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Abstract—A glass vacuum package based on localized polysilicon or silicon nitride layer with permeable holes as a
aluminum/silicon-to-glass bonding has been successf.ully demon-protection shell. The permeable holes provide leakage paths
strated. A constant heat flux model shows that heating can be 4 pyffered hydrofluoric acid (BHF) or silicon etchant for the

confined locally in the dielectric layer underneath a microheater . . .
as long as the width of the microheater and the thickness of silicon releasing process to free mechanical microstructures. The holes

substrate are much smaller than the die size and a good heat sink &€ Sealed by growing another low-pressure chemical vapor
is placed underneath the silicon substrate. With 3.4 W heating deposition (LPCVD) layer of polysilicon after the releasing
power, ~ 0.2 MPa applied contact pressure and 90 min wait time process. Integrated encapsulation can achieve low pressure and
before bonding, vacuum encapsulation at 25 mtorr & 3.33 Pa) good hermeticity in wafer level fabrication and provide low
can be achieved. Folded-beam comb drivqu-resonators are \.5nufacturing cost. However, the lack of controllability of

encapsulated and used as pressure monitors. Long-term testing of . L . - .
vacuum-packagedu-resonators with a Quality Factor () of 2500 cavity pressure, which is determined by the deposition condi-

has demonstrated stable operation after 69 weeks. A-resonator  tions of CVD materials during the sealing process and the high
with a @ factor of ~ 9600 has been vacuum encapsulated andtemperature of CVD deposition are limitations of this approach

shown to be stable after 56 weeks. [686] [6]. Furthermore, this approach is process specific and not
Index Terms—Localized heating, MEMS packaging, microres- Suitable for a wide range of MEMS packaging applications.
onators, vacuum encapsulation, wafer level packaging. On the other hand, the postprocess packaging approach has the

potential to solve these problems and is chosen as the preferred
method in this work.

In the postprocess packaging approach, integrated microsys-
ACUUM and hermetic encapsulation of resonant devic@sms and protection shells are fabricated on different substrates,
is required not only to protect them from damage anglther silicon or glass, at the same time. The two substrates are

contamination, but also to provide a controlled low-pressutgen bonded together using silicon fusion, anodic, or low tem-

or vacuum environment for low-loss (high-factor) operation. perature solder bonding to achieve the final encapsulation. Low
Contaminants, like moisture and dust, can greatly affect the sgackaging cost can be obtained due to wafer-level processing.
sitivity and resolution of:-resonant devices. For example, bet ow bonding temperature and short process time are both de-
cause the typical mass for a very high-frequepegsesonator sjrable process parameters in device fabrication to provide low
is about 10* kg, even small amounts of mass-loading caghermal stress and high throughput. However, most chemical
cause significant resonance frequency shifts and induced phgsfding reactions require a minimum and sufficient thermal en-

noise [1]. In addition, most micromachined resonant deviceggy to overcome the reaction energy barrier, normally called the
have very large surface-to-volume ratios and vibrate in a veg¢tivation energy, to initiate the reaction and to form a strong

tight space. For such devices, viscous and squeeze-film dampiigid. As a result, high bonding temperature generally results
effects can also reduce thejrfactor [2], [3]. in shorter processing time to reach the same bonding quality

In microelectromechanical systems (MEMS) vacuum paclit a lower bonding temperature. Since thermal effects to the

aging, two major approaches have been demonstrated: $erounding circuitry or MEMS devices of packaged microsys-
integrated encapsulation approach [2]-[7] and the postprocessis are inevitable when bonding temperature is high, local-
packaging approach [8]-{14]. A typical integrated encapsired heating has been developed to provide to alleviate these
lation approach utilizes a 2- 3-um thick phosphorus-doped effects for bonding-based package and assembly applications
silicon glass (PSG) or doped polysilicon layer on top dfi5]-[17].
the micromachined mechanical component as a sacrificialin a previous paper, a novel hermetic package using localized
layer, followed by the deposition of several microns thick ciluminum/silicon-to-glass bonding with excellent bonding
strength and durability was reported by our group [18]. This
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Il. PACKAGE DESIGN AND FABRICATION Silicon or Glass Cap

e

A. Thermal Analysis

The localized heating and bonding concept is utilized for
bonding two substrates as shown in Fig. 1(a). Resistive heating
by using microheaters on top of a device substrate is used to
form a strong bond to a silicon or glass cap. According to the
results of two-dimensional (2-D) heat conduction finite element
analysis [16], [19], the heating region of gBr-wide polysil-
icon microheater covered with a Pyrex glass cap at steady state
can be confined locally as long as the temperature of the silicon

