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Abstract

The findings of this study report the bonding of glass/glass wafers by using the surface activated bonding (SAB) method at room tempera
(RT) without heating. In order to bond, the glass wafers were activated by a sequential plasma activation process, in which the wafers were cle:
with reactive ion etching (RIE) oxygen radio frequency (rf) plasma and nitrogen radical microwave (MW) plasma one after another and the
contacted under hand-applied pressure followed by cold rolling under 20 kg load in atmospheric air. High bonding strength for glass/glass \
achieved. Paramount influence of Mdical MW plasma on the adhesion enhancement of silicon/silicon bonding motivated the investigation of
the N, radical MW plasma relationship with the bonding strength of glass/glass. A considerable influengere$dure on the bonding strength
was not observed except inbldas pressure of 30 Pa, which might be due to the debonding between glue and fixture used for tensile pulling tes
No significant effect of OH density of glass wafers on the bonding strength was found belo@ 4Dife result was evident from 400 and it
was about twofold higher at 60C than that of RT to 400C. This result indicated that the sequential process bonding mechanism was consisting
of long bridges of hydrogen bonding by water molecules. Significant environmental influence on the bonding strength was found and which co
be correlated with OH molecules of glass wafers.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to achieve strong bonding strength at low tempergi@. On

the other hand, strong bonding strength of glass/glass wafers

Glass has continuously been attractive to microelectrat low temperature and load has not yet obtaifgd Surface

mechanical systems (MEMS) and medical device applicationactivated bonding (SAB)is now regarded as one of the room tem-
because of its high insulation and excellent transparent behaperature bonding technique, which can be used to solve these
ior. However existing methods for glass bonding are not suitabldifficulties. This method has been successfully applied to the
for making miniaturized MEMS devices. For example, anodichonding of silicon at room temperatuis. In the SAB method
bonding is a popular bonding method often utilized for MEMS wafers are bonded directly after the activation of sample surfaces
packaging in which the glass wafers are heated at a temperatuiging radio frequency (rf) plasma or fast atom beam. Room tem-
200-300°C [1] under high electric field. For the integration of perature bonding with low load possibility of the SAB method
multifunctional materials to make complicated structures suclis the most advantageous compared to other methods. Previ-
as three-dimensional integration, it is necessary to reduce thsus glass/glass bonding with SAB method, which cleaned with
processing temperature for packaging. In addition, it is recoxygen plasma could not get so good strerjgthRecently we
ommended for a low cost mounting technology, which can béhave proposed a sequential plasma activation process for sil-
achieved by wafer level bonding. But there are many difficultiesicon direct wafer bonding using oxygen reactive ion etching
to realize wafer level packaging, such as high bonding tempergRIE) followed by nitrogen microwave (MW) radical activation
ture and high bonding load. However, much work has been donat room temperature. The sequential process was also success-

fully demonstrated to silicon/quartz and quartz/quartz bonding
mponding author. Present address: Engineering Physics Departmex\t“thom heating. ; y
McMaster University, 1280 Main Street West, Hamilton, ON, Canada L8S 4L7. ' The StUdy_reSUItS foun_d thermOdynamlca"_y unSFable silicon
Tel.: +1 905 525 9140x26196, fax: +1 905 527 8409. surfaces, which were activated (removed native oxides and sur-

E-mail address: mrhowlader@ece.mcmaster.ca (M.M.R. Howlader). face contaminants) with RIE £rf plasma and nitrogen MW

0924-4247/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2005.11.003



32 M.M.R. Howlader et al. / Sensors and Actuators A 127 (2006) 31-36

radical resulting in strong bonding due to the reaction of unsta-
ble surfaces. The Nradical activation after ©RIE treatment
was the precursor of strong bonding stren@th To the best of
our knowledge, nowork has been reported on the investigation of o, —
the influence of N MW plasma gas pressure and exposure time - , ' -
in this sequential process with glass/glass bonding strength. On N . .- -‘ '

the other hand, the presence of silicon OH groups controls the — " +—— RF Plasma
bonding adhesion of silicon in the hydrophilic bonding process T R T e o
after contacting therf8]. However, the influence of OH groups BNy g | E—

in glass wafers on the bonding strength of glass/glass has not _"L
yet been clarified.

