged from the hole. 

 

IV. Conclusions 
Fabrication of microspheres was  achieved using sudden change in geometrical shape of the metal line. 

Discharge conditions of Al atoms through the holes were considered by observing the relationship between the 

current density and the current stressing time. Higher current density provides more Joule heating resulting 

better microspheres due to the transitional area of the sample. The temperature derived by finite element 

analysis increases up to the predefined location near the geometrical transition of the sample structure. A 

theoretical model of the sample structure was used for evaluating and discussing the experimental results . 
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