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A Hermetic Glass—Silicon Package Formed Using
Localized Aluminum/Silicon—Glass Bonding

Yu-Ting Cheng, Liwei Lin, and Khalil NajafiFellow, IEEE

Abstract—A hermetic package based on localized aluminum/sil-  In many hermetic packaging technologies, glass is generally
icon-to-glass bonding has been successfully demonstrated. Lesghosen as a protection cap for hermetic packaging because it
EC‘V%” p%é”'glpg S‘ior;rt]"i‘\fvti dperesos|L;/§|i(\2A£)lf‘lh 04n6_0mg‘ r‘;‘fgf)ﬂte;rt‘eprust (f:%rn is mechanically robust, chemically stable, and transparent to
raise the tembergture of the bonding region to 70(°C bonding light and RF_sig_naIs which is desirable for biqlqgical or optical
temperature and achieve a strong and reliable bond in 7.5 MEMS applications [11], [12]. Metal solder joints have been
min. The formation of aluminum oxide with silicon precipitate  employed for IC or MEMS packaging [13], [14] and generally
composite layer is believed to be the source of the strong bond. provide lower permeability to moisture than materials like glass,
Accelerated testing in an autoclave shows some packages survive\epoxy or silicon. With a width of J:m, metal can effectively

more than 450 h under 3 atm, 100% RH and 128 C. Premature .
failure has been attributed to some unbonded regions on the failed block moisture for over 10 years [15]. Although we have already

samples. The bonding yield and reliability have been improved by demonstrated glass-to-silicon bonding using localized heating
increasing bonding time and applied pressure. [594] and bonding via indium solder, the weak mechanical strength of
Index Terms—Activiation energy, aluminum/(silicon)-glass iqdium has mad_e it inappropriate for some micropackaging a}p-
bonding, Hermetic MEMS package, localized heating, reliability. ~ Plications. Previously, aluminum has been shown to react with
amorphous oxide [16], vitreous silica [17], and thermal dioxide
[17]-[19]. In this paper, we present a new packaging scheme
based on aluminum-to-glass bonding using the localized heating
ERMETIC packaging is important for integrated circuitechnique, apply this technique to the development of a her-
(IC) and MEMS applications. The package should pranetic package for MEMS, and present test results and tech-
tect devices not only from the hostile external environments foiques to improve the reliability and hermeticity of the package.
long lifetime, but also from contaminants for better performanddecause aluminum is a complementary metal—oxide—semicon-
[1]-[3]. Inthe past few years, several approaches have been ghactor (CMOS) compatible material and has superior mechan-
posed for the fabrication of a hermetic seal [4]-[7]. In these ajgal properties, it is our belief that this hermetic package will be
proaches, a common method to encapsulate MEMS devices uéiFy useful in other MEMS and IC applications.
lizes capsules that are bonded to a MEMS substrate. This kind of
post-packaging approach provides low cost and flexible process
design. However, in order to achieve a good bond many of these Il. STRUCTURE AND FABRICATION
techniques require a high temperature, which is incompatible o )
with low temperature needed to reduce thermal impact on the"19- 1(2) shows the schematic diagram of the hermetic
package and substrate. Previously, we reported various typeB@fkage based on localized aluminum/silicon-to-glass bonding.
localized bonding schemes, including eutectic and fusion [g]N€ Structure consists of polysilicon interconnection lines,
intermediate layer soldering [9], and CVD bonding [10]. All ofVhich transfer signals from the sealed cavity of the package
these bonding techniques have demonstrated a high quality b§hdhe outside world, an on-chip resistive polysilicon micro-
needed for packaging without exposing the MEMS devices tg'§ater, which provides thermal energy for the bonding, and the
high-temperature environment. bondmg material, which in this case is aluminum/silicon. _The
fabrication process follows our previous report on localized
solder bonding with a built-in aluminum-based dew point
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Fig. 1. Schematic diagram of the hermetic package fabricated by localized aluminum/silicon-to-glass bonding (a) cross section of the pagkaggcahd (b
photograph of the hermetic package seen through the glass capsule.

