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Abstract: With recent advances in technology, micro/nanomaterials have attracted a great deal of
attention because of their superior properties compared with the bulk materials. Stress-induced
migration (SM) has been used to fabricate micro/nanomaterials because of its advantages of simple
processing, mass production, and the possibility of fabricating reactive materials such as aluminum.
Stress-induced migration is a physical phenomenon of atomic diffusion driven by compressive stress
gradients. When a multilayer structure that includes a passivation layer, a metallic film, and a
substrate is heated, hydrostatic thermal stress gradients in the metallic film drive atoms to migrate
and discharge through weak spots in the passivation layer. As a result, a large number of
nanowhiskers and hillocks grow spontaneously at those locations. However, two problems exist in
SM fabrication. First, the position, size, and shape of the growing materials are random because of
the randomness of the weak spots. Second, fabricating microwires is difficult because migration of a
large number of atoms is needed. In this study, 1-um-diameter aluminum microwires were
successfully grown at intended positions on thick aluminum film by using SM. The thick aluminum
film was used to provide a sufficient number of atoms to form microwires. In addition, the positions
of the microwires were controlled by introducing artificial weak spots. The parameters that are
related to the intentional growth of microwires were investigated, and an optimum condition for
growing aluminum microwires was presented.
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1. Introduction

Nowadays, micro/nanomaterials are indispensable for developing new technologies because of
their good mechanical, electrical, and optical properties [1]. Various types of micro/nanomaterials
have been fabricated and used in various applications [2-4]. For example, the Al
micro/nanomaterials are used as plasmonic applications [5,6]. The fabrication of
micro/nanomaterials can be roughly categorized as either a top-down or bottom-up approach. A
top-down approach uses lithographic techniques to define patterns and etch away the unwanted parts.
It can fabricate materials with good uniformity and is suitable for mass production. Nevertheless, this
high-cost process has a resolution that is limited by the exposure wavelength. On the other hand, a
bottom-up approach uses the self-assembly of atoms or molecules to form micro/nanomaterials. It
can fabricate high-purity materials in small sizes. Bottom-up methods that use chemical solutions
have been studied extensively. However, the processes that use these chemical methods require
considerable skill, and the methods used to fabricate reactive materials such as aluminum are
particularly difficult. On the other hand, methods using physical phenomenon can fabricate reactive
materials with simple processes [7]. Among the physical methods, stress-induced migration (SM) is
especially promising because of its advantages of simple processing and mass productivity.

Stress-induced migration is a physical phenomenon of atomic diffusion driven by hydrostatic
compressive stress gradients. This phenomenon occurs mostly in a multilayer structure, which is
basically a system that includes a passivation layer (such as an oxide layer), a metallic film, and a
substrate. When a hydrostatic compressive stress gradient exists in the metallic film, atoms are
driven to migrate from higher compressive stress areas to lower compressive stress areas and
discharge through weak spots in the passivation layer. Generally, in a metallic polycrystalline film,
atoms migrate from grain boundaries to the insides of grains because stress concentrations happen at
grain boundaries. Because of SM, a large number of nanowhiskers and hillocks have been observed
growing spontaneously on multilayer devices. By intentionally using SM, whiskers and
micro/nanomaterials can be fabricated [6,8].

However, there are two problems with the fabrication of micro/nanomaterials through SM. First,
there is the subject of controlling the fabrication. The spontaneously growing materials, especially
nanomaterials, occur in random sizes and distributions because the weak spots are irregularly located.
Furthermore, the shapes of the fabricated materials cannot be easily controlled. Another problem is
the difficulty of fabricating microwires which need migration of a large number of atoms. Our team
has studied the control of the positions of growing materials by introducing artificial holes in the
passivation layer. Copper hillocks were grown at these artificial holes, and Cu whiskers were
observed growing randomly on the tops of the hillocks [9]. By introducing holes, the positions of the
copper hillocks were controlled; however, the fabrication of microwires at the hole locations was not
achieved. Another study has examined the influence of various parameters related to the fabrication
of silver whiskers [10]. It was reported that with an increasing thickness of the silver film, silver
hillocks formed instead of whiskers. In another study [11], a change in shape from clearly-defined
hillocks, such as triangular or rectangular, to round-shaped hillocks has been described according to
the increasing thickness of the SiO, passivation layer. Based on the above studies, it is expected that
microwires can be fabricated at predetermined positions by introducing artificial holes and adjusting
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the thickness of each layer of a metallic film and a passivation layer.

