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Abstract. We performed a silicon-to-silicon anodic bonding process using a glass
layer deposited by electron beam evaporation. Corning No 7740 Pyrex glass was
used as the source material of electron evaporation. The effects on the bonding
process were investigated as a function of the thickness of the glass layer and the
concentration of sodium ions in the glass layer. The surface roughness of the glass
layer decreased with increasing thickness of the glass layer. It was observed that
the deposited glass layers of more than 1.5 um thickness had very small surface
roughness. The depth profile of sodium ions showed that the glass layer deposited
by electron beam evaporation contained many more sodium ions than the glass
layer deposited by sputtering. The silicon-to-silicon bonding process was
performed at temperatures in the range of 135-240°C with an electrostatic voltage
in the range of 35-100 Vpc. A pull test revealed that the tensile strength of bonded
specimens was in the region of 1-8 MPa. The role of sodium ions in anodic
bonding was studied by investigating the theoretical bonding mechanism and
examining the results of secondary-ion mass spectroscopy (SIMS) analysis on the
glass layer before and after the bonding process.

1. Introduction

Anodic bonding has become one of the important
technologies in the fabrication of micromachining devices
with many advantages, such as solid-state bonding, a

bonding process without the requirement of either a post- n-Silicon
heat-treatment at high temperature [1-3] or hydrophilic ™ + ,
cleaning [4,5] which can bring degradation of device ( Glass film
lifetime [6]. Anodic bonding has been concentrated n-Silicon

on silicon-to-silicon bonding since the anodic bonding { I
method using a sputtered Pyrex glass layer was invented
by Brooks and Donovan in 1972 [7-11]. Pyrex glass Hot plate
has been commonly used for this method because it has
approximately the same thermal expansion coefficient as
silicon and Pyrex glass contains metallic atoms which
are necessary in anodic bonding, but unfortunately the
sputtering of the glass layer has the disadvantages of very
low deposition rate and different compositions compared process was invented by Wallis and Pomerantz in 1969
with the glass target [12]. [13]. Sodium plays a very important role in the field
Pyrex glass contains metallic atoms such as sodium orassisted silicon-to-silicon bonding a using glass thin-film
lithium. Corning No 7740 glass contains sodium and is the interlayer or in the silicon-to-Pyrex glass plate bonding.
most popular material used in anodic bonding, since the The sodium can be easily ionized at room temperature

Figure 1. The experimental set-up for silicon-to-silicon
anodic bonding.
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Figure 2. An AFM image of the glass layer deposited by electron beam evaporation (0.54, 0.84, 1.10, 1.54 um). R denotes
the average roughness of the glass layer [A].

and the positive sodium ions in the glass layer become In this work, we performed silicon-to-silicon anodic
quite mobile at elevated temperature [14,15]. When a bonding under low temperature and low voltage using a
d.c. voltage is applied across the silicon—glass layer— Pyrex glass layer deposited by electron beam evaporation,
silicon sandwich, the positive sodium ions in the deposited having a high deposition rate and resulting in very small
glass layer are transported toward the cathode silicon bysurface roughness and containing many more sodium ions
the applied negative voltage. A sodium depleted layer in the glass layer deposited by electron beam evaporation
is formed at the surface region of the deposited glassthan one deposited by sputtering. Anodic bonding using
layer, leaving fixed negative ions (oxygen ions) in the the glass layer deposited by electron beam evaporation
glass layer adjacent to the bare silicon to be bonded. Ascould be performed at lower temperature and voltage in the
a result, a space charge region is formed at the interfacebonding process than that using the glass layer deposited by
between the surfaces of the glass layer and the baresputtering. We furthermore investigated the role of sodium
silicon to be bonded. The resulting large electrostatic ions for silicon-to-silicon anodic bonding with reference to
force pulls them together, allowing the formation of atomic the theoretical bonding mechanism as well as the results of
bonds. secondary-ion mass spectroscopy (SIMS) analysis.
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Figure 2. (Continued)

