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Abstract—Silicon fusion and eutectic bonding processes basedtemperature of 363C that is the lowest bonding temperature
on the technique of localized heating have been successfully for the silicon—gold system [5]. Due to the high-temperature
demonstrated. Phosphorus-doped polysilicon and gold films are \oqyirement, temperature-sensitive materials and integrated

applied separately in the silicon-to-glass fusion bonding and . " ". . . .
silicon-to-gold eutectic bonding experiments. These films are circuits will be damaged or degraded during the bonding

patterned as line-shape resistive heaters with widths of 5 or zm  Processes. Therefore, high-temperature bonding processes are
for the purpose of heating and bonding. In the experiments, sil- not applicable in fabricating or packaging devices where tem-

icon-to-glass fusion bonding and silicon-to-gold eutectic bonding perature-sensitive materials exist. During the past few years,
are successfully achieved at temperature above 100%C and  gffortg have been undertaken to find a reliable bonding process

800 °C, respectively, by applying 1-MPa contact pressure. Both
bonding processes can achieve bonding strength comparable tothat can be conducted at a low temperature. Unfortunately,

the fracture toughness of bulk silicon in less than 5 min. Without these new bonding processes depend highly on the bonding
using global heating furnaces, localized bonding process is con-material [6], surface treatment [7], and surface flatness [8].

ducted in the common environment of room temperature and This paper presents a new approach to bonding based on the
atmospheric pressure. Although these processes are accompllshe%oncept of localized heating. The bonding processes are con-

within a confined bonding region and under high temperature, . . L
the substrate temperature remains low. This new class of bonding ducted locally while the whole wafer is maintained at a low

scheme has potential applications for microelectromechanical temperature. In addition, localized heating is able to provide
systems fabrication and packaging that require low-temperature high temperature and cause softening of the bonding material

processing at the wafer level, excellent bonding strength, and in order to alleviate the surface roughness problem. As such,
hermetic sealing characteristics. [467] this new technique has potential application to the fabrication
Index Terms—Heating, MEMS packaging, wafer bonding. and packaging of MEMS microstructures. The following two
types of localized bonding processes have been investigated:
1) silicon-to-glass fusion bonding and 2) silicon-to-gold eutectic
bonding. Technical issues in bonding conditions, strength, and
ONDING techniques, including fusion, eutectic, an%rocedures are discussed. It is our belief that this technique can

anodic bonding, have been used in integrated circuit (Ig}eatly simplify MEMS fabrication and packaging at both the
and microelectromechanical (MEMS) manufacturing for manyhip and wafer levels.

years [1], [2]. Although still an emerging technology, silicon
bonding is already producing such commercial devices as
pressure sensors and accelerometers. In general, these bonding!- PRINCIPLE OFLOCALIZED HEATING AND BONDING

processes operate under two basic conditions. First, the twq gcalized heating is provided by using microheaters instead
bonding surfaces must be flated to have intimate contact {gfgiobal heating furnaces. These microheaters are constructed
bonding. Second, proper processing temperatures are requjfed way that heating is restricted in a small region that is sur-
to provide the bonding energy. For example, the conventionglnded by insulation materials. The effectiveness of localized
silicon-to-silicon fusion bonding process takes place at {@ating depends on the selection of materials and the design of
bonding temperature of above 1000 [3]. Anodic bonding, the geometrical shape of the overall structure. For example, a
on the other hand, is performed at a much lower temperatyggent heat transfer study [9] has shown that a high temperature
of about 300°C-450°C with the assistance of a high elecyf 1000°C can be created by using microheaters, while the tem-
trostatic field [4]. The silicon—gold eutectic state occurs at Serature at neighboring area drops to 2a0in less than 2:m
away from the microheater [9].
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Pressure current, which depends on the design of the microheaters, is
! passed through the heater to provide the bonding temperature.
An electro-thermal model that was previously established based
Silicon or Glass Cap on the conservation of energy [9] was used to estimate the tem-
perature. Fig. 3 shows the simulation results (solid lines) and the
T experiments (symbols) of polysilicon microheaters under dif-
Microheater ferent input currents without the cap substrate. These experi-
. . mental data are calculated by assuming a linear dependence of
Device Substrate (S) resistivity with respect to temperature
.