Device Area - Silicon Dioxide

substrate is maintained at ambient temperature. (@)
The physics of localized heating can be understood by solving Ly
the governing heat conduction equations for a device structure i - >
without a cap. These equations are solved under a steady-state =~ <«%—» P
condition with constant heat flux and adiabatic boundary con- ST — —
o . A . . Silicon Dioxide and Nitrid d
ditions as illustrated in Fig. 1(b). Because the width of the mi- Y2l riee § deri
. . . . X
croheater (& = 5 ym) used in the bonding experiment is much Adiabatic B.C.
smaller than its lengthi{ ~ 500 um), the temperature distribu- - ds
tion around the heated region can be reasonably approximated  § Silicon Substrate
by applying a 2-D model instead of a three-dimensional (3-D) y7|
one. The governing equations and the boundary conditions are Pl \
[13], [20] B.C.:T=T,;
PT,  OT (b)
o (G + ) =0 ®
€ Y1 Fig. 1. Schematic diagram of localized heating and bonding. (a) 3-D view. (b)
82T2 82T2 2-D heat transfer model, geometry and boundary conditiBrS ).
et | 5 | =0 (2)
Oz dys;
oT, T, oT, oL, these experime.nts or hours ir_1 other tests depending on the
Dr == =7 == =0 method of heating and bonding materials);
T |eo 0T |u—o 97 |_ip 01 (., . : - . - :
= = 2) the spreading of heat in polysilicon is negligible since
i |y1:o:Tr-t- the lateral thermal heating length in polysilicon is much
a1y a7y smaller than the width of polysilicon [22];
kl% Thett g, 3) the heat transfered from the top surface of the die to the
IL Ny =d, Y2 ly,=o0 . . - .
T _7 ambient is negligible because both natural convection and
2 |y2=0_ ! |y1=ds radiation are much smaller than heat conduction to the
0T substrate at moderate temperature [21], [22]; and
ket — =q¢(—w < x < w) . .
Ay 4) the thermal resistance of the interface between the elec-
=0(z < —w,z > w) trical insulation layer and the silicon substrate is neg-
knk, (d, + d,) ligible due to the high quality of the interface between
degg =do + do, ke = kod, + k,d, silicon oxide, silicon nitride and silicon.

(3) The analytical solutiond’ (z, ) and1>(z,y2) are solved as
[22] (4)—(5) shown at the bottom of the next page. The temper-

whereTy = Ti(z,41), To = To(x,y2), 1ae, ds, dests k1 ature of the silicon substrat@; , is a function of thermal con-
andk.q are the temperature, thermal diffusivity, effective thickyctivity, heater and die size and input power. The temperature
ness and thermal conductivity of silicon substrate and electricgl point P, right underneath the microheater and at the inter-

insulation layer.7,.; is the bottom temperature of the silicong,ce of the electrical insulator and silicon substrétg ¢, 0), or
substrateg is the heat flux density at the die surface dndis 11(0,d,)) is