2. Experimental details surface roughness, the surface morphology was observed
by the atomic force microscope (AFM). The compositions
Pyrex glass layers were deposited on (100) n-type 4 in of the glass layer deposited by electron beam evaporation
silicon wafers by electron beam evaporation at a substratewere compared with those of the glass layer deposited by
temperature of 230C. The process chamber was evacuated sputtering, using SIMS analysis.
by a diffusion pump down to % 10~° Torr. The vacuum Both silicon with the deposited glass layer and bare
was about 5¢< 10~° Torr during the evaporation. Corning silicon were cleaned by two-step cleaning before the
No 7740 glass was used as the source material of electrorbonding process. The specimens were ultrasonically
beam evaporation. The deposition rate of the glass layercleaned for 5 min in acetone followed by deionized water
was varied between B s~! and 50A s~1. The effect on rinsing and then the specimens were ultrasonically cleaned
the dielectric strength of the glass layer was investigated for 5 min in methanol again. After a final rinse in deionized
as a function of the deposition rate. The deposited glasswater, the cleaned specimens were dried by a nitrogen
layers with thickness ranging from 0.4 toi2n were used gun and heated for 20 min at 150. The assemblies
for this work. To study the effect of the thickness on the were placed on specially designed field assisted bonding
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Figure 3. The surface roughness of the glass layers with 10¢ L 4

different thicknesses.
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equipment (figure 1). Without applying an external force
the bonding process was performed at temperatures in
the range of 135-24@ with an electrostatic voltage in
the range of 35-100 M- using a point electrode. A

10* L 4

100k 4
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negative voltage was applied to the silicon wafer with the 0L o Si ]
deposited glass layer for 10 min, and the bonding current ~ Na
was recorded under normal atmosphere. 10t b - B 4
3. Results and discussion L Y S S R SR

The surface roughness of the deposited glass layer is one of
the most important parameters in anodic bonding. One of 107 . . .
the significant effects of the rough surface is decrease of the (©

bonding strength or even failure of bonding [12]. Figure 2 100 E
shows an AFM image of the surface of the deposited glass peeoesenonenarasEnoenaaee
layers with different thicknesses. With increasing thickness
of the glass layer, the surface roughness of the glass layer
decreased and then remained at a minimized level (figure 3).
It was observed that the deposited glass layers of more than
1.5 um thickness had very small surface roughness. Ex-

5 Lo
10° L0000:00:0:0:0:0-0:0:0 06 0-6-0-0-0-0-0-0 0 -0 & 07

ot L ".......o.occ.......---
.
P
.
.
.

e 4

Secondary ion counts [a.u.]

perimental results revealed that the glass layer of less than el o Si ]
1 um thickness was not suitable for the bonding process. . Na
In order to compare the composition of the glass layer o' L . B ]

deposited by electron beam evaporation with that of the
bulk glass plate and the glass layer deposited by sputter- e B
ing, SIMS analysis was performed on the three types of

specimen. The depth profiles of the three types of spec-
imen, which were obtained by SIMS using cesium ions figyre 4. SIMS depth profiles in the surface region of (a)

(Cs") incident on the surface of the bulk glass and the de- the bulk glass, (b) the glass layer deposited by electron

posited glass layer, causing positive secondary ions to bebeam evaporation, and (c) the glass layer deposited by
ejected, are shown in figure 4. The results shown in fig- SPuttering.

ure 4 were collected at the same sputtering rate of about

10 nm min!. It was confirmed that the sodium concen- deposited by sputtering. Therefore, it is concluded that this
tration of the bulk glass plate is nearly the same as that high concentration of Na contributed to the lowering bond-
of the glass layer deposited by e-beam, whereas the glassng temperature as well as applied voltage.

layer deposited by sputtering has far fewer sodium ions than In order to investigate the variation of the dielectric
the bulk glass. The glass layer deposited by electron beamstrength of the glass layer as a function of the deposition
evaporation contained more sodium ions than the glass layemate, Al electrode (diameter 0.6 mm) was formed by thermal

Sputtering time [min]
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layer. At the 5A s~! deposition rate, the distribution ° 0000000000000
of breakdown fields measured by the time-zero dielectric 2 4 6 8 10 12 14
breakdown (TZDB) technique was higher than that for Sputtering time [min]
50 A s~! deposition rate as shown in figure 5. With
the Specimens deposited at theASs*l rate, silicon-to- Flgure 6. SIMS depth proflles of the glass Iayer n (a) the

surface region after the bonding process and (b) the

silicon bonding could be performed at higher temperature tback-side region after the bonding process.

