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We performed glass-to-silicon bonding and fabricated a hermetically sealed silicon wafer using silicon direct bonding fol-
lowed by anodic bonding (SDAB). The hydrophilized glass and silicon wafers in solution were dried and initially bonded in
atmosphere as in the silicon direct bonding (SDB) process, but annealing at high temperature was not performed. Anodic bond-
ing was subsequently carried out for the initially bonded specimens. Then the wafer pairs bonded by the SDAB method were
different from those bonded by the anodic bonding process only. The effects of the bonding process on the bonded area and
tensile strength were investigated as functions of bonding temperature and voltage. Using scanning electron microscopy (SEM),
the cross-sectional view of the bonded interface region was observed. In order to investigate the migration of the sodium ions
in the bonding process, the concentration of the bonded glass was compared with that of standard glass. The specimen bonded
using the SDAB process had higher efficiency than that using the anodic bonding process only.
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presence of the fixed negative iong,is the dielectric con-
stant of the deposited glass laygis the electron charge and
The bonding process of two wafers is of interest recentliX, is the fixed negative ion concentration in the bulk glass.
for micropackaging of microelectromechanical devit€s.  From eq. (1), using the boundary condition, the electro-
Especially in the case of glass-to-silicon bonding, anodistatic forceP between the glass and silicon is given by
bonding, which does not require a post heat treatment at 2
high t ture, has b ising technique. An- _loe2ot <M>_
gh temperature, has become a promising technique. An P = -gE? = Zg = £4q No V), 2)
odic bonding seems to be a simple process, but it provides a 2 2 €0
strong, hermetic seal which protects the actuator sensors fravherex; is the length of the depletion region aiy is the
the atmospherg® Anodic bonding can be applied to achievepotential atx = x,. Therefore, electrostatic force increases as
the structure required of pressure and acceleration sensapplied voltage increases. Furthermore, the increase of tem-
Since the invention of anodic bonding in 1969 by Wallis angberature results in a higher diffusion rate of the sodium ions
Pomerant?) Pyrex #7740 glass having nearly the same thefincrease okp).
mal expansion coefficient as silicon, has usually been used forSilicon direct bonding (SDB) is a process in which two sep-
it.) Glass-to-silicon anodic bonding has generally been usedate wafers are brought into contact at room temperature and
for making microsensors and microactuators. then annealed in a furnace. When two wafers with highly hy-
Anodic bonding occurs as a consequence of the high levatophillic or hydrophobic surfaces are brought into contact at
of electric pressure applied during the process. The metalom temperature, an initial bond is formed via Van der Waals
or semiconductor is positive with respect to the glass. #orces at the surface. If subsequently annealed at a high tem-
high temperature is necessary to increase the ion mobiligyerature £700°C) in dry oxygen or an inert ambient, the na-
When the dc voltage is applied, the positive ions in the glastye oxides of the weakly bonded wafer pair merge to form a
mainly Na", move to the negative electrode forming a deplecontiguous Si@ layer that attaches bonds thetn'® Direct
tion layer. The depletion layer is formed in the glass close tonding has commonly been used for bonding silicon-silicon
the metal or semiconductor surface. As a consequence, a higafers.ll)
electrostatic field is generated that pulls the surfaces togetherIn this silicon direct bonding followed by anodic bonding
allowing the formation of atomic bonds. The bonding pro{SDAB) process, the microgap existing between two wafers is
cess at a high temperature induces a higher thermal residtediuced by the initial bonding of hydrophilized wafers. The
stress. Built in stress could negatively affect the device’s peglectrostatic force between wafers is higher than in the case
formance. However, lowering the bonding temperature capf anodic bonding only. Therefore, the SDAB method was
reduce the mechanical strength in the bonded structure amewly developed to obtain a wide bonded area and a higher
the thermal residual stress. tensile strength, even if the glass wafer possesses a rough
In order to obtain the profile of electrostatic force, Poissurface. The improved bonding properties were discussed in
son’s equation must be solv€d The equation for the glass terms of the measured tensile strength, current-time curve and
is the secondary ion mass spectroscopy (SIMS) analysis before
d2v dE QX))  qNo and after the bonding process. The thermal residual stress is
o T dx e = ol (1) generated by the anodic bonding process. The bonding pro-
g g cess at a high temperature induces a high thermal residual
where Q(x) is the charge in the depletion region due to thatress. The thermal stress is an important factor in microma-
chined mechanical sensors. However, generated stress could
" E-mail: djlee@kistmail. kist.re.kr negatively affect the device performance. In particular, lower
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bonding temperature can reduce the mechanical strength infhe surface morphology was investigated through atomic
the bonded structure despite the advantage of lower thernfialce microscope (AFM) analysis. The tensile strength of
residual stress. bonded specimens was investigated as functions of bonding
temperature and voltage. The bonded areas of wafer pairs
were measured under visible light. The impurity concentra-
The anodic bonding process is as follows. A cleaned siltion in the bonded glass measured by SIMS was compared
con wafer is held against a cleaned glass wafer, and the glagsth that in a standard glass substrate. A hermetically sealed
to-silicon assembly is placed on a hot plate. A typical exsilicon wafer was fabricated as a result of using the SDAB
perimental setup for anodic bonding is illustrated in Fig. 1. Anethod.
positive electrode is attached to the silicon wafer, and an addi-
tional electrode is attached to the glass wafer. A dc voltageq’s
then applied across the electrodes at the elevated temperat@ré. Surface roughness of glass and silicon wafers
The electric field builds up across the silicon/glass interface The surface roughness of the wafer is one of the most im-
and serves to pull the two wafers into contact. portant parameters in the bonding process. A rough surface
The materials used in the bonding experiments were may be the main reason for failure in the bonding process.
type silicon wafers which were 2Qam thick, 1-102|-cm, The surface roughness of the wafers used in the experiment
1 inch in diameter and (100)-oriented, and Corning #774®as measured by AFM, and the measured images are shown
glass wafers which were the 5Q0n thick and 1 inch in di- in Fig. 2. The AFM results are summarized in Table |, where
ameter. The glass-to-silicon bonding was carried out by twiare" indicates the pure silicon wafer [Fig. 2(a)] and pure
procedures and the bonded specimens were therefore clagkkss wafer [Fig. 2(b)]. Group B denotes the silicon wafer
fied into two groups. The samples belonging to group A werlig. 2(c)] and glass wafer [Fig. 2(d)] after RCA cleaning and
bonded using only anodic bonding performed at temperaturbgdrophilization. The glass wafer had a higher surface rough-
in the range of 200-30C with a dc voltage in the range of ness than the silicon wafer. It was confirmed that the average
60-300V. The applied voltage was turned off after coolingurface roughness of group B samples increased nearly two
to prevent back-diffusion of the sodium ions. The sampletsmes, compared to that of the bare glass and silicon.
belonging to group B were initially bonded following to the
SDB steps without high-temperature annealing. The initiall3.2 Comparison of bonded area after bonding process
bonded wafer pairs in group B were left for 24 h at room tem- The nonbonded areas between the bonded glass-to-silicon
perature to allow the D existing between glass and siliconwafer pairs were measured under the illumination of visual
to dry completely. Then, anodic bonding was carried out olight. The typical features of the samples belonging to group

