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Abstract The bonding of glass wafers to aluminum foils
in multi-layer assemblies was investigated by the field-
assisted diffusion bonding process. Bonding was effected
at temperatures in the range 350450 °C and with an
applied voltage in the range 400—700 V under a pressure of
0.05 MPa. The experimental parameters of voltage and
temperature were the main factors in influencing the ionic
current leading to the formation of the depleted layer. The
peak current in three-layer samples (glass/aluminum/glass)
during bonding is twice that for the case of the two-layer
samples (aluminum/glass). SEM and EDS analyses showed
the presence of transition layers near the glass/aluminum
interface, and XRD data demonstrated the phase structure
of the glass/aluminum interface. The tensile strength of the
bonded material increased markedly with increasing tem-
perature and applied voltage. Fracture occurred in the glass
phase near the interface with the aluminum. Finite element
analysis showed the residual deformation in three-layer
samples to be significantly lower than in two-layer sam-
ples. The symmetry in three-layer samples resulted in the
absence of strain, an important advantage in MEMS
fabrication.
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Introduction

Field-assisted diffusion bonding or anodic bonding is a key
technique in the joining of alkali-rich glass (or ceramics) to
semiconductors or metals. The technique, first described by
Wallis and Pomerantz in 1969 [1], has become an impor-
tant process in the formation and assembly of micro-
electromechanical systems (MEMS), pressure sensors,
accelerometers, and microfluidic devices [2—4].

Field-assisted diffusion bonding has been extensively
investigated to join glass to silicon [5]. Investigations have
also been carried out for bonding of glass to other materials,
including SiO, [6], SizNy [7], and various metals [8—10].
Bonding is effected by imposing a DC field across the glass-
silicon layers at typical temperatures in the range 350-
400 °C, with the glass being biased as the cathode. The field
causes the dissociation of the alkali oxides in the glass and
results in the migration of the metal ions (typically Na*)
away from the interface creating a depletion layer. The
subsequent diffusion of oxygen ions to the silicon and the
ensuing reaction to form Si—O bonds contribute to the
bonding process [11, 12]. The microstructure and the com-
position related to the formation of the bond have been
investigated [13-15].

Requirements in more complicated circuitry and micro-
electrical devices have led to a focus on multi-layers of glass-
metal entities for such applications as silicon ink-jet printers,
biomedical devices, and micro-chemical analyzing system
[16-18]. In the previous investigations on field-assisted
diffusion bonding of glass-metal systems [19-22], layers of
silicon, aluminum, or silicon nitride were prepared by sput-
tering or physical vapor deposition techniques. In the present
article, the bonding mechanism and the factors influencing
bonding of glass to aluminum are investigated in multi-layer
systems, utilizing aluminum foils and glass wafers.
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Experimental materials and methods

Glass wafers, Pyrex 7740 (obtained from Corning Corpo-
ration), were used in the present work. Their chemical
composition is given as (wt%) 80.9 SiO,, 12.7 B,0O3, 2.3
Al,O3, and 4.0 Na,O. The roughness of the glass wafers
(Ra) is less than 0.1 pm and their thermal expansion
coefficient is 2.8 x 107°°C~'. The aluminum foils
(99.997% pure, obtained from Alfa Aesar, Ward Hill, MA)
are 0.02 mm thick and have a thermal expansion coeffi-
cient of about 25.6 x 107°°C~'. The glass wafers and
aluminum foils were cut into pieces with dimensions of
10 x 10 x 0.4 mm and 10 x 10 x 0.02 mm,
respectively.

Before each experiment, the foils and wafers were cleaned
ultrasonically in methanol and acetone, and then dried with
hot air. A schematic of the apparatus used in this investiga-
tion is shown in Fig. 1. The three-layer sample of glass/
aluminum/glass is positioned on the bonding platform inside
the bonding oven in such a way that the aluminum film was
electrically connected to the anode and the two glass wafers
connected to the cathode. A low pressure of 0.05 MPa was
exerted between the anode and the cathode. When the tem-
perature in the oven reaches a targeted value, a voltage is
applied and the resulting current was recorded by a digital
load cell (Mettler Corporation). The bonding process was
conducted under voltages in the range 400-700 V and at
temperatures in the range 350450 °C. The time of appli-
cation was 15 minin all cases. At the end of each experiment,
the sample was cooled to room temperature at a rate of
1 °C s™'. The samples were then cleaned with HCI solution
to remove the alkali salt on the surface of the glass.