lon trapping plate Glassplace

Electrode

In this paper, @ RIE plasma and N MW plasma have Exhaustl
sequentially been used for the surface activation to bond 13.56 MHz
glass/glass wafers in the atmospheric air with 200 N over 125- Miathing s
mm diameter. This paper reports the bonding results of the effect @ Box _®—v‘r

of nitrogen microwave plasma activation after the activation with
oxygen rf plasma and the role of OH groups associated with the

influence of additional heat treatments in nitrogen and oxygen R

gases. Surface wave \ : . 2.45GHz
Plasma “ Micro wave
2. Experimental I%> ' <N:|
In this experiment, a wafer-level bonding tool used, which / -~ MW Plasma
<4——— Radicals

was a nine chambered robot controlled bonding apparatus and  Ton trapping plale/"/i =

it accommodates wafers from 50 to 200 mifg. 1 shows the Sample ~Thag g 7
wafer level bonding tool. The load lock and plasma chambers
were used for the loading and deloading, and the surface acti- _,,L
vation. Wafer surfaces were activated in a low vacuum pressure
using 13.85 MHz oxygen rf plasma followed by 2.45 GHz MW (b)
plasma in the plasma chamber at room temperature. In the case o , _
. . Fig. 2. Schematic diagrams for (a) rb@RIE plasma system with self-biased

of MW plasma, a sy;tem to extract ?lecmcallly neutral IFa‘dIcal%ondition and (b) modified Nradical MW plasma system. The plasma was
was developed. Radicals can chemically activate the wafer SUfpnerated one after another to activate the wafer surfaces.
faces. On the other hand, ions generated in reactive ion etching
(RIE) in the rf plasma were accelerated by self-bias voltage to ) )
increase physical bombardment capability. The plasma sourdioned. In order to generate RIE plasma and radicals in one
powers were 200 and 2000 W, respectively for the rf and mwchamber, an rf discharge electrode and an ion-trapping metal
plasma. plate for MW plasma were used as showifrig. 2 In this con-

For sequential activation, the wafer surfaces were processdi@uration, RIE plasma is generated by the discharge between
by O, RIE plasma for 60's and then subsequently processed B}€ ion trapping metal plate and the rf electroig(2a). MW

additional N radicals for 60's at 30 Pa unless otherwise menPlasmawas generated and passed through the ion-trapping metal
plate to generate neutralized nitrogen beam (charge-free radi-

cals) by absorbing ions in the holes of the metal pl&ig.(2o).
By the help of the independent plasma generation with the MW
and rf discharge systems, a wafer surface can be activated by
the ions with high bombarding energy, and the radicals without
bombarding energy in one plasma chamber. Oxygen gas for RIE
plasma and nitrogen gas for radical generation were used. The
plasma discharge and wafer processing conditions are shown in
Table 1
Glass wafers of 125-mm diameter with 10-50 and 1000 parts
per million (ppm) OH (hydroxyls) molecules were used.
So the glass wafers can be denoted as OH<100ppm and
OH=1000 ppm molecules. The average surface roughness of
Klligrment ahd glass wafers before surface activation was 0.25 nm. Without any
Pre-bonding Chamber chemical activation, the glass wafers were loaded directly from
— wafer packs to the load lock chamber and then transferred to the
Fig. 1. Schematic diagram of a robot controlled 8in. wafer level SAB tool. plasma chamber. Of plasma and NMradical MW plasma were

Exhaust
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Table 1
Experimental conditions used for the glass/glass bonding in the sequential ERY
plasma activation process

Fractured from bulk
Debonded from interface

=
H X e»

Bondmgflrength [MPa]
omf
°
a o t
L

Debonded from glue &
Pl_asma type (9] No _ Average
Discharge mode RIE Radical 25—
Chamber pressure (Pa) 30 30 X §
Discharge power (W) 200 2000 20 A A
Process time (s) 60 60-120

0 30 100 200
Nitrogen Gas Pressure [Pa]

Fig. 4. Tensile strength dependence of OH <100 ppm glass/glass wafegs on N
MW plasma gas pressure. Zerg s pressure indicates surface activation only
with Oz RIE plasma.