This study aimed to fabricate aluminum microwires at predetermined locations by using SM.
To fabricate microwires, a sufficient number of atoms are required. Thick film was used because it
can provide more atoms than thin film. Also, artificial holes were introduced as artificial weak spots
in the passivation layer in order to control the locations of the microwires. In addition, a thick
artificial passivation layer was used to prevent atoms from discharging freely. It should be noted that
the aluminum film and passivation layer used in this study were much thicker than the structures
treated in previous studies on the fabrication of aluminum materials, as shown in Table 1. By using
this structure, 1-um-diameter aluminum microwires were fabricated at the intended locations.
Furthermore, experiments were done to investigate the influence of aluminum film thickness and
passivation thickness on the fabrication.

Table 1. Comparison of the thickness of the Al film and passivation layer in this study
with previous studies.

Chen et al. [12] Lu and Saka [13] Present study
Al film 0.2 um 0.15 um ~3.60 um
Passivation layer Natural oxide Natural oxide or 2 nm SiO; ~0.60 um TiN

2. Materials and method

The structures of the samples are shown in Figure 1. A 3.60-pum-thick aluminum film was
deposited on 280-pm-thick silicon (100) wafers at room temperature by radio frequency sputtering.
Then, a 0.30-um-thick TiN layer was deposited as passivation. TiN layer was used to prevent the
diffusion of Al atoms into the passivation and the creation of intermetallic compound (IMC) between
Al and the passivation, which impede to discharge Al atoms out from a hole. For investigating the
influence of aluminum film thickness on the fabrication, two samples were made from 1.80- and
0.30-um-thick aluminum film, respectively, under 0.30-um-thick TiN passivation. Furthermore, to
improve the result obtained by using the 1.80-um-thick aluminum film, two samples were made with
0.45- and 0.60-um-thick TiN passivation. After the deposition, focused ion beam (FIB) etching was
used to create 1-um-diameter holes that penetrated as far as the interface between the aluminum film
and silicon substrate. The holes were made in 3 < 3 arrays on each sample. The distance between
holes was wide enough (about 30 um) that the migration around each hole would not be influenced
by the others.

Before heating, the samples were observed using field emission scanning electron microscopy
(FE-SEM), as shown in Figure 2. The samples were heated at a rate of 10 K/min to 773 K in an
electric furnace, which was depressurized to —100 kPa, held for 3 h, and cooled in the furnace at a
rate of 2 K/min. After heating, the samples were examined by FE-SEM and energy dispersive X-ray
spectroscopy (EDX) elemental analysis. In addition, cross sections of the samples were made using
FIB etching.
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Figure 1. Cross-sectional illustration of the samples.

Figure 2. FE-SEM micrograph of a sample before heating.
3.  Results and discussion
3.1. Fabrication of aluminum microwires

Figure 3 shows sample with 1-um-diameter artificial holes in a structure of 0.30-um-thick TiN
passivation, 3.60-um-thick aluminum film, and silicon substrate after heating. Aluminum microwires
of 1-um-diameter were grown at every hole although they were curled. One microwire was analyzed
by EDX, as shown in Figure 4; and it was confirmed to be an aluminum microwire.

The mechanism of the intentional growth of microwires is explained as follows. Stress-induced
migration is driven by a hydrostatic compressive stress gradient. The atomic flux of SM is given
by [14,15]

_ NQD

J T grado 1)

B

where N is the atomic density, Q is the atomic volume, kg is Boltzmann’s constant, T is the
absolute temperature, and D is the diffusion coefficient. Furthermore, o is the hydrostatic stress
given by o = (oxt + oys + 021 )/3, Where oxs, oysand o, are stresses within the film, in the
Cartesian coordinate system shown in Figure 5. In this study, during heating, the stress gradient
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(grado) from inside of the thick film to the artificial hole surface caused atoms to migrate.

Figure 3. FE-SEM micrograph of a sample using a structure of 0.30-um-thick TiN
passivation and 3.60-um-thick aluminum film after heating.

Figure 4. Results of EDX analyses of a microwire: (a) its FE-SEM micrograph, (b) its
layered image; mapping images of (c) Al, (d) Ti, and (e) N.
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Figure 5. Schematic illustration of the atomic migration around an artificial hole.
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It should be noted that grado cannot be created in the case of a thin film with thin passivation
under the condition of plane stress. In traditional fabrication using SM, which considers a thin film
on a substrate in the x-y plane and neglects the stress distribution in thickness direction, thermal
stresses in the film can be expressed as [16]

_ EiAT (o — )

2 1—vy 2)

Ox f =

where E is Young’s modulus, v is Poisson’s ratio, « is the thermal expansion coefficient, and AT is
the temperature change. The subscript f denotes the thin film, and s denotes the substrate.
Considering a case in which a thin film with a thin passivation layer on a substrate has a hole, even
when the film is subjected to the above-mentioned stresses, grado from inside of the film to the hole
surface does not exist because the hydrostatic thermal stress o is uniform in the film. SM occurs from
grain boundaries to grains [17], and micro/nanomaterials grow at the weak spots in the passivation
layer rather than at the hole.