2. Experimental

Results and Discussion

the initially bonded specimens. A and group B are shown in Figs. 3(a) and 3(b), respec-
The bonding process using SDAB can be described as féively. The samples of group B were initially bonded by hy-
lows. drophilization without annealing, then anodic bonding was
(Silicon and Pyrex #7740 glass wafers were treated undearried out under the same condition as for group A. These
the same condition.) samples were bonded at a temperature of 250ith dc volt-
1) RCA cleaning age of 300 V. In the case of group A, the bonded area occupied

2) (In the case of SDAB) Hydrophilization: dipping in more than 10% of the whole wafer area, but the nonbonded
H,O/H,0,/NH4OH (6 : 1 : 4) solution for 2-3 min at area is apparent in the side area, as shown in Fig. 3(a). In

55-60C case of group B, on the other hand, the bonded area occu-
3) Rinsing with deionized water pied more than 70% of the whole wafer area. In order to
4) Spin drying characterize the effect of the bonding voltage on the bonded
5) Initial bonding by direct bonding method area, the specimens of group A and group B were bonded at
6) Anodic bonding for initially bonded specimen a temperature of 30C with applied voltages of 250V and

300V, respectively. The obtained experimental results were
presented in Fig. 4. The results in Figures 3 and 4 show that
the bonded area increased with increasing applied voltage and
temperature. This increase induced a large electrostatic force
and resulted in allowed strong bonding. Also, in the samples
of SDAB, initial bonding at room temperature takes place as a

(_).- Interface result of interaction between Si—-OH groups formed due to hy-

drophilicity and pulls them together by Van der Walls force.

( +’. Increased electrostatic force results because of the decreased
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gap between the glass and silicon wafer. Therefore, we sug-
, gest that the migration rate of the sodium ions in the glass
390 wafer is higher than in the case of the anodic process only,
which in turn result in a wider bonded area.

Hot Plate

Temperature 3.3 Current and time characteristics of bonding process
controller In orderto characterize the bonding process, current-time
characteristics were measured for group A and group B dur-

Fig. 1. Experimental setup for anodic bonding. . . .
ing the start period. The bonding current was measured at
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Table I. Roughness parameters of AFM images for silicon wafer and glass

wafer.
Wafer
Parameter Silicon Glass
Bare Group B Bare Group B
Peak to valley (A) 17 39 174 274
Median height(A) 5.1 14 69 96
Ave. roughness(A) 1.1 2.0 12 12

Fig. 3. Image of bonded ardar (a) group A and (b) group B.