To perform the bonding, a pyrex glass capsule is placed on
top of the device substrate. Bonding is achieved under an ap-

plied pressure of 0.1 MPa and a current input of 46 mA. The = ﬁ?m 5
applied pressure is calculated by dividing the applied force by lumiinuan

the actual contact area which is equal to the top surface area elysilicon (§10°C)

of the polysilicon microheater. The applied force is measured S Oide/Nitride

from the force sensor underneath the package sample [8]. The
46-mA-current input can make the temperature of the micro-
heater designed as two parallel 3:.8+wide, 2.:m-thick phos-
phorus-doped polysilicon lines with5 x 101°/cm? dopant con-
centration and Z:m spacing rise to 700C. In about 5 min,
the localized aluminum/silicon-to-glass bonding is completed. o
Fig. 1(b) shows an optical micrograph of a sealed dew point Polysilicon Interconnection
sensor observed through the glass package. | Pulysilicon Microheater

Bonding temperature is controlled by the microheater whose R Silicon Diszide
temperature is monitored by assuming a linear dependence of
resistivity with respect to temperature [8]. Fig. 2 shows a two-
dimensional (2-D) heat transfer simulation of the package by
using finite element analysis (FEA). The simulation result in-
dicates two important features. First, the heating region extends Silicon Subsiraie
laterally along the polysilicon interconnect line due to the larger
thermal conductivity of polysilicon than silicon dioxide. How-Fig. 2. A 2-D heat transfer simulation of the package by using FEA.
ever, most of the heating region is still locally confined and the
silicon substrate is still kept at low temperature. Second, th@croheater temperature due to the heat conduction loss to the
temperature of aluminum/(silicon) solder is about 90% of thelectrical insulation layer.

Sum
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’ . . ) L ﬁglég 4. The enlarge view of SEM micrographs of localized aluminum—glass
Fig. 3. SEM micrographs of localized aluminum~—glass bonding interface afi§fging and localized aluminumisilicon—glass bonding interfaces after

forcefully broken (a) glass is torn apart and transferred onto the microhea{g,rcefu”y broken (a) aluminum is stripped then transferred onto the glass

in the silicon substrate (b)_ aluminum film is most stripped from the silicog,pstrate (b) both aluminum and polysilicon microheater are stripped then
substrate then transferred into the glass substrate. transferred onto the glass substrate.

Ill. FABRICATION RESULTS —

A. Localized Aluminum/(Silicon)-Glass Bonding

The aluminum-to-glass bonding is characterized by using a
design similar to the hermetic package but without a polysil-
icon adhesion layer, electrical interconnections and a dew
point sensor. Fig. 3 shows the broken interface of localized
aluminum—glass bond formed af775°C in 3 min by passing
an input current of 50 mA through the microheater. Glass debris
can be found on the silicon substrate as shown in Fig. 3(a)
and some of the aluminum structure is detached from the
silicon substrate and attached to the Pyrex-glass as observeglgns. A close view SEM on the silicon substrate before reflowing. The
Fig. 3(b). This demonstrates that the aluminum—glass bondsiep up of aluminumy/silicon solder is caused by the underneath polysilicon
as strong as the aluminum to oxide bond formed underneifjreonnect fine.
the aluminum.

In this experiment, it was found that the stress between as-déis indicates that aluminum/silicon—glass bond can also pro-
posited aluminum film and its underneath oxide is quite highide a strong bond between the aluminum/silicon and glass in-
When aluminum thickness increases oveng, it delaminates terface.
from the underlying oxide. In order to solve this problem, a One of the advantages in using localized solder bonding
polysilicon adhesion layer is inserted between aluminum atm packaging devices is that there is no need for a planariza-
oxide. Very similar bonding characteristics can be found in th®n process. In [9], we reported indium solder reflow to
aluminum/silicon—glass bonding structure with a major obsergvercome the surface topography which is created by elec-
able difference that the broken interface generally happensratal interconnects. The principle can also be applied in
the microheater and its underneath thermal oxide layer. Fig. 4&gminum/silicon—glass bonding system. Fig. 5 shows a SEM
is the enlarged view of Fig. 3(b) showing the aluminum line ishotograph of the microheater and bond region after aluminum
attached to the glass substrate. Fig. 4(b) is the comparativeise-deposited. A good surface coverage after the localized
sult from the aluminum/silicon—glass bond showing the wholeeating to reflow the aluminum/silicon solder can be seen
polysilicon microheater is transferred onto the glass substrate Fig. 6(a). In addition, 2um spacing between two parallel
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Fig. 7. Results from the autoclave test. After 30 h, a drastic change is
measured.
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Fig. 6. Close-up SEM of the polysilicon microheater after reflowing. Very Survival Time (Hrs)

