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Abstract Anodic bonding of glass to aluminium may
provide a higher degree of freedom in device design. In
this paper, a systematic variation of the bonding
parameters for the aluminium–glass bond is presented.
Hermetic seals with strengths of 18.0 MPa can be
achieved using a 50–100-nm-thick bonding aluminium
layer, and bonding at 300–400"C applying a voltage of
1,000–1,500 V for 20 min. With these parameters, bond
yields above 95.1% were obtained on 17 wafers. The
bonds survived extensive thermal ageing without sig-
nificant degradation. The possibility of bonding glass to
an aluminium layer with buried, electrically isolated
conductors underneath is also demonstrated.

1 Introduction

Anodic bonding is a method for sealing an alkali-rich
glass to virtually any metal. The process was first de-
scribed by Wallis and Pomerantz (1969) and is today a
cost-effective method for wafer-level packaging. Anodic
bonding gives excellent hermetic seals, and is widely
used in the formation of micro-mechanical structures
like pressure sensors (Hanneborg and Øhlckers 1990),
accelerometers (Lapadatu et al. 2001), and microfluidic

devices (Acero et al. 1997). Bonding of glass to silicon
has been extensively investigated (Rogers and Kowal
1995). However, the possibility of bonding glass to
materials other than silicon may provide a higher degree
of freedom in the device design, and can even be essen-
tial for the realization of some devices. Therefore, ano-
dic bonding to polysilicon (von Arx et al. 1995), thermal
SiO2 (Plaza et al. 1998), and Si3N4 (Weichel et al. 2000)
have been subject to substantial interest.

Bonding of glass to aluminium has often been used in
studies of the electrode phenomena during anodic
bonding (Nitzsche et al. 1998; Arata et al. 1984). Alu-
minium has also been used as bonding layer for micro-
mechanical devices (Nese and Hanneborg 1993;
Veenstra et al. 2001). In this paper, a systematic varia-
tion of aluminium layer thickness and bonding param-
eters is presented for the first time. The hermeticity and
strength of the bonds are presented. For many devices,
an electrical connection between a hermetically sealed
cavity and the outside world is necessary. Therefore, the
possibility of forming buried aluminium feed-throughs
underneath a flat bonding aluminium layer was also
investigated.

2 Experimental

2.1 Anodic bonding to aluminium

2.1.1 Initial tests

For initial investigation of the bonding process, 14 pcs.
4¢ silicon wafers with resistivity 2–20 Wcm were num-
bered A1–A14. The wafers were thermally oxidised to a
nominal oxide thickness of 650 nm. On top of the
thermal oxide, an aluminium layer of thickness 50, 100,
200, or 1,200 nm was sputter deposited. Before the
deposition, the thermal oxide was removed in a 5 mm
wide area along the wafer edge. The aluminium was
deposited on the whole wafer surface, providing elec-
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trical contact between the aluminium and the bulk sili-
con. The wafers A1–A14 were bonded to Pyrex #7740
(Corning) glass wafers. An overview of the test wafers
and the respective bonding parameters is shown in
Table 1, 2.

2.1.2 Bond strength

The strength of the bonds was investigated using desig-
nated pull test structures. Three silicon wafers, num-
bered B1–B3, were etched in KOH to form 20 lm high
frame structures. The frames were 200 lm wide, with an
outer edge of 2.7 mm and an inner edge of 2.3 mm. The
bonded area of each structure was hence 2 mm2. After
etching, the wafers were thermally oxidised to a nominal
oxide thickness of 650 nm, and a 50-nm-thick alumin-
ium layer was sputter deposited on top of the oxide.
Before the deposition, the thermal oxide was removed in
a 5 mm wide area along the wafer edge. The aluminium
was deposited on the whole wafer surface, providing
electrical contact between the aluminium and the bulk
silicon. The wafers B1–B3 were bonded to unstructured
Pyrex #7740 (Corning) glass wafers. The bonding
parameters are listed in Table 1.