and higher voltage than using the specimens deposited a
the 50A s~ rate without dielectric breakdown during the
bonding process. layer. Figure 6(b) shows that the sodium ions are accumu-
The role of sodium ions in anodic bonding is most lated at the back side and decrease abruptly from the back
easily studied by observing change of the Na depth profiles side to the bulk region of the deposited glass layer.
before and after the bonding process. Figure 6(a) shows In order to characterize the bonding process, current—
that the sodium ion counts at the surface region of the time characteristics were measured during the start period.
deposited glass layer was greatly reduced after bonding,The bonding current was measured at a temperature in the
as compared with figure 4(b) which is the depth profile of range of 135-145C with an applied electrostatic voltage of
the glass layer before the bonding process. The sodium55 Vpc for 10 min. The bonding current decayed rapidly
ions were almost depleted from the surface region of the and then remained at a minimized level, as presented in
deposited glass layer in contact with the bare silicon to be figure 7. The obtained current density profile was well
bonded. This agrees with the suggested theoretical modelfitted with a typical current—time relationship for anodic
The sputtering rate of the SIMS was about 10 nmThin  bonding process. As a result, it is easy to understand that
The sodium ions that are depleted from the surface regionthe observed current during the bonding process can be
of the glass layer accumulate at the back-side region of theattributed to the transport of the sodium ions in the glass
deposited glass layer and are neutralized there. layer and an increase in bonding temperature results in a
The bonded samples were pulled in order to measurehigher diffusion rate of the sodium ions, which in turn
the bond strength. When the pull tests were performed, it causes a higher bonding current.
was observed that the deposited glass layers were partly or  To explain the threshold temperature for the bonding
totally removed from the silicon on which they were origi- process, we examined the capacitance of the glass layer as
nally deposited and were found on the surface of the silicon a function of temperature. Figure 8 shows the temperature
to be bonded. Results of SIMS analysis on the totally re- dependence of the capacitance for the glass layer. The
moved deposited glass layer indicate that the sodium ionscapacitance increased rapidly at the temperature of about
accumulate at the back-side region of the deposited glassl35°C. The rapid increase of capacitance may be attributed
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Figure 7. Dependence of the bonding current on Figure 9. The bonding strength histogram.

temperature during the initial bonding stage.

350 T T T T N T

300 | _

250 - .

200 - .

150 + -

100 |- _

Capacitance [ pF ]

50 |- -

e T B0 200 250 Figure 10. An SEM photograph of the bonded interface

region after polishing.
Temperature [ °C |

Figure 8. Temperature dependence of capacitance for the
glass layer deposited by electron beam evaporation.

to the ionization of sodium as well as the movement of
sodium ions. Hence, it can be clearly understood that
the bonding is initiated at a temperature of about 435
accompanying the increase of capacitance.

To evaluate the tensile strength of the bonded
specimens, a pull test was used. The experimental results
obtained are illustrated in figure 9. The bonding strength
is plotted as a function of the bonding temperature for the
specimens bonded at 100p¥. With increasing bonding
temperature, the bonding strength increased.

After determining the bonding strength distribution,
the bonded samples were cut and polished to observe the
bonded interface region of the silicon-to-silicon assembly. Figure 11. An SEM photograph of the cavity sealed by
Figure 10 shows the cross sectional photograph of silicon—2anedic bonding.
glass layer—silicon to be bonded.

The cavity of 15 mmx 15 mmx 8 um was formed on Using our anodic bonding process, the cavity was sealed by
the silicon substrate by the anisotropic etching of the silicon the silicon with the deposited glass layer (figure 11). The
substrate in ethylenediamine—pyrocatechol-water (EPW).bonded 4 in wafer sets were inspected by infrared camera
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Figure 12. An infrared photograph of the silicon-to-silicon
bonded specimen.

(Hamamatsu void inspection system C6145) to investigate 7]
the interface fringe. Figure 12 shows the radial spreading
of the bonding and the dark fringe of the unbonded region.
Based on the fact that the anodic bonding process starts [8]
at a point electrode and spread radially [16], the same

explanations hold for explaining the observed patterns.

4. Conclusions

In order to realize the silicon-to-silicon anodic bonding

process at low voltage and low temperature, we employed a
Pyrex glass layer deposited by electron beam evaporation.
the [11]
surface roughness of the deposited glass layer decreased.
The glass layer deposited by electron beam evaporation
contained many more sodium ions than the one deposited

As the thickness of the glass layer increased,

by sputtering.  The silicon-to-silicon anodic bonding

phenomenon was investigated at a temperature of 135 with

an applied voltage of 35 M. The obtained results can be
utilized to vacuum packaging of microelectronic devices

and microsensors. From SIMS analysis on the glass layer
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