On the other hand, as far as the thickness direction of a thin film with a thin passivation layer
having no hole on a substrate is considered, grado can be nonzero in practice. Consider that inelastic
strain & is introduced into the thin film by some processes such as a mismatch in thermal expansion
coefficients, which causes the stresses in the film and also causes the substrate to bend. The rigorous
solution of Eq 2 is given by [18]

p— = — 3
Tt =y f 1-v, 6p(1+p) 1-v, ®)
where « is the uniform bending curvature given by
~ 601 (1+ p) &
k= (4)

hy (1+ p*n® +4pn+4pn° +6p7n

and p = hehs denoting the thickness by h, 7 = Es(1 — w)/(Es(1 — w)), and z" is the distance along
thickness direction above the midplane of the thin film. In the approximated situation where the film
is much thinner than the substrate, Eq 3 reduces to Eq 2 by using & = (o — as)AT. Based on Eqs 3
and 4, grado in the thickness direction exists.

From a different perspective, Settsu et al. [9] reported the creation of grado from inside of the
film to the hole surface using a structure of artificial holes in a thin film with a thick passivation
layer on a substrate. Because the thick passivation layer and substrate give uneven thermal stresses
on top and bottom of the film, the stress distribution in the thickness direction cannot be neglected,
and the thermal stresses in the x- and y-directions depend on the position in the thickness direction.
Therefore, a hydrostatic grado is created from inside of the film to the hole surface. In this case,
atoms accumulate at the holes instead of the grains. This is because the macroscopic hydrostatic
stress gradient from inside of the film to the hole surface is much greater than the microscopic stress
gradient from the grain boundaries to the grains. In addition, the migration from inside of the film to
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the hole surface is mainly by grain boundary diffusion, whereas the migration from the grain
boundaries to the grains is by lattice diffusion, which is much slower.

In this study, by using the structure of a thick film with a thick passivation layer on a substrate,
grado was created in a manner similar to that in the study of Settsu et al. [9]. After the accumulating
atoms filled up the hole, they created a stress gradient from the hole to the air, pushing atoms out.
The holes played the role of artificial weak spots in the passivation layer, where stress relief
happened by discharging atoms. Figure 5 shows a schematic illustration of the atomic migration
around an artificial hole. The continuously accumulating atoms push other atoms upward, resulting
in the growth of microwires from their bases [12].

3.2. Effect of aluminum film thickness

Next, the aluminum film thickness was decreased from 3.60 to 1.80 and 0.30 um in order to see
its influence on fabrication. In the sample that used 1.80-um-thick aluminum film, large hillocks
were formed instead of microwires, as shown in Figure 6a. In addition, the passivation layer around
the holes was broken, as shown in the EDX analysis in Figure 7. In the sample that used
0.30-um-thick aluminum film, almost nothing was formed, as shown in Figure 6b.

Figure 6. FE-SEM micrographs of the samples using a structure of 0.30-pum-thick TiN
passivation with (a) 1.80- and (b) 0.30-um-thick aluminum film after heating.

The formation process of the large hillocks is explained as follows. After migrating atoms
accumulate and fill a hole, they are subjected to hydrostatic stress, which forces atoms to discharge
from the hole. However, the wall of the hole in the passivation layer exerts a friction force, a
so-called discharge resistance, to the atoms in a direction opposite to the discharging direction. This
discharge resistance is considered to be proportional to the hydrostatic stress at the hole and is related
to the materials, hole diameter, and passivation thickness. Because the atoms in the hole are
subjected to the discharge resistance, they exert a reaction force to the discharge resistance back to
the passivation layer. Eventually, the reaction force exceeds a critical value corresponding to the
fracture strength of the passivation layer or the delamination strength of its interface with the
aluminum film. When this happens, the passivation layer breaks by developing cracks in the
passivation or by delamination at the interface. Once either one of the above fracture modes occurs,
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atoms in the hole move to a fracture site for stress relief, which contributes to the progress of the
other fracture mode. When both the fracture and delamination of the passivation take place, atoms
significantly discharge and form large hillocks. Therefore, the formation of large hillocks in the
sample that used 1.80-um-thick aluminum film indicated a larger reaction force to the discharge
resistance (i.e., a larger hydrostatic stress in the holes). In this experiment, because the material and
thickness of the passivation layers of the two samples were the same, formation of the large hillocks
was attributed to the large hydrostatic stress at the holes.

Figure 7. Results of EDX analyses of a large hillock: (a) its FE-SEM micrograph, (b) its
layered image and mapping images of (c) Al, (d) Ti, () N, and (f) O.