2.1.3 Hermeticity

The hermeticity of the bonds was tested using 17 pcs. 4¢
pre-fabricated piezoresistive pressure sensor wafers from

SensoNor(Knudsrødveien 7, P.O. Box 196, N-3192
Horten, Norway), numbered C1–C17. A schematic
cross-section of the sensor is shown in Fig. 1. A bonding
aluminium layer was sputter deposited on top of a 100-
nm-thick thermal oxide. The bonding aluminium was
patterned to form frames 228 lm wide at the side of the
wire bond pads and 278 lm wide on the other three
sides. Contact holes had previously been etched in the
oxide to allow electrical contact between the bulk silicon
and the bonding aluminium. The pressure sensor wafers
were bonded to Pyrex #7740 (Corning) glass wafers with
vacuum reference cavities. The bonding parameters are
listed in Table 1.

2.1.4 Bonding

The anodic bonding was performed using an SB6
substrate bonder (SUSS MicroTec). A 3¢ silicon wafer
was used as plate electrode to ensure a homogeneous
potential at the glass surface. To minimise oxidation of
the bonding aluminium prior to bonding, the bond
chamber was only heated after it had been evacuated.
The bonding time was 10, 20, or 30 min. The bonding
temperature was 300, 350, or 400"C, and the bonding
voltage was varied between 1,000 and 2,000 V. A
switch in the SB6 limited the bond current to 3 mA to
protect the circuitry of the machine. An overview of the
test wafers used for investigating the bonding process
and their respective bonding parameters is listed in
Table 1.

Table 1 Overview of the wafers used for investigating the bonding process between glass and aluminium

Type Wafer ID Al thickness (nm) Bond parameters

Initial test A1–A5 50 400"C, 1,000 V, 30 min
Initial test A6 50 300"C, 1,000 V, 30 min
Initial test A7 50 300"C, 1,500 V, 30 min
Initial test A8–A9 100 400"C, 1,000 V, 30 min
Initial Test A10–A11 200 400"C, 1,000 V, 10 min
Initial Test A12 200 400"C, 2,000 V, 10 min
Initial Test A13–A14 1,200 400"C, 1,000 V, 10 min
Bond strength B1 50 400"C, 1,000 V, 30 min
Bond strength B2 50 400"C, 2,000 V, 30 min
Bond strength B3 50 300"C, 1,000 V, 30 min
Hermeticity C1 50 350"C, 1,000 V, 30 min
Hermeticity C2 50 350"C, 1,250 V, 30 min
Hermeticity C3 50 350"C, 1,500 V, 20 min
Hermeticity C4 50 400"C, 1,000 V, 20 min
Hermeticity C5 50 400"C, 1,250 V, 20 min
Hermeticity C6 50 400"C, 1,500 V, 20 min
Hermeticity C7 100 350"C, 1,000 V, 20 min
Hermeticity C8 100 350"C, 1,250 V, 20 min
Hermeticity C9 100 400"C, 1,000 V, 20 min
Hermeticity C10 100 400"C, 1,250 V, 20 min
Hermeticity C11 100 400"C, 1,500 V, 20 min
Hermeticity C12 200 350"C, 1,000 V, 20 min
Hermeticity C13 200 350"C, 1,250 V, 20 min
Hermeticity C14 200 350"C, 1,500 V, 20 min
Hermeticity C15 200 400"C, 1,000 V, 20 min
Hermeticity C16 200 400"C, 1,250 V, 20 min
Hermeticity C17 200 400"C, 1,500 V, 20 min
Buried conductors D1–D6 100 350"C, 1,000 V, until 15% of max current
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2.1.5 Measurement methods

The initial test wafers A1–A14 were rated as having a
‘‘good’’ or ‘‘bad’’ bond quality. The bond quality was
determined by blade tests (Maszara et al. 1988) and by
visual inspection in a microscope. The bond strength
wafers B1–B3 were diced into individual chips with one
frame structure each. The chips were glued to grinded
hexagonal head cap screws with a thin layer of Scotch
36003C glue (3 M) and pulled apart at 0.6 mm min-1

using the automated pull test set-up Minimat 2000
(Rheometric Scientific Inc). The glued chips are illus-
trated in Fig. 2, with arrows pointing at the bonded and
glued interfaces. The bond strength was calculated by
dividing the maximum pull force before fracture by the
bonded area.