300°C with an applied voltage of 250V for 10 min. The bond-
ing current decayed rapidly and then remained at a minimum
level, as shown in Fig. 5. The obtained current density profile
was well fitted with a typical current-time relationship in the
anodic bonding process. The bonding current is due to the
transport of sodium ions in the glass wafer. Figure 5 shows
d that the bonding current of group B was higher than that of
Fig. 2. AFM image of (a)pare silicon and glass,(b) silicon and glass of group A. We infer that initial bond_lr.]g by the hydrophilic pro-
group B after ydrophilization. cess reduced the gap between silicon and glass wafer, result-
ing in a higher diffusion rate of the sodium ions which in turn
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Fig. 4. Comparison of the bondedea with changed dc voltage for (a) group A and (b) group B.

FRENN

Current density]  pA/em’]
2

o &

Time]s]

Fig. 5. Current-time characteristics.

causes a higher bonding current.

3.4 Tensile strength of the bonded wafer pairs

silicon wafer pairs, the tensile strength method was employed.
The obtained result is illustrated in Fig. 6. The bonding
strength is plotted as a function of applied voltage at a temper-
ature of 330C [Fig. 6(a)] and as a function of temperature at
the applied voltage of 350 V [Fig. 6(b)]. Itis shown that group
B has higher strength than group A under the same condi-
tions. The strength of bonded wafers was obtained from mea-
sured strength divided by the bonded area. Upon increasing
the bonding temperature from 200 to 3@0and the bonding
voltage from 60 to 300V, the bonding strength increases and
reaches the bulk bonding strength of the Pyrex glass substrate
(lower than 25 MPa). In all samples, breakage occurred in the
glass or silicon-glass interfaéé'?) The limit of measurement
is 20 MPa with our equipment. Destruction above 20 MPa in-
fers the bulk bonding strength of glass. In our experiment,
the bond strength obtained by a tensile strength method was
between 0.1 MPa and 20 Mpa. Above 20 MPa, bonded bulk
Pyrex #7740 glass was disrupted for all specimens.

In these results, the specimen bonded using SDAB (group
B) had higher tensile strength than that bonded using anodic
bonding (group A) only. In general, the strength of bulk glass

In order to determine the bond strength of the glass-tdwas been reported to be lower than 25 MPa.
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Fig. 6. Tensile strength characteristics for group A and gr&ugs function
of (a) theapplied voltage and (b) the bonding temperature.

3.5 Comparison of the interface region using SEM 15.08kV
The specimens were cut and polished to investigate the

cross-sectional bonded interface region of the glass-to-silicon (b)

assembly The Samples were bonded at the dc VOItage FOf 8. SEMmicrographs of the multiple bonded intexte region. (a)

350V and temperature of 300. Flgure 7 shows the scan- Structure of multipleBond. (b) Interface region betweenilicon and upper

ning electron microscopy (SEM) micrograph of the interface glass.

region of group B. The white spots are grains of alumina pow-

der used in polishing.

view of the hermetically sealed silicon wafer by the SDAB
3.6 Cross-sectional SEM view of hermetically sealed silicomethod. The structure can be applied for the sealing of mi-
wafer cromachined sensors. A cavity of 1 mm2 mm x 500um
Figure 8(a) shows a SEM micrograph of the cross-sectiomabs formed on the silicon substrate by anisotropic etching of
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A samples. It is well known that a deeper depletion region
results in having a stronger bonding strength. Therefore, we
propose that the deeper depletion region in the case of SDAB
results in a higher efficiency than when using the anodic bond-
ing process.

4. Conclusion

In order to modify silicon-to-glass wafer anodic bonding in
a conventional environment, we employed the SDAB process
of initial bonding of a hydrophilized wafer. The improved
bonding properties using SDAB were discussed based on the
measured strength, current-time curve and the SIMS analy-
sis before and after bonding. A wide bonded area, higher
tensile strength, increased bonding current and deeper deple-
tion layer were obtained. As mentioned above, the SDAB
method shows superior characteristics than other methods. It

Fig. 9. Relative depth profiles of Na for the surface region of glass waf¢ssbelieved that the decrease of the gap between glass and sili-
after debonding.

con wafers in the initial hydrophilic bonding process produces
higher electrostatic force, based on the result of the current-
time curve and depth profile. As a result, it is possible to en-

the silicon substrate in ethylenediamine-pyrocatechol-wathance the bonding efficiency by adopting the SDAB process.
(EPW). We performed bonding with multiple layers in aThe results indicate that the process can be applied to vacuum
glass-silicon-glass sandwich structure. Negative voltage wpackaging of microelectronic devices and microsensors.
applied to the upper and the lower glass simultaneously. Fi-

nally, the cavity was sealed by multiple bonding of the twd‘\cknowledgments
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