good step coverage is achieved (a) top view and (b) cross-sectional view.

Fig. 8. Statistical test results of autoclave test. These devices had all passed
- . . . the IPA test.
polysilicon lines is filled up by solder as shown in the cross

sectional SEM of the microheater in Fig. 6(b). Atotal of 11 packages are tested in the autoclave as illustrated

in Fig. 8. All of these packages are fabricated under 0.1 MPa
contact pressure and 70€ bonding temperature for 5 min.
The package has been subjected to two kinds of tests: 1) gr8ssof these packages failed almost immediately after insertion
leak check in IPA (Isopropanol Alcohol), and 2) accelerated teisto the autoclave, two failed after 30 h, two failed after 120 h,
in an autoclave [20] under 3 atm, 100% RH, and 228 Be- and one failed after 200 h in the autoclave. In order to determine
cause IPA has better wetability than water, it can more easfbilure mechanisms, the glass package was forcefully separated
penetrate small openings, and is more suitable for gross |dedm the silicon substrate and the bonding region was examined.
check. Based on visual observation and as evident from the c&ig. 9(a) and (b) show the device and the cap substrates, respec-
trast difference that is due to different refraction indexes frotively. It is observed that in many regions, either the glass or
air to IPA in these observations, it is shown that IPA cannot petite microheater with its underneath silicon substrate is stripped
etrate the aluminum/silicon-to-glass bond region. The gross IRAd attached onto the other substrate, indicating a strong bond.
leak check is useful in screening devices for the accelerated tésiwever, when the bonding process is not conducted correctly
Accelerated test is then performed in an autoclave on devi@s shown on the right bottom corner of Fig. 9(a) and the en-
that passed the IPAimmersion test. Hermeticity was tested uslagged view in Fig. 10, moisture can diffuse into the package.
interdigited patterns that operate as dew point sensors. Interthe package that lasted more than 200 hours in the autoclave,
digited dew point sensor has been previuosly used for lifetintiee unbonded region is much smaller, and almost undetectable.
testing of hermetic packages [11], [21]. The operating principle Since the bonding quality of aluminum/silicon-to-glass is de-
is based on large resistance change between closely spaceteimined by the interface reaction of aluminum-to-glass which
terdigited electrodes of the sensor. Once moisture condenseslepends on bonding temperature and time, another 11 pack-
the whole surface of electrodes, the capacitance between theges are refabricated and subjected to the autoclave test. In this
electrodes will increase because the relative dielectric constaatond run, all eleven new packages are produced by increasing
changes from dry airs( = 1) to water €. = 80). Moreover, the bonding time and contact pressure, which are changed from
water has higher electrical conductivity than dry air. Therefor,min to 7.5 min and from 0.1 MPa to 0.2 MPa, respectively. In-
the total impedance of the dew point sensor will decrease wheneasing the contact pressure and bonding time ensures that alu-
moisture enters and condenses inside the package. Fig. 7 shmiveim solder intimately contacts and totally reacts with glass.
the drastic impedance and phase change of the dew point sef$gr11 shows the autoclave test results. Only one package failed
due to moisture penetration and condensation after a 30-h tastmediately after insertion into the autoclave, three failed after

B. Hermetic Packaging and Testing
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Fig. 11. Statistical autoclave test results of another 11 packages produced by
increasing bonding time and pressure. These devices had passed IPA leakage
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12
& Al-to-Glass
10 F Ea=1.0eV
'g A Al/Si-to-Glass
) Ea=1.5eV A
ger
7]
Ee6f
~N)
ory
5
2 F 560+15°C
(b)
Fig. 9. SEM micrographs of the device substrate and glass cap after breaking 0 ' '
the bonding interface (a) glass is torn apart and transferred onto the device 0.5 0.75 1 1.25
substrate and (b) the polysilicon micorheater with aluminum solder is removed 1000/T (1/°K)

from silicon and attached to the glass cap.