The hermeticity of the pressure sensor wafers C1–C17
was found by measuring the Wheatstone bridge output
signal of each pressure sensor under atmospheric pres-
sure using an S400 Keithley parametric test system with
a TSK APM90A automatic wafer prober. Sensors with
leaking cavities were recognised as having a bridge
voltage signal below 16.5 mV. Sensors with bridge
voltages between 16.5 and 127.5 mV were characterized
as hermetically sealed. After the first hermeticity testing,
wafers C7 and C9 were subjected to thermal ageing. The
procedure consisted of a 240 h bake test at 150"C, 100
temperature cycles from !40 to 125"C, 240 h of expo-
sure to 85"C and 85% relative humidity, and a helium
leak test. The pressure sensors of the thermally aged
wafers were then re-measured.

2.2 Buried conductor structures

The feasibility of forming buried metal structures
underneath a flat bonding aluminium layer was investi-
gated in a separate experiment. A 500-nm-thick thermal
oxide was grown on six 4¢ silicon wafers with resistivity

2–20 W cm. The wafers were numbered D1–D6. A 0.5-
lm-thick aluminium layer was sputter deposited and
patterned to form conductor lines. A 1.5-lm-thick
plasma-enhanced chemical vapour deposition (PECVD)
silicon oxide layer was deposited on top of the patterned
aluminium (Dr. Philippe Langlet, Ecole Polytechnique
Fédérale de Lausanne (EPFL), CH-1015, Lausanne,
Switzerland) and planarised by chemical mechanical
polishing (CMP) (Dr. Gerfried Zwicker, Fraunhofer
Institute for Silicon Technology ISIT, Fraunhoferstraße
1, 25524 Itzehoe, Germany). A 100-nm-thick bonding
aluminium layer was sputter deposited on the planarised
oxide. Before the deposition, the thermal oxide was re-
moved in a 5 mm wide area along the wafer edge. The
aluminium was deposited on the whole wafer surface,
providing electrical contact between the aluminium and
the bulk silicon. The wafers were bonded to unstruc-
tured Pyrex #7740 (Corning) glass wafers at 350"C
applying a bias of 1,250 V. The bonding bias was ap-
plied until the bonding current had decayed to 15% of
its maximum value. The bonding parameters are listed in
Table 1. The cross-section of the bonded wafers is
illustrated in Fig. 3.

Before deposition of the bonding aluminium layer,
the roughness of the polished PECVD oxide surface was
measured by atomic force microscopy (AFM) in contact
mode and tapping mode. A Nanoscope (Digital Instru-
ments) was used. A sample was cut from each of the
wafers D2 and D5. One area far away from the buried
aluminium lines and one area on top of the lines were
imaged on each sample. After deposition of the bonding
aluminium, the planarity of the polished wafers was
investigated by WYKO white light interferometry (Ve-
eco). All six wafers were measured in at least three dif-
ferent locations: at the centre of the wafer, midway
between centre and the wafer edge, and close to the
wafer edge.

After bonding, all wafer pairs were inspected visu-
ally. One bonded wafer stack (D4) was diced to make
cross-section samples. The cross-section of the bonded
interface was studied with a Philips CM30 transmission
electron microscope (TEM).

Table 2 Average pull strengths, standard error and total charge for
the samples from wafers B1–B3

Wafer
ID

No. of
samples

Bond strength
(MPa)

Total charge
(C)

B1 13 14.2±7.3 0.77
B2 12 12.2±6.0 1.62
B3 10 18.0±6.4 0.57

Silicon

Glass
Vacuum reference cavity
Bonding aluminium
Electrical contact

Piezoresistors

Wire bond pad

 

Fig. 1 Schematic cross-section of the pressure sensor used for
hermeticity tests of the bonds

Fig. 2 Chips for bond strength measurement glued to screws for
pull testing
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3 Results