(@
Pyrex 7740 Glass p(T) = p, (1 + S(T i To)) (1)
0.1
wherep, is the resistivity at room temperature ahi the tem-
perature coefficient of resistivity. For N-type polysilicon with
dopant concentration of 76 10'/cm?, this temperature coef-
Air ficient is about 1.2« 10~3/K [10], [11].
The same principle is used in the temperature sensor to deter-
mine the temperature changes at a short distance, i.g.ml5
Silicon Dioxide Microheater (1.0) away from the microheater. It is found that when an electric
current of 30 mA is passed through theuB-wide polysil-
icon resistive heater, the temperature reaches the melting point
of polysilicon [(11415°C). At the same time, the temperature
sensor indicates a temperature increase of less thdd #9.:m
Silicon away from the microheater. Apparently, the high-temperature
b) region is well confined in a very small area by using this local-

ized heating scheme.
Fig. 1. Principle of the localized bonding experiments. (a) Cross-sectional
view. (b) Isotherms around a/sm-wide microheater capped with a Pyrex glass

Substrate. I1l. EXPERIMENTAL RESULTS

material. When an electrical current is applied, the temperatlﬁ’e Localized Fusion Bonding

of the microheater rises to activate the bonding process. ASilicon-to-glass bonding is demonstrated by a Pyrex glass
heat transfer simulation is shown in Fig. 1(b) illustrating theap substrate (7740, Dow Corning). After placing the glass
isotherms of the silicon-to-glass bonding process. substrate on top of polysilicon microheaters (on the device sub-
Fig. 2 shows the schematic diagram of the experimental setgfrate), a 31-mA input current is then applied to therb-wide
A bonding stage made of stainless steel is designed and rhd-:m-thick polysilicon microheater for about 5 min. This
chined in-house. The contact pressure is applied by the foinput current can generate a temperature of about T80
screw via a force plate and supporting springs. A force sendmsed on a current-temperature simulation, as shown in Fig. 3.
is used to measure the contact pressure such that a proper f@pesing the bonding process, the operator can actually see the
sure (about 1 MPa) is applied on the force plate. When the apew color of microheater by placing the bonding stage under
plied pressure is less than 1 MPa, intimate contact becomearaoptical microscope.
problem such that those bonding tests are not successful. ThEig. 4 shows the SEM micrograph of the glass substrate after
bonding pressure of 1 MPa is the minimum pressure requirite fusion bond is forcefully broken. It is observed that the
for this localized bonding process. An observation hole is drillestjuare shape microheater is reflected on the originally flat glass
such that the bonding process can be monitored under an opt&ddstrate. Furthermore, part of the polysilicon was attached to
microscope. The enlarged view on the left-hand side shows the glass cap. This demonstrates two very important features
bonding specimen. Either silicon or a glass cap substrate is fartthe localized fusion bonding experiment. First, the temper-
on top of the device substrate. Two electrical contact pads shoatare of the microheater can be raised to go over the glass soft-
in the figure are used for electrical connections. The device arg@ing point of 820°C, and soften the glass locally. The struc-
is designed to enclose MEMS structures by the microheatertimal changes in the glass sometimes cause high stress buildup
order to measure the temperature surrounding the microheataehya to high-temperature gradient. It is found that when a regular
temperature sensor made of polysilicon or gold is placedi5 glass is used as the packaging cap, cracks can be found at the
away from the bonding area that is not shown in these figuremmpletion of the bonding process. When a Pyrex glass sub-
The temperature of the microheater and temperature sensorssénae is used, the cracking phenomenon disappeared. Second,
characterized by monitoring the change in resistance that carthe applied pressure is high enough to cause intimate contact of
achieved by dividingAV by the input current. the glass cap and microheaters. Since intimate contact has been
Two widths, i.e., 5 or 7:m, of the microheaters are designednade, a good and reliable fusion bond can be expected under
and tested with a square bonding area of 50800 ym?. A proper temperature and reaction time.
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Fig. 2. Schematic of the bonding stage.
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Fig. 5. SEM micrograph shows the localized silicon—glass fusion bonding.
After the bond is forcefully broken, microheater, silicon dioxide, and glass cover
Current (mA) are clearly observed.
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Fig. 3. Experimental and simulation results of 5- andri-wide polysilicon
microheaters under different current inputs.
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160rm HD46 Fig. 6. Polysilicon microheater appears after dipping into HF.