half of the length of a die. In most MEMS, silicon dioxide and -
nitride are used as electrical insulators. The effective thickness
- o . T15(0,0) =71 (0,d,) = > B, +1T,,. 6
and thermal conductivity of the electrical insulation layer can be 2(0,0) i ) 20: i ©
calculated from (3) wherd,,, d,,, k,, andk,, are the thickness _. . . . .
and thermal conductivity of silicon oxide and nitride, respecs—";(.:l.ec?ne(tjhoer.rgglaCr?CT%%Cﬁ'r\ggsotfhzlt'%?2.'?0%20#%32 t;LneetSet:ft
tively. These boundary conditions are based on the followilﬁtir't' ) f;jx' nb ; Ixim ted t thl Ifir i Irdl ) .
assumptions: ature ofP can be approximated to the first order as:
1) the system will be at steady state during bonding bg-, (0,0) = T3 (0,d,) ~ q <wd5> YT,
cause the time needed for the whole structure to reacﬁ k1 \ La o
thermal equilibrium is only several seconds [21] (this is ~ g’ [E

much shorter than the bonding time of several minutes in Tk | L,

} T ()
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Here, ' is the total power input per unit length into the microthe input current density. Fig. 2 shows the relationship of
heater. This analysis shows the geometry of the microheater, the thickness of the silicon oxide layer and total input power
die size, the thermal conductivity difference between the eledensity when the desired heater temperature for bonding is
trical insulator and silicon and the thickness of the silicon sufixed at 800°Cand the thickness of the silicon nitride is.n
strate are all factors to be controlled in the bonding experimenits.this case. It is observed that the input power density can
As long as the width of the microheater and the thickness of the reduced if the thickness of the oxide layer is increased to
silicon substrate are much smaller than the die size and a g@odvide better thermal isolation. On the other hand, it is also
heat sink is placed underneath the silicon substrate, heating taportant to calculate the spreading of localized heating (by
be confined locally. The temperature of the silicon substrate cealculating D which is the distance away from the micro-
be kept low or close to room temperature. heater where the temperature drops to f@Dif the desired
The bonding temperature can be estimated from the templeeater temperature is kept at 80Q). This is achieved from
ature of the microheater since bonding occurs at the interfabe previous analytical solutions of the constant flux model.
between the heater and silicon or glass cap [16]. An elethe surface temperature of silicon dioxidg(z,d,) is also
trothermal model of the line shaped microheater based anfunction of the oxide thickness:
the law of energy conservation and the linear dependence of 0o
resistivity with respect to temperature has been developedy(;:, d,) = ZCOS <@x> [B,, cosh (Q,.d,)
Lin et al. [21]. It has verified that it could provide a way 0 Ly
to control bonding temperature by knowing the geometry, the +C,, sinh (Qnd,)] + Ty, (10)
input current and the temperature coefficient of resistivity of
the microheater. According to this model, the total input powdihe simulation results show thd? decreases (better for lo-
of the microheater is a function of the thickness of the elecalized heating) with the decrease of oxide thickness but with
trical ground layer d.r) as shown in (8)—(9) at the bottom ofthe increase of the input power density as shown in Fig. 2.
the page wherd),,, k,, &,, and I, are the thickness, thermalFor example, as indicated by the arrows in the FigZR2ijs
conductivity, temperature coefficient of resistivity and excess85 pm for an input power density of 1.58 10* Watt/cnt
flux shape factor of the microheater, respectively ahds on a 5um-wide microheater that is on top of zn-thick

T ) = 3 ) o (Z—”x) S (Quys) + T @)
B@Mzgm{gﬁwmm@wﬂamm@mmmm (5)
A, = qSn

et Qn [sinh (Qndd,)sinh (Qnden) + 1% cosh (Qud, ) cosh (Qnderr) |
B, =A, sinh (Q,d;)

M osh (Qnd,) A,

C, =
keﬂ
w 2 nww
Sy L—x(n—())— %sm< I )
nw
Qn _L_m

Input Power=f (dest)