tensile tests, many samples were debonded from the bonding
interface or one side of bulk glass in the case of 30 Pafds-
sure, but more than half of the samples were broken from the
glue and fixtures in 0, 100, and 200 Pa piessure. This fact is
indicative of strong adherence of glass/glass wafers at 0, 100 and
200 Pa without true bonding strength. The maximum bonding
strength at 100 PaNradical plasma gas pressure is 29.7 MPa,
and at 0 Pa pressure is 22.2 MPa, which is quantitatively much
higher than the results in the previous repd#s8]. The root
Fig. 3. Typical wafer-level optical image of OH < 100 ppm glass/glass wafersneéan square (RMS) value of the sample surfaces, which was
bonded in the atmospheric air using the sequential plasma activation processrteasured by atomic force microscope (AFM) before sequential
room temperature. activation process is 0.32 nm, where as the RMS value of the
debonded sample surfaces treated with both activation sources
used for surface activation one after another in the plasma chanB0 Pa for 60's for each plasma) before bonding is 0.88 nm. In
ber. After surface activation, the wafers were contacted undefact the surface roughness of silicon surface exposed with the
hand-applied pressure outside vacuum chamber in the atmgequential activation process for identical times was not changed
spheric air at room temperature and then cold rolled under 20 kpy]. Therefore, it turned out that the debonded surface rough-
load. Bulk equivalent high bonding strength was achieved afteness was due to the bulk fracture of the glass wafer after the
24h. Fig. 3 shows the optical image for glass/glass bondingiensile pulling test. From these results, we can conclude that
indicating void free interface including some particles causedve could get the higher bonding strength than previous reports
inclusions due to bonding in a 10,000-class clean room. Thef glass/glass bondinig,6] using sequential plasma activation
samples used in these experiments were preserved in a desicp@ocess. The output glass/glass bonding can be improved the
tor for 3 days or more after wafer bonding. The bonded waferstrength but these data do not show significant differences in the
were cut into 10 mnx 10 mm pieces and stuck to metal bars bonding strength within statistical error among various nitrogen
(jigs) with glue for the tensile pulling test. Bond strength wasgas pressures.
measured by a tensile pulling tester (AGS-1 kNG), which was

made by Shimadzu Corporation. 3.2. Influence of hydroxyl molecules

3. Results and discussion Since the chemical reaction between the OH molecules on
mating surfaces is initially responsible for the bonding of Si/Si

3.1. Influence of N pressure of MW plasma and glass/glass wafers, the role of OH presence in the glass

wafers on the bonding strength must be evaludteg.5 shows

Fig. 4shows the tensile strength of OH < 100 ppm glass/glasthe average bonding strength of the glass wafers of OH <100
wafers as a function of NMW plasma gas pressure. The bond- and OH=1000 ppm bonded at room temperature after activat-
ing strength was not significantly changed with the increase oihg with O, rf plasma at 30 Pa and NMW radical plasma at
N> gas pressure. The results also indicated smaller scattering 80 Pa for 120s. Other experimental conditions were same as
test values from the average in 30 Pagdés pressure than that shown inTable 1 No significant difference in the glass/glass
in 0, 100 and 200 Pa. The debonding states of the samples afteonding strength between the wafers having OH<100 and
tensile pulling tests could explain this phenomenon. During th€H = 1000 ppm molecules was observed. The absolute quantita-
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Fig. 5. OH density dependence of bonding strength of glass wafers bonded hy,

the sequential plasma activation process at room temperature in the atmos her"g' 6. Temperature dependence of bonding strength of OH <100ppm
air q P P P P g\ass/glass wafers. Two-fold higher bonding strength at°@0¢han that of

RT to 400°C was evident.

tive bonding strength for OH <100 and OH = 1000 ppm wafersheating up to 400C and the average bonding strength remained
was 11.1 and 12.3 MPa, respectively. Considering the bondingonstant at 13 MPa below 40Q. However, the bonding strength
strength of OH = 1000 ppm wafers debonded from glue appearegkgan to increase from 40Q and quickly increased to 23 MPa
in the upper scattering range, it could be approximately conat 600°C. Also the bonding strength showed the scattering of
cluded that the bonding strength was higher in OH = 1000 ppngata, which increased with the increase of heating temperature.
glass wafers than that in OH <100 ppm wafers. Earlier study in silicon/silicon bonded by the sequential
The glass/glass wafers bonding in vacuum after cleaning withasma activation process showed the increase in the bonding
RIE O, rf plasma and Nradical MW plasma failed because the strength and the increase of number of voids across the inter-
species most likely to be OH molecules on activated surfacegce with the increase of annealing temperafiie Although
required for the initiation of bonding was not enough in the ultrathe reaction between the unstable oxinitride sites on mating sur-
high vacuum (UHV) condition. On the other hand, the sequentaces produces stabilized oxinitrides and results in high bonding
tially processed wafers had high bonding strength, in which th@trength, as noted previously, a considerable number of OH
wafers were bonded outside the chamber in the atmospheric ajfiolecules can still be present across the interface. So the bond-
The strong bonding strength of glass/glass was comparable {ag strength enhancement can be attributed to the formation of
the bulk materials and was believed to be due to the reactiogi-O-Si due to heating between 400 and 6@0[8,9] along
between the plasma induced metastable surfaces through Gith the silicon oxinitride$7]. Similar to the previous repdj],
sites on both SUrfaceS, which results in water formation aCrosge results indicate that this sequentia| process bonding mech-
the interface. As the water diffuses with time into bulk materi-anism consists of |0ng bridges of hydrogen bonding by water
alS, oxinitride sites on both surfaces react and prOduce Stabilizqﬁ0|ecu|eS, which formed on surfaces activated and exposed to
silicon oxinitride resulting in strong bonding strength. This is ajr. The amount of water molecules diffused into glass increased
possibly the reason why the amount of OH molecules in the bulkith elapsed time according to the heating temperature. Further-
glass wafers was not dependent on the tensile bonding strenghore this causes the accumulation of gas (possibly hydrogen)

