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Abstract 

Anodic bonding of Pyrex glass/Al/Si is an important bonding technique in 
micro/nanoelectromechanical systems (MEMS/NEMS) industry. The anodic bonding of Pyrex 7740 
glass/Aluminum film/Silicon is completed at the temperature from 300 °C to 375 °C with a bonding 
voltage between 150 V and 450 V. The fractal patterns are formed in the intermediate Al thin film. This 
pattern has the fractal dimension of the typical two-dimensional diffusion-limited aggregation (2D DLA) 
process, and the fractal dimension is around 1.7. The fractal patterns consist of Al and Si crystalline grains, 
and their occurrences are due to the limited diffusion, aggregation, and crystallization of Si and Al atoms in 
the intermediate Al layers. The formation of the fractal pattern is helpful to enhance the bonding strength 
between the Pyrex 7740 glass and the aluminum thin film coated on the crystal silicon substrates. 
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1. Introduction 
 

Anodic bonding has been an effective and 
important process to bond some of metals, alloys 
or semiconductors to conductive glasses in the 
field of micro/nanoelectromechanical systems 
(MEMS /NEMS). Anodic bonding was first 
presented by Wallis and Pomerantz in 1969 [1] 
and is also known as electrostatic bonding, 
field-assisted bonding or Mallory bonding [2]. 

Compared to other techniques, anodic 
bonding is a highly promising method for 
joining certain metals or semiconductors to 
alkali-ion-conductive  glasses at a relative low 
temperature [3]. Its main advantage is that, with 
the help of an electric field, a strong bond could 
be acquired at a relative low temperature of 
bonding [4]. The bonding temperature is usually 
less than the softening or melting points of the 
materials of the bonding pairs. Bonding at low 
temperature and voltage will be helpful to 

prevent the metal leads and integrated circuits in 
MEMS devices from degradation. On the other 
hand, the reduced bonding temperature also 
minimizes the thermal stress due to the large 
variation of temperature in the bonding process. 
There exist many perspective applications of this 
straightforward and reliable bonding technique, 
especially in connecting, packaging and 
hermetic sealing of more complex micro/nano 
structures and integrated micro circuits in 
MEMS/NEMS devices. 

Anodic bonding is a complex physico- 
chemical process. In the process, bonding pairs 
are firstly brought into close contact. When the 
temperature goes up to bonding temperature, a 
direct current (DC) voltage can be applied for a 
certain time. Figure 1 is a schematic of anodic 
bonding between Pyrex 7740 glass and 
aluminum film coated on crystalline silicon. In 
order to bond the pairs successfully, the 
conductive glass must be connected with the 
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cathode side, and the metal, alloy or 
semiconductor on the anode side. Otherwise, the 
bonding process fails. During the bonding process, 
there exist the movements of mobile cations in 
Pyrex glass because of the electrostatic force 
from the applied voltage. A permanent bond is 
formed by anodic oxidation of the anode 
material at the interface [5-8]. 
 

 
Figure 1. Schematic of anodic bonding. 

 
Understanding the  thermal-chemical- 

electrical-physical-mechanical coupled complex 
evolution process of the interface during 
bonding is essential to obtain strong and sealed 
bonds [9]. Up to now, there are many studies [6, 
9-18] on anodic bonding, and of them focus on 
the formation of intimate contact during the 
initial stage of bonding or the formation of a 
cation depletion layer by bonding various 
glasses to metals, alloys, or semi-conductor 
materials [19, 20]. 

To the authors’ knowledge, no study has 
been reported to focus on the fractal patterns in 
the aluminum film of anodic bonding between 
Pyrex glass and crystalline silicon coated with 
aluminum thin film as an intermediate layer at a 
low bonding temperature and voltage. Van 
Helvoort et al. [9] reported some dendritic 
nanostructures in the glass near the bonding 
interface when the glass is bonded to a thick 
aluminum sheet, but the authors did not find any 
fractal pattern in their 0.5-mm-thick aluminum 
anode.  

The anodic bonding, with metal or alloy 
thin films as an intermediate layer, finds many 
applications in the fabrication of MEMS/NEMS 
devices. Studies on interfacial microstructures 
will provide a better understanding on the 
bonding mechanism and joint properties.  

To examine the bonding quality of anchor 

structures in some MEMS sensors, we have 
studied the anodic bonding between Pyrex 7740 
glass wafer and crystalline silicon coated with 
aluminum thin film as an interlayer. This kind of 
anchor structures plays an important role in 
MEMS sensors (e.g. MEMS inertial micro- 
accelerometers, bio-MEMS [21] and MEMS 
micro switches [22] ). The anchor acts as 
mechanical or electrical connecter between the 
movable structures and the static substrate. In 
our experiments of anodic bonding, we observed 
some fractal patterns occurred in the aluminum 
film. 