Fig. 12. Experimental results of bonding time for a given fracture
morphology versus bonding temperature in both cases of aluminum-to-glass

Polysilieon Mictbeater with and aluminum/polysilicon-to-glass bondings. Two curve fitting lines are
Alwminum g =4 = intersected at 56Gt15 °C which is very close to the eutectic point of
bl e T aluminum-silicon binary alloy.
+

silicon—aluminum alloy, respectively. Fig. 12 shows the mea-
surement results whetteis the bonding time to a given frac-
ture morphology and’” is temperature in Kelvin. The interface
bonding reaction can be described in Arhennius relationship

2EAE 10KV HIL LA [2¢e W05

ln(t)=Fa/K «(1/T)+ C
Fig. 10. Enlarged view SEM micrograph on the device substrate. There is

some area which has weak formation of aluminum/silicon-to-glass bond apghere

is the leakage path for moisture. C constant:

10 h, three failed after 30 h, one failed after 80 h and threeKa E(())Itzca;nndc;)résfct%or the aluminum—glass and alu-
were damaged after 450 h when the autoclave chambersudden[;E/ rr;inum/silicon.—glass system, respectively

broke down. Even though significant improvement has been OPﬁe aluminum—glass results are 'close to thé report by
tained, it is evident that some devices still fail prematurely. B?”rabriputaloonget al. [17] for the activation of aluminum
cause raising the bonding temperature instead of increasing Qitreous glass and quartz which are 0.28.07 eV and
bonding time can also improve bonding quality, there are st 1740.12 eV, respectively, and the report by Breneelal.

many ways to improve bonding yield and quality. [16] result for the reaction of aluminum to a-SiOx (0.98 eV).
Both of them proposed that aluminum atoms would replace the
IV. Discussion silicon atom in the coordination of silicon dioxide to form alu-

According to the broken interface of glass and silicon sulprinum oxide. In order to examine this reaction in the localized
strate, the bonding strength of glass/silicon—glass is higher trElaminum—glass bonding experiments, the sample in Fig. 4(a)
the failure strength of pyrex glass or silicon which is abovis placed into type-A [23] aluminum etchant for 10 min to
10 MPa[22] which is very suitable for micropackaging. In ordetremove aluminum and Fig. 13(a) shows the result. A porous
to understand the bonding mechanism which creates such Hayer on top of the glass substrate is observed. The sample is
bonding strength, aluminum-glass and aluminum/silicon—glab®en dipped into tetramethyl ammonium hydroxide (TMAH)
system are investigated by measuring the activation enéigly ( [24] solution for 20 min to remove silicon precipitate. Fig. 13(b)
in the temperature region above the eutectic point, 8Z,7of shows the etching result and the remaining material is believed
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Fig. 14. Statistical autoclave test results of another 11 packages produced by
increasing bonding temperature to 850 for 2 min.
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®) Fig. 15. Optical photograph of the hermetic package fabricated at 8506r
Fig. 13. Close view of SEMs (a) after 10 min etching by dipping the sample ;mmin showing microcrack formation on the glass capsule due to the thermal
Fig. 3(a) into aluminum type A etchant to remove aluminum. It shows a porodgess effects.
layer is on top of glass substrate. (b) The porous layer is then dipping into TMAH
solution to remove silicon precipitate. A residual thin layer is believed to be