3.1 Initial tests and hermeticity

The wafers A13–A14, with 1.2-lm-thick bonding alu-
minium, delaminated easily during the blade test, and
were characterised as having a ‘‘bad’’ bond quality.
After delamination, the glass had a dotted appearance
with a pattern corresponding to typical sintering
hillocks. Wafers A1–A12, with a bonding aluminium of
200 nm or thinner, crushed into very small pieces as the
blade was forced between the bonded wafers. It was
evident that the bonds were strong. All wafers A1–D6
appeared to bond well. A plot of the parameters during
a typical bonding process is shown in Fig. 4. After
bonding, the bonding aluminium of thickness 200 nm or
less had a speckled appearance. The speckles showed as
black spots with diameter 2–20 lm. Figure 5 shows the
corner of a pressure sensor die with speckled aluminium.

Figure 6 shows the yield for the pressure sensor wa-
fers C1–C17, grouped by bond metal thickness, bonding
voltage, and bonding temperature. For the two latter
categories, the yield is plotted only for samples with 50-
and 100-nm-thick bonding aluminium, since the yield
for 200-nm-thick aluminium was so much lower. The
typical bridge signal of a good die after bonding was
54 mV. After the thermal ageing, 40 randomly selected
dies from wafers C7 and C9 were re-measured manually.
These thermally aged dies had an average bridge voltage
signal of 34 mV.

3.2 Bond strength

The bond strengths of the samples from wafers B1–B3
are listed in Table 2. The average and standard deviation
of the sample sets are listed. The fracture probabilities
were illustrated by Weibull plots (Weibull 1939), and are
plotted in Fig. 7. The total charge involved in the
bonding process was calculated by integrating the
bonding current over bonding time.

3.3 Buried conductor structures

The AFM measurements indicated that the polished
PECVD oxide surface was flat. The surface level was not
significantly higher on top of the buried aluminium lines.
The surface roughness was below 0.7 nm for areas
10·10 lm2. However, images taken in areas both with
and without a buried aluminium line showed trenches in
the oxide at the position of the buried aluminium line.
The trenches were up to 200 nm wide and ran along the
edges of the buried aluminium lines. The distance
between the trenches was measured to be 21±0.5 lm for
a nominally 20 lm wide aluminium line.

The WYKO images were taken after deposition of
the bonding aluminium, but before bonding. The buried

aluminium lines were clearly visible on all wafers D1–
D6. A sample image from the edge of wafer D6 is shown
in Fig. 8. An area of 600·450 lm2 was measured. The
rms-values for the surface roughness were between 3.7
and 4.5 nm for all six wafers. The maximum height
difference on the surface was 11–12 nm, but most lines
were only slightly higher than the rms-roughness of the
surface.

After bonding, wafers D1–D6 were inspected visu-
ally in a microscope. The pattern of the buried alu-
minium lines could be observed through the bonded
glass. The pattern was caused by differences in the
speckles of the bonding aluminium. This is illustrated
in Fig. 9. In the areas without buried aluminium
underneath, the bonding aluminium was speckled sim-
ilarly to the wafers A–C as seen in Fig. 5. The speckles
appeared as black spots with diameter 2–4 lm. In the
areas with buried aluminium lines, there were fewer
speckles.

The cross-section of the bonded interface of wafer D4
was studied by TEM. Figure 10 shows a cross-section of
the bonded interface. Sections both with and without a
buried aluminium line are shown. Two cracks, seen as
bright lines, are visible in the picture. One runs from the
corner of the buried aluminium line to the bonding
aluminium. The other crack runs between the glass and
the bonding aluminium to the left in Fig. 10. The silicon
and oxide materials in Fig. 10 show fairly uniform
contrast. In the glass, we see the depletion line, parallel
to the bonding interface, approximately 1.5 lm into the
glass.