In this work, with the help of scanning 
transmission electron microscopy (STEM) and 
Electron Back Scatter Diffraction (EBSD), we 
examine the fractal patterns in the intermediate 
aluminum film between Pyrex glass and 
crystalline silicon. The objective of this study is 
to provide a better understanding for anodic 
bonding mechanism at the bonding condition of 
relative low temperature and voltage. 

 
2. Experimental  
 

Squares of 12 mm ×12 mm were cut from a 
500-μm-thick Pyrex 7740 glass wafer of 100 
mm in diameter. The chemical composition of 
the material includes 80.8 Mol% SiO2, 12.0 
Mol% B2O3, 4.2 Mol% Na2O, 2.0 Mol% 
Al2O3, 0.6 Mol% K2O, 0.2 Mol% MgO, and 
0.2 Mol% CaO [23]. Si wafers of 100 mm in 
diameter (double-side polished; p-type; wafer 
surface plane, (100)), were patterned with 4 mm 
× 4 mm squares and with 6 mm center-to-center 
spacing, and these squares were of 10 µm in 
height with a deep reactive ion etch (DRIE) 
process. The patterned Si wafers were coated by 
an ARC-12M sputtering system with pure 
aluminum (99.999 %) at the film thickness of 
500, 950, 1500, and 2300 Å, respectively. Then 
these Si wafers were also diced into squares of 
12 mm ×12 mm. All square samples were 
cleaned by standard MEMS/ CMOS process in a 
100-class clean room and dried by compressed 
nitrogen gas. A pair of glass and well coated 
crystalline silicon chip was set between two 
stainless steel plates. These bonding sets were 
placed between two hotplates, which acted as 
plate electrodes. The glass was connected with 
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the cathode side. The schematic of this bonding 
configuration was shown in Fig. 1. The bonding 
was performed on an open (non-vacuum) bonder, 
and the temperature of bonding was varied 
between 300 °C and 375 °C with a bonding 
voltage between 150 V and 450 V. The bonding 
voltage was applied when the bonding 
temperature reached the set point. The bonding 
voltage lasts for 30 minutes. When the bonding 
was completed, each bonded sample was cooled 
to room temperature of 20 °C for 2 hours. 

Firstly, all specimens were examined under 
optical microscope, and then some of the glasses 
were removed to expose the aluminum film for 
the microanalysis with energy dispersive X-ray 
(EDX) and EBSD. The specimens were 
examined in a Sirion 400NC (FEI Field 
Emission Gun SEM) with the EBSD system 
(INCA Energy and Crystal System of Oxford). 
 

  
(a)                  (b) 

  
(c)                   (d) 

Figure 2. Fractal pattern distribution in Al film of 
different thickness: (a) 500 Å; (b) 950 Å; (c) 1500 
Å, and (d) 2300 Å. 
 
 

  
(a)                  (b) 

  
(c)                   (d) 

Figure 3. Fractal patterns distribution in 500 Å 
thick Al film at different bonding temperatures: (a) 
300 °C, (b) 325 °C, (c) 350 °C, and (d) 375 °C. 
 

 
(a)                  (b) 

Figure 4. The typical fractal pattern 1 from 500 Å 
thick Al film. 
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Figure 5. The typical fractal dimension is 1.702 for 
the pattern in Fig. 4. 
 

 
(a)                  (b) 

Figure 6. The typical fractal pattern 2 from 500 Å 
thick Al film. 
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Figure 7. The typical fractal dimension is 1.695 for 
the pattern in Fig. 6. 
 

 
 
Figure 8. The typical fractal pattern 1 from 1500 Å 
thick Al film. 
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Figure 9. The typical fractal dimension is 1.681 for 
the pattern in Fig. 8. 
 

 
 
Figure 10. The typical fractal pattern 2 from 1500 
Å thick Al film. 
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Figure 11. The typical fractal dimension is 1.696 
for the pattern in Fig. 10. 
 

 
 
Figure 12. The typical fractal pattern 3 from 1500 
Å thick Al film. 
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Figure 13. The typical fractal dimension is 1.700 
for the pattern in Fig. 12. 
 

 
 
Figure 14. The typical fractal pattern 4 from 1500 
Å thick Al film. 
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Figure 15. The typical fractal dimension is 1.727 
for the pattern in Fig. 14. 
 