aluminum oxide which will not be attacked by TMAH solution. ~850°C bonding temperature for 2 min and inserted into the
autoclave. In this test, 8 of 11 devices survived less then 120 h
to be aluminum oxide. A similar phenomenon is also foungals shown in Fig. 14. No unbonded region was observed after
in the aluminum/silicon—glass bond. These activation enerfjyeaking the bonding interface. The failure mechanism is iden-
measurements and post-bonding examinations suggest thatifiesl to be due to microcracks formed in the glass cap during the
aluminum—glass and aluminum/silicon—glass bonds result frdranding process as shown in Fig. 15, which is the optical pho-

the formation of aluminum oxide and silicon precipitate. tograph of the hermetic package. Therefore, a lower bonding
Fig. 12 also reveals several important phenomena. First, tegperature or cooling rate is recommended for the packaging.
two experimental curves meet at a temperature ofiSr C, Packaging test results can be statistically described by a

which is very close to the eutectic point of aluminum-silicokVeibull distribution function where:
binary system. This indicates that both bonding systems
require similar time to complete the bonding process at F(t) =1 — Exp[—(t/V)7].
the aluminum-silicon eutectic temperature. Second, under
the same bonding temperature, the aluminum/silicon—glaB$t) is the cumulative distribution function (cdf)js time, is
system requires less time for bonding as compared with thleape factor andlis characteristic lifetime that is the mean time
aluminum—glass system once the bonding temperature is abtwvéilure (MTTF). Weibull distribution is a common statistical
the eutectic temperature. It is due to silicon atoms dissolvitigeory to calculate the mean time to failure (MTTF) of packages
into aluminum and forming silicon aluminum alloy which ha$25]. According to the 11 package tests of the second set which
lower liquid phase temperature and could speed up the bondarg fabricated under improved conditions, P@and 0.2 MPa
process in terms of assisting oxygen diffusion. Although it hdsr 7.5 min, it is found that the MTTF of total 11 glass—silicon
been suggested that oxygen atoms could easily diffuse in liqgidckages is about 170 hours and the shape factor is about 0.66.
aluminum and help the aluminum-glass bonding proceddie lifetime is higher than published MTTF of epoxy-molded
further studies are required to investigate this phenomenon. packages which is about 8 h only under 1 atm, 100% RH, and
Although the unbonded region can be reduced by increasihg0°C environment [26]. The shape factor less than 1 indicates
either the bonding time or temperature as characterized in gwme defects that cause device failure already exist during the
Arhennius relationship, itis necessary to consider thermal strgssckage fabrication like the unbonded region or unobservable
effects induced by different thermal expansion coefficients beticrocracks. Since MTTF is estimated by a statistical method,
tween aluminum and glass when increasing the bonding tepreducing more test dice will provide more accurate MTTF and
perature. To test this, another 11 packages are fabricated uridsp us further understand the reliability of this packaging.
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V. CONCLUSION [10]
Aluminum/silicon-to-glass bonding based on localized
heating technique has been successfully developed and appligd]

to hermetic packaging with an inter-digited pattern style of
dew point sensor. The surface step created by the electrical
interconnect line can be planarized by reflowing aluminum/sil{12]
icon solder without affecting the performance of the packaged
sensor. Strong aluminum—glass and aluminum/silicon—glas[§3]
bonds achieved by the localized bonding process have been
characterized by the activation energy measurement. T4
measured activation energy of 1.0 eV for the aluminum—glass
system, is very close to that measured by the globalizegs)
heating and bonding schemes. The bonding mechanism relies
on the formation of silicon precipitate and aluminum oxide;¢
combination which can provide more than 10 MPa bonding
strength and good hermeticity. Moreover, adding silicon to

. ) . 17]
the aluminum—glass system will speed up the bonding proceés
by reducing the required bonding time. An autoclave testingis]
shows some of hermetic packages can survive more than 450 h
at 3 atm, 100% RH and 128C. Nonuniform bonding or mi-
crocracks have been identified as the main failure mechanisms
to hermetic seal with lifetime less than 200 h. Experimental20]
results also indicate bonding quality can be improved b>f21]
increasing bonding time and applied pressure to make sure
intimate contact between aluminum and glass. 22]
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