Glass

Silicon

SiO2 Bonding aluminium

Buried aluminium lines 

Fig. 3 Cross-section of the bonded test wafers

Fig. 4 Plot of bonding parameters versus time for a typical
bonding process. The temperature, chamber pressure, and bonding
bias are shown on the axis to the left, while the bonding current is
shown on the axis to the right. The bonded wafer is C2
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Figure 10 also shows dark lines, about 0.1–0.2 lm
long, extending from the bonding aluminium into the
glass. These dark lines were present in both areas with
and without buried aluminium lines. The analysis of the
dark lines showed that they contained aluminium. In
addition, there were bright dendrites running from the
buried aluminium lines to the bonding aluminium. The
material of these dendrites could not be identified, but it
was non-crystalline and less dense than SiO2, since it
appeared brighter than SiO2 in the TEM image. A
higher magnification image of the dendrites is shown in
Fig. 11.

The TEM analysis revealed some voids in the bond-
ing aluminium. These can be seen as bright areas in
Fig. 12. The diameters of the two measured voids were
0.3 and 0.4 lm.

4 Discussion

The poor bond quality of the wafers with 1.2-lm-thick
bonding aluminium and the results from Fig. 6 clearly
indicate that the bond quality increased with decreasing
thickness of the bonding aluminium. This was probably
due to the large mismatch in thermal coefficient of
expansion (TCE) between aluminium and silicon. Dur-
ing bonding at 300–400"C, aluminium
(TCE=23.1 ppm K!1) expanded more than silicon
(TCE=2.6 ppm K!1), and upon cooling, a thermally
induced stress was created. Other workers (Arata et al.
1984; van Helvoort et al. 2003; van Helvoort and
Knowles 2003) have reported thermal stress to cause 1-

Fig. 7 The Weibull plot shows the probability for fracture at a
given applied pressure. Grey lines denote 1,000 V bonding bias,
black lines denote 2,000 V bonding bias. Open symbols represent
300"C bonding temperature, and filled symbols represent for 400"C

Fig. 6 Bond yield grouped by bonding aluminium thickness,
bonding voltage, and bonding temperature for wafers C1–C17.
For the two latter categories, only samples with 50 and 100 nm
metal were included

Fig. 5 Corner of a pressure
sensor die after bonding.
speckles with diameter 2–20 lm
were seen in the bonding
aluminium
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and 3-mm-thick glass to break in the bulk when bonded
to 0.5- and 2-mm-thick aluminium pieces.

In our case, the thin films probably allowed for a
restructuring of the aluminium through the formation of
small hillocks, and sufficiently low stress resulted for 50-
and 100-nm-thick bonding aluminium. Hence the high
yields of 95.1 and 97.7%, as seen in Fig. 6, were ob-
tained. The stress created in 200-nm-thick bonding alu-
minium significantly deteriorated the bond quality and
reduced the yield to 16.7%. The 1.2-lm-thick bonding
aluminium caused too high stresses for the bond to
withstand even careful mechanical handling.

Figure 6 further shows that for bonding aluminium
thicknesses of 50 and 100 nm, all the combinations of

bonding temperature and bonding bias gave yields above
95.1%. This implies that bonding at temperatures be-
tween 350 and 400"C applying biases between 1,000 and
1,500 V can be expected to give good results. The bonding
time of 20 min was sufficient to create these high yields
meaning that bonding to aluminium is well suited as an
industrial process where short process times are crucial.

Figure 5 shows an example of the speckled appear-
ance of the bonding aluminium after bonding. Speckles
were observed on all wafers with a bonding aluminium
of 200 nm or thinner. The characteristics of the speckles
have not yet been identified. The image in Fig. 5 shows
that the typical speckle diameter was 2–20 lm. The
TEM pictures in Fig. 12 shows that the diameter of the

Fig. 9 Wafer D3 after bonding.
The surface of the bonding
aluminium had a speckled
appearance on top of the SiO2

where there was no buried Al
line. The bonding aluminium
on SiO2 on top of buried Al
lines, did not have similar
speckles

Fig. 8 WYKO image from the
edge of wafer D6. Aluminium
has been deposited on top of
the polished SiO2. The lines
buried within the SiO2 are
clearly visible as a higher
surface level on the wafer
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micro voids was 0.3–0.4 lm. Hence, it is very unlikely
that the speckles were voids. Neither did the TEM
analysis show any areas with a different material com-
position or other deviations that could explain the nat-
ure of the speckle. Rather, two observations suggest that

the speckles were related to the mechanical mechanism
of the bonding. Speckles were not observed on wafers
A13–A14, which had 1.2-nm-thick bonding aluminium,
and bonded poorly. The thick bonding aluminium
probably had a less smooth surface and several hillocks,
preventing large areas of intimate contact between the
wafers to be bonded. This could explain the poor bond
and the lack of speckles on wafers A13 and A14. In
addition, on wafers D1–D6, we observed that the areas
with and without buried aluminium lines were speckled
differently. This suggests that the speckles could be the
points where the first onset of bonding occurred, or
areas where several bonding fronts met and formed a
somewhat different bond.