Fig. 4. SEM microgre_\ph shoyving the glass cap substrate is softened and Bésstronger than the bottom ponsiIicon—oxide adhesion force
the shape of the polysilicon microheater. . - . .
as evidenced by the breakage of polysilicon—oxide interface.
Therefore, it is suggested that an excellent silicon-to-glass fu-
In order to determine the bonding strength, a close-up SEdibn bond is achieved.
micrograph was taken as shown in Fig. 5. For this particular According to the fusion bonding principle [12], flat surfaces,
sample, the breakage was along one of the microheater. Polyisyldrophilic surface treatment, sufficient high bonding temper-
icon heater, silicon dioxide layer and the top glass cap can &tire, and reasonable bonding time will result in successful
clearly identified. The morphology of glass near the microheateonding. The typical bonding procedure is to put the wafers
is slightly distorted and it indicates that the glass substrate hasthe conventional oven at above 1000 for about 2 h.
been locally softened. After dipping into HF solution to removin the experiments presented in this paper, microheaters are
part of the silicon dioxide, the polysilicon heater is seen delicleaned by HF dip, sulfuric peroxide mixture (SPM, i.e., a
eated in Fig. 6. In this case, the polysilicon—glass bond seem#itixture of H, SO, and HO;) cleaning and water rinse to
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Fig. 7. SEM micrograph showing localized silicon-to-gold eutectic bondingig 9. Close view of SEM micrograph showing voids on the surface of the
After the bond is forcefully broken, the silicon cap is torn apart and transferrefficon debris after gold etching.

to the device substrate.
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Fig. 10. Nonuniformity is found in a conventional eutectic bonding process.
Fig. 8. Close view of SEM micrograph showing the silicon debris attached ong vy gp

the gold microheater after the bond is forcefully broken.
for 30 min, some voids appear as shown in Fig. 9. Since gold

plished by monitoring the applied force via the force sens#i€ gold—silicon composite alloy. It suggests that gold atoms
and the bonding temperature is controlled by the theoretidve diffused into the silicon substrate during the localized eu-
electro-thermal model as well as the experimental resistarf€&tic bonding process. The diffusion coefficient of gold in sil-
measurements. When the microheater is close to the meltifg" Was previously reported as 1x110~"m?/s [14]. By ap-
temperature of polysilicon, silicon-to-glass fusion bonding cd#Ying the average length of the voids of Lin as the diffu-
actually occur in less than 2 min. If the bonding temperatufOn length, the average bonding temperature is calculated to be
is reduced, a longer bonding period is required to achiey@Q C. which s close to our analytical estimation.

excellent bonding strength and uniformity. A conventional eutectic bonding process is conducted in an
oven for the purpose of comparison [5], [15]. The processing
B. Localized Eutectic Bonding temperature is first ramped to 430 in about 10 min and is kept

?_t 410°C for 10 min before cooling down to a low temperature

imgﬂg ;SS usgt?] '?hgh?]esg,l?non-;?]'goggn%ﬁecﬁa?ggg;zg Iﬁx,g%n éanother 40 min. The eutectic bond is then forcefully broken as
9 9 ) s}own in Fig. 10. Nonuniform bonding can be clearly observed

tests, a silicon cap is placed on top of the device substrate with, . i ; .
gold microheater. A 0.27-A electrical current is then applie'(rjl his photo. This is probably the reason that hermetic sealing
to the 5u-wide 0-.51m-1-thick gold microheater for about swasn ot accomplished' i.n a previous report [1.5]' Since the dif-
min. The bonding temperature is estimated to be abouto800fuswlty [14] and solubility [16] of gold into silicon substrate

o . 'n?rease when the processing temperature increases, a higher
according to both the electrothermal model and experlmenka

measurements of resistivity changes. During the bondinemperature is preferred in the eutectic bonding process. Local-

process, gold diffuses into silicon and the resistivity of gol' d eutectic bonding processes as demonstrated in this paper

microheater changes. It is necessary to adjust the current O%rowde a high temperature for more gold atoms to diffuse into

sity to maintain a high bonding temperature. Fig. 7 shows t lf[icon.(;l'herefore, athlcke_r Iiyerdo_f QOId_Smcgnl%"Oy can form
result of silicon-to-gold eutectic bond by localized heating. T J'and a stronger eutectic bond is expected [18]
bond has been forcefully broken and it appears that the silicon
substrate was torn apart and attached to the gold microheater.
Furthermore, the eutectic bond is uniformly distributed over Temperature and processing time are the two key factors
the boundary of the square-shape microheater. for both fusion and eutectic bonding if intimate contact has
Fig. 8 is a close-up view of a part of the silicon debris on topeen achieved. In the silicon-to-glass fusion bonding system,
of the microheater. The sample is then dipped into gold etchatbms obtain thermal energy provided by the high temperature