The bonded samples were glued to aluminum rods by
epoxy resin adhesive. The bonding strength was evaluated

0

Fig. 1 A schematic of the field-assisted diffusion bonding apparatus
of three-layer glass/aluminum/glass sample. 1, D.C power supply; 2,
resistance; 3, current recorder; 4, aluminum; 5, pressure controller;
and 6, glass
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Fig. 2 The bonding current of three-layer (glass/aluminum/glass) and
two-layer (aluminum/glass) samples as a function of time at 450 °C
with 600 V
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Fig. 3 Mechanisms of the field-assisted diffusion bonding of glass/
aluminum/glass

—s—700V
—e—B600V
500V

Current (mA)

\\'

IR B £ T T FE e

] 10 20 30 40 50 60
Time (s)

Fig. 4 The current-time profiles during the field-assisted bonding of
glass/aluminum/glass samples at various voltages at 450 °C

using an Instron machine (Instron 5544, USA). Other
samples were mounted, sectioned perpendicular to the
metal interfaces, and prepared metallographically. The
microstructure of samples was evaluated using scanning
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Fig. 5 (a) Back-scattered electron image of three-layer bonded sample annealed with 600 V at 450 °C for 15 min; (b) EDS elemental
concentration profiles of the sample in (a); (¢) XRD patterns of glass/aluminum interface

electron microscopy (SEM). Distribution of the elements
was determined by energy dispersive spectrometry (EDS).
The phase structure of glass/aluminum interface was
characterized by X-ray diffraction (XRD).

Results and discussion

Current—time characteristics

The external current was measured during field-assisted
diffusion bonding and the results are shown in Fig. 2 for

@ Springer

aluminum/glass and glass/aluminum/glass samples. The
changes in the current with time represent two competing
effects. Initially, the current increases rapidly as the area of
intimate contact between the two materials being bonded
increases. Simultaneously, the formation of the depletion
layer due to the migration of the alkali cation causes a rapid
decrease in the polarization current [23]. It can be seen in
Fig. 2 that the peak current during the bonding of the three-
layer sample (glass/aluminum/glass) was twice that of the
two-layer sample (aluminum/glass) under the same condi-
tions. Due to the effects of the electrostatic force and high
temperature, sodium ions in the glass move toward the
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cathode symmetrically at the two interfaces of the glass/
aluminum as shown in Fig. 3. In the bonding process the
Na* depletion layers on both sides of the aluminum foils
were widened at the same time, and the strong electrostatic
force was formed. This implies that the field-assisted dif-
fusion bonding of the three-layer samples can be
considered as two parts of glass/aluminum field-assisted
diffusion bonding in parallel.

Figure 4 shows the effect of the applied voltage on the
peak current at a constant temperature, 450 °C. As the
voltage is increased from 500 to 700 V, the peak current
increased markedly, from 4.6 to 10 mA. For bonding
without the application of pressure and with a low pressure
(~0.05 MPa), the contact between layers is affected by the
electrostatic pressure resulting from the migration of the
cations [23]. Since the latter process is dependent on the
magnitude of the applied field, higher contact is expected
with higher applied voltage, as seen in Fig. 4.

Microstructure of the bond area

The micrograph shown in Fig. 5a is a back-scattered
electron (BSE) SEM image of a three-layer (glass/alumi-
num/glass) sample bonded with 600 V at 450 °C for
15 min. The image shows the establishment of good con-
tact between the glass and aluminum and the absence of
porosity at the chosen magnification. There are no cracks,
pores, or gaps at the two interfaces between the glass and
aluminum. Figure 5b shows the concentration profiles of
oxygen, sodium, aluminum, and silicon obtained from the
EDS analyses. There are five distinct regions observable in
these profiles: glass, transition area I, aluminum, transition
area II, and glass. The concentrations of silicon, oxygen,
aluminum, and sodium are symmetrically graded in both
transition areas. The XRD patterns of the glass/aluminum
interface demonstrated the transition layer mainly contains
Al,SiOs5 and SiO,, as well as a small amount of Al,O3, as
can be seen in Fig. 5c.

It is generally accepted that the formation of an oxide
layer is the step that leads to the establishment of a good
bond. In a recent investigation by Xing et al. [8] on bonding
between glass and aluminum it was concluded that the dif-
fusion of aluminum into the depletion layer within the glass
is responsible for bond formation. In contrast, van Helvoort
et al. [14] reported the formation of crystalline y-Al,O3
when bonding was done at 450 °C. No crystalline oxide was
detected when bonding was done at 350 °C. Referring to
Fig. 5b, c, the present results show that aluminum has dif-
fused into the depleted layer. While this analysis does show
the diffusion of Al, it does not rule out the formation of an
oxide. In the work of van Helvoort et al. [14] it was shown
that both oxide formation and aluminum migration occur
during the process of the bonding.

