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In this paper, we present ahermetic MEM S package bonded by a closed-loop 80Au20Sn
solder line. We designed three different test specimens including a substrate-heated
specimen without an interconnection line (SHX), a substrate-heated specimen with an
interconnection line (SHI), and a locally heated specimen with an interconnection line
(LHI). A pressurized helium leak test was carried out to evaluate the hermetic seal along a
critical pressure test to measure bonding strength. In the bonding process, the substrate
heating methods (SHX, SHI) require 400°C and 40 min, while the local heating method
(LHI) requires a heater power of 6.76 W for 4 min. In the hermeticity test, SHX, SHI, and
LHI show leak rates of 8.4+6.7x10°mbar-1/s, 13.5+9.8x10 1 mbar-I/s, and 18.8£9.9x101°
mbar-I/s, respectively, for the same internal volume of 6.89+0.2x107° |. In the critical
pressure test, no fracture was found in the bonded specimens at an applied pressure of
1+0.1 MPa. From these results, we determine an approximate bonding strength of the test
specimen as 3.53+0.07 MPa. We have experimentally verified that LHI shows the
potential of hermetic MEM S packaging with an interconnection line and a bonding process
for mass production that requires little time.

1. Introduction

Recently, packaging has became one of the most important issues for MEM S devices
and integrated electronic components.® MEMS devices such as microgyroscopes, accel-
erometers and pressure sensors require hermetic packaging with an electrical interconnec-
tion line running across the bonding interface. The requirements of MEMS packaging are
classified into two categories of basic and specia requirements as shownin Table 1. The
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Tablel

Classification of the requirements of MEM S packaging.

MEMS packaging requirements Purpose

Basic requirements Strength Protect devipefrom extern.al forces and pressure
Low temperature Protect device and metal line
Low electric field Protect electrons

Specia requirements Hermeticity Protect device from the environment and main-

tain ahigh quality factor

Step coverage Bond with interconnection lines

basic requirements of MEM S packaging include high mechanical strength to protect the
device from external forces, protection from low temperatures for the metal line, and
protection of the electronics using alow electric field. As special requirements of MEMS
packaging, hermetic sealing is required for ahigh quality factor. In addition, the intercon-
nection lines can be designed for signal transmission or power supply to the MEMS device
across the bonding interface. Thiswill cause a step-up bump condition on the bonding
interface and presents a common challenge for many packaging and bonding schemes.
Therefore, step coverage of the interconnection lines is also a special requirement of
MEMS packaging.

Several bonding methods are compared in Table 2 according to the MEM S packaging
requirements. In the past, anodic, fusion, and polymer bondings were used for hermetic
MEMS packaging. Anodic and fusion bondings have the drawbacks of high bonding
temperature and surface roughness sensitivity,® which can cause problems in terms of
hermeticity in cases where interconnection lines exist across the bonding interface.® While
polymer bonding is a low-temperature process® and good for step coverage, it has
problems with hermetic sealing and bonding strength.

Localized silicon fusion and eutectic bondings™ have been proposed to protect circuits/
devices from high bonding temperature by employing localized heating techniques using
poly-Si thin films. Since the melting points of silicon (1410°C) and Au (1063°C) are too
high to satisfy the basic requirement of a low-temperature process, we consider a metal
solder indirect bonding method which provides good characteristics?*® for MEM S pack-
aging requirements. We suggest a closed-loop 80Au20Sn (melting point 400°C) solder-
line bonding including substrate heating and local heating methods. In addition, we focus
on investigation of factors affecting the long-term stability of localized bonding such as
hermeticity, leakage with respect to time and harsh environments, and accel erated testsin
specific areas to be explored in MEMS postpackaging.® Thus, we also present the
pressurized helium leak rate test and bonding strength measurement of the fabricated
packages.
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Table2
Comparison of the bonding methods.®
ig{;gg;g MEMS packaging requirements Comments
Basic Specia
Strength  Low Low Hermeticity Step
temperature  electric coverage
field
Direct Fusion Good Poor Good Good Poor Sensitive to
bonding Anodic  Good Moderate Poor Good Poor surface
roughness
Indirect Polymer Moderate Good Good Moderate Good Weak to
bonding humidity
Ceramic  Good Poor Good Good Good High
coefficient
of thermal
expansion
Metal Good Moderate Good Good Good Requires
insulating
layer