IV. DISCUSSION
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whereC' is a constant and Ea is the activation energy Anid
the Boltzmann constant. A value of 1.6 eV for Ea is extracted
from Fig. 11 and this number is close to the number obtained
from silicon direct bonding (1.8-2.1 eV) [22], [23]. Interface
polymerization reaction involved in silicon dioxide formation
has been proposed as the bonding mechanism for these global
silicon direct bonding at very high temperature. Since the mea-
sured bonding activation energy for localized fusion bonding is
close to the reported number, a similar polymerization reaction
may occur under localized heating. However, further investiga-

05 0625 075 0875 1 1425 tions are required to achieve a full understanding of the mecha-

1000/T (1/°K) nisms of localized bonding.
Localized heating can be achieved by other means such as fo-

Fig. 11. Experimental result of bonding time versus bonding temperature. cused laser beams [24] and microwave heating [25]. In addition
to the heating sources, the design of insulation layers and the un-
iflerstanding of the localized bonding mechanism also determine

silicon-to-gold eutectic bonding system, atom diffusion is i he success of the process. This paper presents the foundations

tensively increased under high-temperature environment Wi{gﬁ localized heating and bon.dlng as an e_szor.t to establish new
atoms overcome the diffusion barrier to form eutectic bong'ocesses for MEMS packaging and fabrication.

Therefore, it is desirable to have high processing temperatures

in both fusion and eutectic bonding processes for high diffusion V. CONCLUSION

constants and reaction rates. Localized heating provides N scalized fusion and eutectic bon ding processes have

exce”e”t_ appr(_)acr_l t_o accomplish the high-temperature reqwkr)e?-en successfully demonstrated in this paper. Phosphorus
ment while maintaining low temperature at the wafer level. Fa

reaction and strong bonding are expected to occur locally. ﬁoped polysilicon and gold resistive heaters are used in the

additions, both bondings can be achieved by applying a 1—ME"1{00n to-glass fus.|0n and_ silicon-to-gold eutectic bonding
. . ; rocesses, respectively. It is found that both processes can be
contact pressure to ensure intimate contact. This stress is mUc ; : o .
) . .. _accomplished in less than 5 min with excellent bonding strength
smaller than the ultimate compressive stress of metal, silicon ) : - : .
i : arid uniformity. In the silicon-to-glass fusion bonding process,
and silicon compounds. Therefore, any detrimental effect on

the device substrate can be avoided if this scheme is appliedar‘é)wémpUt cuerent_of about 31 mA_ IS hecessary _to pass through
. o abx 1.1 m*= microheater to activate the bonding process. In
MEMS packaging or fabrication. . . . 4
By examining the interface of silicon-to-glass fusior%he S|I|con—to—goild eutectic bonding process, an input current
of about 0.27 A is needed to reach a temperature about®@00

bonding, as shown in Fig. 6, it is concluded that the fus'%;an 0.5,:m? gold microheater. Based on the experimental

bonding st_rength can be Iarger than the fracture Strength.o%servation, the bonding strength of both schemes can reach
thermal oxide and the adhesion force between thermal oxide

and silicon substrate. Previously, ket al. [19] reported that alleast 10 MPa. Furthermore, the bonding activation energy

the adhesion force of thermal oxide and silicon is above Il%r localized silicon-to-glass fusion bond is characterized at

MPa. Another report by De Reus and Lindahl [20] estimate 6 ev. Hermencny of the seal IS one of the main parameters
. . o of interest in MEMS device bonding. A dew point sensor was
that when silicon is fractured at the bonding interface, the S .
. . . ackaged inside the encapsulation area to detect leakage and
bonding strength is estimated at about 30 MPa. In both cases . . .
: S . opig-term hermeticity [26] as the continuation of the current
the bonding strength is higher than the failure toughness 0 : . o
. ; work. We believe these techniques can greatly simplify MEMS
bulk silicon at approximately 10 MPa [21]. Based on our, .” . . '
X . - . abrication and packaging at both the wafer and chip levels.
experimental observation, both silicon-to-glass fusion bond an

silicon-to-gold eutectic bond can cause the fracture of silicon
when the bond is forcefully broken. Therefore, it is suggested ACKNOWLEDGMENT
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