The EBSD results of the fractal patterns are 
shown in Figs. 16 and 17.  
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(a)                  (b) 
Figure 16. The distribution of crystalline grains in 
the fractal pattern: (a) crystalline Al, and (b) 
crystalline Si. 
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Figure 17. The orientation of the crystalline 
grains in the fractal patterns. 
 
3. Results and discussion 
 
3.1. Results 

With the optical microscope, many fractal 

patterns were found in the intermediate 
aluminum film and the size of the patterns 
increases with the thickness of Al film, as shown 
in Fig. 2. 

Figure 3 shows that the fractal pattern size 
increases with the bonding temperature. 

The fractal patterns in the aluminum film 
have the characteristics of two-dimensional 
Diffusion-Limited Aggregation (DLA) model 
[24, 25]. The typical fractal patterns in Fig. 4 to 
Fig. 15 are analyzed and their fractal dimensions 
are calculated by sand-box method [26]. 
 
3.2. Discussion 

The simplest method for determining the 
fractal dimension of an object is termed as 
sand-box method [27]. In Figs. 5, 7, 9, 11, 13, 
and 15, L is the side length of a square placed 
over a digital representation of the fractal pattern, 
and M is the mass of the fractal pattern 
contained within the square. A number of 
squares of increasing L are placed concentrically 
over the initial square and the larger the square, 
the more mass of fractal pattern it contains. 
When the mass M was plotted as a function of 
the length L, a power law relation can be 
obtained as  

 
BDM CL= ,             (1) 

 
where DB is the fractal dimension and C is a 
constant. 

B

The experimental results demonstrate that 
the fractal patterns in the intermediate aluminum 
film have the typical dimension of two- 
dimensional (2D) DLA process, and their fractal 
dimension is around 1.7, as listed in table 1. 

Some fractal patterns were analyzed with 
the EDX and EBSD systems of INCA. The 
microanalyses show that the fractal patterns are 
full of the crystalline grains of Aluminum and 
Silicon. In Fig. 16, figure (a) is the distribution 
of the Aluminum crystalline grains, and (b) is of 
the Silicon’s in the same fractal pattern.  

Figure 17 presents the orientation of the 
crystalline grains in the fractal patterns. The 
Kikuchi lines for Al and Si are shown in Fig. 17 
(a) and (d) respectively, and Figs.17 (b) and (e) 
are the pole figures. The Figs.17 (c) and (f) are 
the schematics of the orientations of Al and Si 
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grains, and show both of Al and Si crystalline 
grains have the same orientation {0,0,1} as the 
crystal silicon substrate. 

The formation of fractal patterns in the 
intermediate Al film in the process of anodic 
bonding is due to the limited diffusion and 
aggregation of Si atoms in the Al film. These 
diffused Si atoms mainly originate from the 
following chemical reaction,  

 
4Al + 3SiO2 = 2Al2O3 + 3Si. 

 
When the temperature is above 300°C, there 
exists a chemical reaction between the Al and 
SiO2 [28]. The silicon dioxides were occurred 

before the aluminum sputtering process of the 
silicon wafer due to the slightly oxidizing of 
silicon wafer on its exposed surface. 

For the Al film of thin enough, the fractal 
patterns run through the span of the whole 
thickness of the film, and bond with the 
substrate and glass. The strength of chemical 
bond is 799.6±13.4 kcal/mol for Si-O, 511±3 
kcal/mol for Al-O, and 325±7 kcal/mol for 
Si-Si [29]. Therefore, the formation of the fractal 
pattern improves the bonding strength between 
the Pyrex glass and the aluminum thin film 
coated on the silicon substrate. 

 
Table 1. The typical fractal dimensions of the fractal patterns in the Al films. 

 
Thickness of Al: 500 Å Thickness of Al: 1500 Å 

   
DB = 1.702 B DB = 1.695 B DB = 1.681 B DB = 1.696 B DB = 1.700 B DB = 1.727 B

 
 

4. Conclusion 
 

The formation of the fractal patterns in the 
process of anodic bonding is due to the limited 
diffusion, aggregation, and crystallization of Si 
and Al atoms in the intermediate Al film. These 
fractal patterns have the fractal dimension of 2D 
DLA process, and their fractal dimension is 
around 1.7. 

The fractal patterns in the intermediate Al 
film consist of Al and Si crystalline grains, 
which have the same orientation as the crystal 
silicon substrates. 

The formation of the fractal patterns 
improves the bonding strength between the 
Pyrex 7740 glass and the intermediate Al layer 
coated on the crystal silicon substrate. 
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