The reason for the higher stress in the sample using the 1.80-um-thick aluminum film is
believed to be the interaction between the aluminum film and silicon substrate, as shown by the
cross-sectional morphologies in Figures 8 and 9. Whereas precipitation of silicon in aluminum was
observed in the 1.80-um-thick film (Figure 8), local diffusion of aluminum into silicon was observed
in the 3.60-pum-thick film (Figure 9). The difference between these two samples is thought to have
resulted from an increase in the solubility of silicon in aluminum with an increase in the film stress
of aluminum [19]. In the 1.80-um-thick film, where the residual film stress is lower, silicon atoms
dissolved and then precipitated in the aluminum film, causing local compressive stress. This study
infers that such local compressive stress resulted in large hydrostatic stress at the hole, which caused
a large reaction force to the discharge resistance and broke the passivation layer. On the other hand,
in the 3.60-um-thick aluminum film, where the residual film stress was higher, the solubility is also
higher, so more silicon atoms dissolved in this film than in the thinner film; more importantly, no
silicon atoms precipitated in the aluminum film. Therefore, no local compressive stress was
generated in the 3.60-pum-thick film, and hydrostatic stress at the hole was lower. In addition, many
silicon atoms dissolved in the aluminum, leaving a large empty volume in the silicon substrate for
the aluminum atoms to diffuse in. The above explanation matches a previous study, which reported
that the precipitation of silicon in aluminum happens under low compressive stress, whereas the

AIMS Materials Science \Volume 5, Issue 4, 591-602.



599

dissolution of silicon in aluminum happens under high compressive stress [20].

As for the sample that used 0.30-um-thick aluminum film, the migration was considered too
small to form microwires because the grain boundaries in thin film are less than those in thick film.
Grain boundaries are the diffusion pathways of atoms, so fewer grain boundaries indicate less
migration. Hence, it is difficult to use thin aluminum film in the fabrication of microwires.
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Figure 8. A 30<tilted cross-sectional view of the sample using 1.80-um-thick aluminum
film: (a) FE-SEM micrograph, (b) its EDX mapping analysis, and (c) the EDX line
analysis from A to A’ presented in (a).
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Figure 9. A 30<tilted cross-sectional view of the sample using 3.60-pm-thick aluminum
film: (a) a FE-SEM micrograph, and (b) its EDX mapping analysis.

3.3. Effect of TiN passivation thickness

Here, if the passivation layer in the sample that used 1.80-pum-thick aluminum film was not
broken, microwires might have been fabricated instead of the large hillocks. To improve the result in
the sample that used 1.80-um-thick aluminum film, the passivation thickness was increased from
0.30 to 0.45 and 0.60 pum to suppress the breaking of the passivation layer because a thicker
passivation layer has higher fracture and delamination strengths. The results are shown in Figure 10.
The percentages of broken passivation layers (i.e., the percentages of large hillocks) under different
passivation thicknesses are shown in Figure 11. Obviously, by increasing the passivation thickness,
breaking of the passivation layer was eliminated, and microwires were fabricated. It should be noted
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that although some breaking of the passivation layer happened in the sample that used a
0.60-um-thick passivation layer, its percentage was still much lower than that in the sample that used
a 0.30-um-thick passivation layer. As a result, an increase of the passivation thickness is still
considered an effective way to eliminate the large hillocks and encourage the growth of microwires.

Figure 10. FE-SEM micrographs of the samples using a structure of (a) 0.45- and (c)
0.60-um-thick passivation with 1.80-um-thick aluminum film after heating.
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Figure 11. The percentages of each shape of the fabricated materials under different
passivation thicknesses. Each percentage is calculated as the number of each shape
divided by the total number of the holes. If the aspect ratio of the fabricated material is
less than 5, the material is categorized as a small hillock; if the ratio is larger, it is a
microwire; and if breaking of the passivation occurs, the material is categorized as a
large hillock.

4. Conclusions
In this study, 1-pum-diameter aluminum microwires were successfully fabricated at
predetermined positions using SM although they were curled. The sample structure was

0.30-um-thick TiN passivation, 3.60-um-thick aluminum film, and silicon substrate with
1-um-diameter holes. It was demonstrated that microwires could not be fabricated using a thin
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aluminum film. In addition, although the passivation layer was broken when the aluminum film
thickness was decreased to 1.80 um, such breakage was suppressed by increasing the passivation
thickness (i.e., using the structure of 0.45- and 0.60-um-thick TiN passivation, 1.8-pum-thick
aluminum film, and silicon substrate). This study overcame the difficulties in the control of
fabricating micromaterials with realizing migration of a large number of atoms.
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