1 kPHFQCZ—;’ t J2p0
—PPwdypol {1+ ¢ : [ . (1-¢)
’ ’ k’:flr;g:ﬂ —7 Z;Jgp kpdpdeﬂ kp v
Vel
1 |:kefstCTr.t. ']290 (1 S ):| T tanh ( 2 ) T
- - — 4Lrt. - =75 T 4rt.
T T e Ty T =
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Fia 2. Simulated results of inbut densit the thick il are separated from the heater by a short distanceng80to
dioxide and the distance of the heating region where termperature 1500 SITECtiVely prevent their exposure to the high heater temperature
based on a 1-D electrothermal model and a 2-D heat transfer model. @& shown in Fig. 4(c).
microheater is maintained at 80C, nitride thickness= 0 pm, T'., = 20°C In order to prevent the current supplied to the microheater
andw = 5 pm, in this case. from leaking into the aluminum solder during bonding, an
LPCVD SiNy (750 A)/SiO, (1000 A)/SisNy (750 A) sand-
silicon oxide layer. Although reducing the oxide thickness gjich layer is grown and patterned on top of the microheater
1.1um can effectively reducd to 4.m, the required input as shown in Fig. 4(d). Fig. 4(e) and (f) show that polysilicon
power density will rise to 1.1x 10° W/emt in order to keep (5000A) and aluminum (2.5m) bonding materials are de-
the microheater at 800C. In summary, optimized heater andyosited and patterned. The sacrificial release is the final step
insulation parameters can be determined from these analytigaliorm free-standingu-resonators. Fig. 4(f) shows a thick
equations. AZ-9245 photoresist is applied over the aluminum area to
Because of the linear temperature dependence of polysiliggmytect it against attack from concentrated hydrofluoric acid.
resistance, a line shaped polysilicon is used as the temp&fer an 8-minute sacrificial release in concentrated HF, the
ature sensor for measuring the temperature surrounding #gon substrate as shown in Fig. 4(g) is ready for vacuum
microheater. Fig. 3 shows a polysilicon four-point resistan¢ckaging. Fig. 5 shows SEM photos of a number of released
measurement structure as a temperature sensamldvay ,_resonators surrounded by a Af-wide microheater with
from the 5- or 7um-wide polysilicon microheater on top of ajyminum/silicon bonding layer on top. A Pyrex glass cap with
pm thick silicon dioxide. No drastic resistivity change fromy 10,:m deep recess is then placed on top with an applied
the temperature sensor is measured while the microheatepigssure of- 0.2 MPa under a 25 mtorr vacuum and the heater
heated up over 1000C as shown in Table I. It is estimatedis heated using 3.4 W input power (exact amount depends on
that every 1000°C temperature rise in the temperature sensgie design of the microheaters) for 10 min to complete the

corresponds to a resistivity change of up to 12%. As indicatgglcuum packaging process as shown in Fig. 4(h).
in Table I, these results further indicate that the heating region

is confined locally to within 15:m of the heating source. Hl. EXPERIMENTAL RESULTS

B. Vacuum Encapsulation Processes To evaluate the integrity of the resonators packaged using lo-

The vacuum packaging approach presented here is bagg' ed aluminum/silicon-to-glass solder bonding, the gla_ss cap
on the hermetic packaging technology using localized allf or(zjeflﬁlly brolgen and _re:cnovedd from the substratz. Itis ob-
minum/silicon-to-glass solder bonding technique report rved that no damage is found on fheesonator and a part

previously [18]. Built-in folded-beam comb driyeresonators of the microheater is stripped away as shown in Fig. 6, demon-

are used to monitor the pressure inside the package. Fi st@ting that a strong and uniform bond can be achieved without

shows the fabrication process of the package and resonatgfg.rimental effects on t_he en_capsulated dey ice. Outgassi_ng from
Thermal oxide (2:m) and LPCVD SiN, (3000 A) are the glass and gas re_s@e_nt |n_5|de the cavity are two major fac-
first deposited on a silicon substrate for electrical insulatidf"S that should be minimized in order to achieve a low pressure
followed by the deposition of 3008 LPCVD polysilicon. environment in all vacuum-based encapsulation processes.
This polysilicon is used as both the ground plane and the .
electrical interconnect to theresonators as shown in Fig. 4(a) ©Outgassing