atroom temperature. as voids[8-10] across the interface. The heating temperature
at 600°C is too high for glass wafers, indicating mass flow to
3.3. Influence of heating temperature reduce the interfacial voids, which can be correlated with the

sudden increase in the bonding strength.

Although the reaction between the plasma induced
metastable surfaces through OH sites on both surfaces producéd. Influence of heating ambient
water, the heating of samples can remarkably rearrange water,
polymerize silanol groups and change silanol groups into silox- Fig. 7a and b shows the tensile strength of OH <100 and
ane groups at the interfaf@]. Fig. 6 shows the tensile strength OH=1000 ppm glass/glass wafers, respectively without and
dependence of OH <100 ppm glass wafers on heating temperadth heating in @ and N, ambient at 200C for 2 h. The flow
tures in the atmospheric air. The activation gas pressure and tinmate of gases used for heating was 2 ml/min. The gas pressure
for both plasma sources were 30 Pa and 60 s, respectively. Othfer both plasma sources was 30 Pa. The activation time for RIE
experimental parameters are same as showalde 1 Bonded O, plasma and WMW plasma was 60 and 120 s, respectively.
samples were annealed after dicing, fixed to the fixture with glu@ he tensile pulling test was done after preserving 3 days or more
and performed tensile pulling test. The tensile pulling test wagrom bonding in a desiccator at room temperature. Heatingin O
done for the bonded samples, which were preserved in the deshowed identical tendency of decrease of bonding strength for
iccator at least for 3 days after bonding at room temperature antgbth OH <100 and OH = 1000 ppm samples. In contrast to heat-
after that, which were heated in the atmospheric air for 2 h at eadhg in Oy, the results of bonding strength of the samples indicated
temperature. The bonding strength did not change before thae opposite tendency between OH <100 and OH =1000 ppm
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25 for glass/glass bonding. Wafer-level glass wafers were bonded
g R after the sequential plasma activation, RIE oxygen rf plasma and
2 ¥ " eme || nitrogen MW radical plasma one after another, in room tem-
f;o 15 ) 'y perature atmospheric air out of chamber. The study results of
g o — bonding strength to clarify the influence of nitrogen pressure of
s i \._\; MW plasma showed that many samples were debonded from the
'g 5 I L bonding interface or one side of bulk glass in the case of 30 Pa
S . . pressure, but more than half of the samples were broken from
No treatment 0, Gas N, Gas the glue and fixtures in 0, 100 and 200 Pa. No notable difference
(a) Heating Environment in the bonding strength with the amount of OH density in the
glass was evident. Bonding strength increased at heating tem-
_ PrTET— perature from 400C. This result indicated that the sequential
ﬁ; 20 5 et fomtie ; process bonding mechanism consisted of long bridges of hydro-
= - A gen bonding by water molecules, which formed on activated and
%n 15 u exposed to air surfaces. Significant environmental influence on
2 1 X = the bonding strength was found and which could be correlated
%" t * with the OH of glass wafers. The strong bonding strength is com-
g 9 parable to bulk materials and believed to be due to the reaction
g . ; between the plasma induced metastable surfaces through OH
Homearer 0y G HyGss sites on both surfaces, which results in water formation across
(b) Heating Environment

the interface. As the water diffuses with time into bulk materials,
Fig. 7. Tensile strength of (a) OH < 100 ppm and (b) OH = 1000 ppm glass/glas®Xinitride sites on both surfaces react and produce stabilized sil-
wafers without heating in atmospheric air and with heating jre@d N> flow icon oxinitride resulting in strong bonding strength. Heating at
at the rate of 2 ml/min in a quartz box at 200 for 2 h. Heating media and OH higher temperature than 40GQ. Si-O—Si and silicon oxinitride
molecules were found to be highly sensitive to the bonding strength. sites are most Iikely be attributable to high bonding strength of

glass/glass.
samples. Heating in Ngas, the bonding strength of sample

having OH <100 molecules decreased but it increased for thg cknowledgements
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