Figure 6 shows that even with a speckled bonding
aluminium, more than 95% of the pressure sensors were
hermetically sealed. This observation also supports the
conclusion that the speckles were not voids. The micro
voids shown in Fig. 12 are not expected to affect the
hermeticity, unless a network of the voids can be
formed. The hermeticity of sensors with buried con-
ductors, as shown in Fig. 3, must be further investigated.
Figure 10 shows a crack running from the buried
aluminium to the bonding aluminium along the length
of the buried aluminium line. The cracking could be
caused by tensile stress in the PECVD oxide, and could
possibly be controlled by adequate doping of the
deposited oxide (Plummer et al. 2000). This issue must
be further investigated.

The results in Fig. 7 and show that high bond
strengths can be achieved. Bonding glass to a 50-nm-
thick aluminium layer applying 1,000 V at 300"C gave
an average bond strength of 18.0±6.4 MPa. This is
comparable to the strength of glass–silicon bonds of
10–15 and up to 30 MPa reported in the literature (Lee

Fig. 10 Cross-section of the
bonded interface of wafer D4.
The cross-section shows the
glass, the bonding aluminium,
and the silicon. On the right
side of the picture, there is a
buried aluminium line, whereas
to the left, there is no buried
aluminium line

Fig. 11 Cross-section of the bonded interface at the area of a
buried aluminium line. The two arrows point at a dark line of c-
aluminium oxide extending into the glass and at the bright dendrite
running from the buried aluminium towards the bonding alumin-
ium
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et al. 2000; Obermeier 1995). The bond strengths of
12–18 MPa obtained in this work are higher than the
6–10 MPa reported for anodic bonding to thin-film
deposited glass (Visser et al. 2002a), the 10 MPa
reported for gold thermo compression bonding (Taklo
et al. 2004), and the 4–8 MPa reported for plasma
activated bonding (Visser et al. 2002b). The TEM pic-
tures in Fig. 11 shows c-Al2O3 dendrites extending from
the bonding aluminium and into the glass. Van Helvoort
et al. (van Helvoort et al. 2003; van Helvoort and
Knowles 2003) have argued the presence of such den-
drites to be an indicator of a strong bond.

The thermal ageing procedure described in subsection
‘‘Measurement Methods’’ typically decreased the bridge
voltage signal by 20 mV. All the 40 dies that were
re-measured still had bridge voltages within the specifi-
cations after the thermal ageing. The bridge voltage
decrease could be caused by changes in contact resis-
tance of the pads, temperature cycling effects of the
aluminium, or other electrical properties of the pressure
sensors. However, slightly leaking seals cannot be out
ruled. Helium has been shown to be able to diffuse
through glass (Altemose 1961). It is possible that helium
gas diffused through the bulk glass during the helium
leak test, increasing the pressure in the reference cavity.
To verify the hermeticity of thermally aged dies, further
long-term testing must be performed.

5 Conclusion

A systematic variation of the bonding parameters for the
aluminium–glass bond has been presented. Hermetic
seals with yields above 95% and strengths as high as
18.0 MPa can be achieved using a 50–100-nm-thick
bonding aluminium layer, and bonding at 300–400"C
applying a voltage of 1,000–1,500 V for 20 min. The
bonds survived extensive thermal ageing without sig-
nificant degradation. This work proves the suitability of

the glass–aluminium bond as an industrial process. The
possibility of bonding glass to an aluminium layer with
buried, electrically isolated conductors underneath, has
also been demonstrated.
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