Fig. 4(b) shows a 2sm LPCVD SiQ, layer that is deposited During the bonding and encapsulation process, outgassing
and patterned as a sacrificial layer for the fabrication of polysiirom the glass capsule could degrade the vacuum inside the
icon p-resonators using a standard surface micromachinipgckage [23], [24]. In this encapsulation process, the volume of
process. A 2sm-thick phosphorus-doped polysilicon is usethe cavity formed by the recessed Pyrex glass cap and the de-
for both the structural layer of micro resonators and the on-chifce substrate as shown in Fig. 5 is about £.20~° cm?. Any
microheaters. This layer is formed over the sacrificial oxide ioutgassing would result in a drastic increase of pressure in such
two steps to achieve a uniform doping profile. The resonataassmall volume. Two possible outgassing mechanisms could



560 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 11, NO. 5, OCTOBER 2002

TABLE |

THE RESISTIVITY CHANGE OF THE POLYSILICON TEMPERATURE SENSOR
Input current, mA 0 20 30
(5 pm wide polysilicon microheater) | (~25°C)* | (~340°C)* | (~1300°C)*
Sensor resistivity ( 10 4 Q-cm) 9.4+0.3 9.740.3 | 9.740.3
Input current, mA 0 20 41 46
(7pm wide polysilicon microheater) | (~25°C)* | (~340°C)* | (~980°C)* | (~1300°C)*
Sensor resistivity (10 , Q-cm) 9.9+0.4 9.5+04 |9.2:04 9.3+0.4

*The heater temperature is estimated based on a 1-dimensional electrothermal model.

Interconnection Polysilicon
Polysilicon Adhesion Layer

/
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'\\
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pg-resonator

Polysilicon i L1
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(c) . . Pyrex Glass
SigNy4/SiOo/Si3zNy

Eoroees

C) (h)

Fig. 4. Fabrication process flow of vacuum encapsulation using localized aluminum/silicon-to-glass bonding.

happen during the fabrication of vacuum packages: 1) Desogtass cap. Therefore, if the glass cap contains the maximum
tion of moisture or gases absorbed on the glass surface an@m@punt of trapped helium and the excess helium atoms trapped
out-diffusion of gases which are resident in the glass. Desoipside the glass cap out-diffuse from the exposed surfaces of
tion of moisture or gases can be easily eliminated by bakitige cavity during the bonding process due to the outgoing
the glass and device substrates at a temperature aboveC15@as will affect vacuum level. Theoretically, the equilibrium

in a vacuum oven for several hours before bonding [25]. In thpeessure inside the cavity at 300 K could be as high as 300 torr
case of out-diffusion of gases, the amount of gas out-diffusi¢#0 KPa) assuming excess trapped helium gas in a volume of
is determined by the solubility difference of gases in the glas80 xm x 1600 pxm x 380 pm of glass is fully out-diffused

at different temperature and pressure environments. Since #mel stays inside the cavityy@0 xm x 1600 pxm x 14 pm),
glass cap is heated up during the bonding process, out-diffusesen though bonding is performed in a 25 mtorr vacuum
of gases from glass will occur and becomes the major factemvironment. In addition to helium, other gases like argon,
affecting the vacuum level of the sealed cavity. For examplexygen, nitrogen could also diffuse into the cavity and increase
the solubility of helium in glass is about & 10" atoms/cri  the cavity pressure.

at 1 atm, 300 K and will decrease to 2 10'" atoms/cm A two-step pretreatment of Pyrex glass can reduce the influ-
when the temperature rises to 1000 K [26], which is about tlemce of gas out-diffusion. A recessed glass cap is first baked
aluminum-to-glass bonding temperature. The mean diffusiomder 25 mtorr and 300C for 1 h and is then coated with
length of helium atom /Dy, ¢, where Dy is the diffusion 3000A Ti/2000A Au layers on the recessed surface. Vacuum
coefficient of helium in glass~ 1000 zm?/s at 1000 K,t baking can reduce the total amount of gases trapped inside the
is the bonding time) in Pyrex glass is about 760 for 10 glass and metal coating can provide a good diffusion barrier to
min at 1000 K [27], which is about the thickness of the Pyregas atoms. Furthermore, titanium is a good getter material for
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Fig. 6. The SEM photograph of encapsulatedesonators after the glass cap Pyrex Glass
is forcefully broken away.