Mechanical property characterization

Figure 6 and Table 1 show that the joining ratio increased
from 69 to 88% and the tensile strength increased from 8.8
to 17.6 MPa as the bonding temperature increased from
350 to 450 °C. The joining ratio increased from 78 to 86%
and the tensile strength was more than doubled (11.3—
23.5 MPa) as the voltage increased from 400 to 700 V. The
linear relationship between the tensile force and the tensile
displacement, shown in Fig. 7, indicates that the cracking
process is of a brittle rupture. The fracture occurring within
the glass is due to the stress concentration in the brittle
glass. The crack was initiated at the edge of the glass and
propagated in the glass matrix.

Analysis of interfacial residual stress

Analysis of the residual stress in the bonded samples was
made by nonlinear finite element simulation with the
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Fig. 6 The effect of temperature and voltage on joining ratio of the
glass/aluminum/glass field-assisted diffusion bonded samples. (a)
Joining ratio versus bonding temperature and (b) joining ratio versus
applied voltage
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Table 1 Tensile strength versus bonding temperature and applied
voltage

Temperature (°C) Voltage (V)

350 400 450 400 600 700

Tensile strength 8.835 10.969 17.621 11.263 16.353 23.449

(MPa)
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Fig. 7 The relationship between the tensile forces and the displace-
ments of glass/aluminum/glass bonded samples reacted with 500 V at
400 °C for 15 min

software MARC, and with aluminum as a plastic material.
The results of two-layer (aluminum/glass) bonded samples
were compared with those of three-layer (glass/aluminum/
glass) samples. The dimensions of the samples used in this
model are: aluminum foil, 2.0 x 2.0 x 0.02 mm; glass
wafer, 2.0 x 2.0 x 0.4 mm. Because of the symmetry of
the sample structure, the origin of coordinates was at the
bottom center of the bonded sample. To simply compute, a
quarter of each sample was analyzed. The transition layer
was considered to be a film of Al,SiOs. The residual stress
was calculated to represent samples cooled from 400 °C to
room temperature.

The simulation results of two-layer bonded sample are
shown in Fig. 8. Figure 8a shows the entire deformation
of two-layer bonded sample. The bonded samples curved
toward the aluminum layer, with 0.175% as the maxi-
mum deformation. Figure 8b shows the equivalent strain
along the thickness of the sample (BB’). The maximum
strain, 2.38 x 1072, occurred at the aluminum layer close
to transition layer. With this condition, also, the figure
shows that the minimum strain occurred at the glass, with
a value of 1.87 x 107>, Figure 8c shows the distribution

@ Springer
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Fig. 8 Finite element simulation of two-layer aluminum/glass
bonded sample. (a) The entire deformation in two-layer aluminum/
glass; (b) the equivalent strain of two-layer aluminum/glass; and (c)
the equivalent stress of two-layer aluminum/glass

of the equivalent stress. The maximum stress occurs at
the interface between aluminum and the transition layer,
the value of which was 256 MPa.
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Fig. 9 Finite element simulation of three-layer glass/aluminum/glass
bonded sample. (a) The entire deformation in three-layer glass/
aluminum/glass; (b) the equivalent strain of three-layer glass/alumi-
num/glass; and (c) the equivalent stress of three-layer glass/
aluminum/glass

Corresponding to Fig. 8a, Fig. 9a depicts the deforma-
tion of the entire three-layer bonded sample, with
0.00418% as the maximum deformation. Figure 9b shows
the equivalent strain along the thickness of the sample
(BB’). The maximum strain, 2.06 x 10_2, occurred at the
aluminum layer. It can be seen that the deformation and
equivalent strain in this sample is much smaller than that of
the two-layer sample. Figure 9c shows that the equivalent
stress along the edge of the sample, the equivalent stress of
transition layer is much larger than that in other areas of the
sample. Its maximum value is 456 Mpa.

The simulation indicated that due to the symmetry in the
three-layer sample, the strain values at both sides of the
aluminum layer offset each other, leading to the elimina-
tion of strain, a circumstance that is important in the
sealing process of MEMS.

Summary and conclusions

Three-layer samples of glass wafers and aluminum foils
were successfully bonded by the field-assisted diffusion
bonding process. Bonding was achieved at temperatures
in the range 350-450 °C and with an applied voltage in
the range 400-700 V. A low pressure of 0.05 MPa was
applied during the process of bonding. The peak current
during bonding of the three-layer (glass/aluminum/glass)
samples is two times larger than that of the two-layer
(aluminum/glass) samples at the same experimental con-
ditions, indicating that the bonding of the former can be
considered as two parts of the latter in parallel. The
bonding process was mainly influenced by voltage and
temperature. Mechanical characterization showed that
failure represents a brittle rupture, which takes place in
the glass matrix instead of the interface region. Modeling
studies showed that the entire deformation and the
equivalent strain in the three-layer samples are signifi-
cantly smaller than those in the two-layer samples. The
symmetry in the three-layer samples contributed to the
absence of strain, an important advantage in MEMS
fabrication.
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