Comb-Drived

Interconnegtion. Microresonator

common gases and will further reduce the amount of trapped
gases inside the package and out-gassing during the bonding
process. Fig. 7 shows th@ value of u-resonators~ 103 kHz
resonant frequency) encapsulated by glass caps with or without
pretreatment and with a Ti/Au layer on the recessed surface
of glass. Since the Ti/Au layer effectively prevents out-gassing
from the glass cap during bonding, a quality factor improvement
from 25 to 500 is observed.

B. Gas Resident Time (@)

In the final vacuum encapsulation step, the whole pack- ‘ ' ,
aging system is placed inside a vacuum chamber and the T e
aluminum/silicon solder is heated up locally to initiate bonding. i FXL
Since the air trapped inside the cavity has to diffuse out, ittakes ~ |......... (W; ;172 ;}; (w_; _____
time for the micro-cavity to reach the same vacuum level as the z
outside environment in the vacuum chamber. Gas resident time T_. v

is an important experimental parameter and determines when )
the bonding process should start after the system is placed into

the chamber; it can be estimated by using fluid mechanic thedfig. 8. The schematic diagram of packaging system. (a) 3-D view and (b)

In the current set-up, air can leak out along the open Spé‘é%ss-sectional view. The air can leak out along the free open between glass
' and device substrate during pump down.

between the glass cap and the device substrate. This can be
treated as air flow between two parallel plates from the caviE/9 mm. The laminar flow solution of the flow raté, along
to the chamber as shown in Fig. 8. The distancebetween aréllel lates is [27]: ’

the two parallel plates is the same as the step height creatt\gg P P '

by electrical interconnection lines which is about 3000The ¢ _ _APwegh® _ wegh? (P = Prpyi)

length of the plateL,, is about 10Q:m and the total effective 12uL, - 12pL,
width (wes = the total sum ofw;, ¢ = 1,2,3,...) is about =A(P — Penui) (11)
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Fig.9. Calculated cavity pressure versus the gas resident time inside the cavit
(1 torr = 133.3 Pa).

wherey is the viscosity of air£ 0.018 mNsec/rhat 300 K),P

is the cavity pressure an@ ,..;. is the chamber pressure. Based
on the mass conservation law, a differential relationship betweer
the pressure and time is derived:

dp |
—V% =S5«P=A(P — P.pu;)*x P (12)
whereV represents the volume of the cavity. After rearranging
and integrating this differential equation, the gas resident time
can be calculated in terms of the cavity volume, the physical

properties of air, the geometry of the leakage path and the pres

Microheater

sures of the cavity and the chamber:

Fig. 11. lllustration of wafer-level vacuum packaging in the wafer level using
localized heating and bonding technique.

-V P— Pen'vi.
= APen'vi. hl < r ) ) (13)

Fig. 9 shows the calculated results of the residual pressure
of the cavity versus gas resident time. The cavity pressure ¢
reach a pressure below 30 mtorr after inserting the system i
a 25-mtorr vacuum chamber for about 90 min. Therefore¢the
factor can be increased by keeping the package under vac
for an extended period of time>( 10 min) before the cap is
bonded to the substrate. Fig. 10 showsi@sonator{ 81 kHz)
with a @ factor of ~ 2500 bonded at 25 mtorr after 90 min
of pumping down.

ﬁ?ﬂqieve uniform current distribution to all heaters. Interconnects
to these microheaters can be formed in the dicing lines so no
a space is required. These heaters can be either fabricated on
the device substrate or the protection cap. In the case shown in
Fig. 11, the microheaters are fabricated on the device substrate.
In the cap substrate, the area between individual caps is partially
diced before bonding. Once the bonding step is completed, the
remaining material is sawed away and the device substrate is
then diced. The main challenge of this wafer-level packaging

IV. DISCUSSION . . . . L
approach is creating a good heat sink which could maintain a

The post-process packaging using localized heating aR#l; temperature at the bottom of the device substrate since the
bonding technique includes four basic components: total power consumption of localized heating could be high.

1) an electrical and thermal insulation layer such as siliconThe @@ factors of un-packaged resonators as a function of

dioxide or silicon nitride used for localized heating; pressure are measured as shown in Fig. 12. It is observed that

2) resistive microheaters needed to provide the heatiagyuality factor of 2300 of a comb resonator corresponds to a

source for localized bonding; vacuum level of about 25 mtorr. This result is consistent with

3) materials, including metal and polysilicon, which cathe data shown in Fig. 10 where the pressure in the package after

provide good bonding and hermeticity with silicon obonding is approximately 25 mtorr. Furthermore, the un-pack-
glass substrates; and aged resonators have a maxim@pnof about 3850 at a very

4) a good heat sink under the device substrate for localizitv pressure of 1 mtorr and can be improved to higher than

heating. The process can be either die level or wafer leveD00 by means of localized annealing [28]. Therefore, the lower

An approach to a wafer level packaging process is illustratedtiman expected} factor of the vacuum encapsulated resonator
Fig. 11. The resistive microheaters are connected in parallelisonot believed to be due to air damping. More testing on the
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12000 ; 12000
‘ —e—Low Q resonator |
10000 before annealing: 9000
B
—a— Low Q resonator (o]
8000 after annealing | o 6000 |-
s &
© -—e— High Q resonator
g 6000 before annealing o 3000
4000
0
2000 ‘ 0 7 14 21 28 35 42 49 56 63 70
) - ‘ Weeks
0.0001  0.01 1 100 10000 Fig. 14. Long-term measurement of encapsulatgeresonators. No
Torr degradation of) factors is found after 69 weeks and 56 weeks.

Fig. 12. Measured) factor versus pressure of unpackagetesonators. . .
p-resonators withf) factors of 2500 and 9600, respectively. No

20 - — degradation of) factors is found after 69 and 56 weeks in either
package. Note that these packages have been kept at room tem-
perature throughout this test. Tests are still continuing. Since the
Q factor of au-resonator is very sensitive to pressure these tests
indicate the pressure in the package is quite stable.

V. CONCLUSION

The technique of localized bonding provides several ad-
vantages over conventional MEMS packaging approaches,
‘ including the possibility of post-process packaging, no CMP
-80 ‘ R (chemical-mechanical polishing) planarization process, short
5768 5773 5778 5783 57.88 bonding time (about 5~ 10 min), small bonding pressure
(<« 1 MPa), strong chemical bond, metal alloy sealing
for vacuum encapsulation, die and wafer-level bonding
Fig. 13. The transmission spectrum of a glass-encapsylatedonator after and self-aligned processing. Microresonators have been
120 min pump down time in vacuum environmeé & 9600). successfully encapsulated in vacuum based on localized alu-

minum/silicon-to-glass bonding. With 3.4 W of heating power,
resonators with highef) factor was conducted to verify this.~ 0.2 MPa applied contact pressure and 90 min of pump down
Fig. 13 shows a vacuum encapsulated un-anngafe$onator time in 25 mtorr of vacuum before bonding, vacuum encap-
(~ 57 kHz) after 120 min of pump down time. The measuregulation can be achieved. The effects of outgassing and gas
Q-factor after packaging is 9600. Based on the measurementesident time on the sealed micro cavity have been discussed.
Q) versus pressure, it is demonstrated that the pressure insitie use of a metal coating as a diffusion barrier as well as a
the package is comparable to the vacuum level of the packagimgit period before bonding to achieve high vacuum inside the
chamber which is 25 mtorr. package are proposed. This micropackaging method provides

At 300K and 1 atm, the mean free path of air is about 200 several features, including control over the cavity pressure, low
The Knudsen number is less than 1 since the spgand width temperature processing at the wafer-level, excellent bonding
(w) of two parallel plates in this packaging system are largstrength, low fabrication cost and high reliability.
than the mean free path. Thus, itis adequate to use laminar flow
to predict the gas resident time if the chamber pressure is 1 atm. ACKNOWLEDGMENT

However, the mean free path of air is a function of chamber Pres~rhe authors would like to thank Dr. Y.-H. Me for continuing
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