2. Test Specimen Design

We design three different test specimensincluding a substrate-heated specimen without
an interconnection line (SHX), a substrate-heated specimen with an interconnection line
(SHX), and locally heated specimen with an interconnection line (LHI) to evaluate the
effect of the heating method and interconnection line in the requirements for MEM S
packaging. Figure 1 shows a cross-sectional view of atest specimen identifying features
including various layer materials and their thicknesses. Schematic diagrams of the solder-
line bonding design areillustrated in Fig. 2. The bottom substrate contains the poly-Si line
heater, sandwiched by oxide and nitride layers, and the AuSn solder line on the Ti/Au
adhesion layer shown in Fig. 2(a). In this design, we separate the heating and bonding
materials by introducing an intermediate layer, which provides a better way to control the
localized bonding processes for MEM S fabrication and packaging.® The cap substrate
(Fig. 2(b)), with a 65+1-um-thick square silicon diaphragm, contains the Ti/Au adhesion
layer on a 200-nm-thick poly-Si electrical interconnection line, sandwiched by the oxide
and nitride layers. For the hermeticity test, we include a silicon diaphragm in the cap
substrate to measure the deflection caused by the difference between the internal cavity
pressure and external pressure.

Weinclude aTi/Au layer around the diaphragm as a bonding adhesive material. When
we flow current through the poly-Si heater, AuSn solder lines melt and bond with the Ti/Au
layer in the cap substrate in the vacuum chamber. |n the design of the silicon diaphragm,
its width and thickness are constrained by deflection measurement systems and reliability
with respect to applied pressure. The major constraint from the deflection measurement
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Fig. 1. Schematic view of the test specimen.
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Fig. 2. Test specimen with an electrical interconnection line passing through the bonding area: (a)
bottom substrate showing the heater (poly-Si) network under insulation layer (SisN,) for power feed-
in of the LHI; (b) cap substrate.
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systems of the laser interferometer (ACURA, Intek Inc.) is the width of the silicon
diaphragm. An interferometer can measure the deflection of the silicon diaphragm over a
maximum area of 2500x2500 um at once. Therefore, we determined the width of the
silicon diaphragm at 4000 um, since it must be smaller than 5000 um for the deflection of
the edge and center of the silicon diaphragm to be measured at once.

The thickness of the silicon diaphragm is limited by reliability with respect to the
applied pressure. A sguare diaphragm was chosen for easy fabrication and simple
theoretical analysis. If an external force is uniformly applied to the diaphragm and the
deflection is comparably small, the deflection at the center of the diaphragm and the
stresses induced at the center and the edge of the diaphragm can be calculated as follows:

P 4
yo = 00151~ (1) (1)
W2
O center = 0.1386- P t_z (2)
W2
Gedge =0.3078- Pt—z, (3)

where P, E, y,, w, t, and v are the total applied pressure, Y oung’s modulus for the silicon
diaphragm (170 GPa), the diaphragm deflection, the width of the diaphragm, the thickness
of the diaphragm, and Poisson’s ratio (0.28),© respectively. Maximum stress isinduced
along the edge of the diaphragm, oeqe, and it should not exceed the yield strength of the
silicon substrate (630 MPa).(” Considering a safety factor of 5 and measurement systems,
the width-to-thickness ratio (w/t) and the thickness of the diaphragm are determined to be
63 and 65 um, respectively, at maximum. An interconnection line of 2000-A-thick poly-Si
exists between the lower insulation layer of silicon dioxide and the upper insulation layer
of silicon nitride in the cap substrate. For the bottom substrate, the width, length and
thickness of one side of a closed-loop AuSn solder line are 500, 6700 and 3.5 um,
respectively. To improve the AuSn solder-line adhesion, a Ti/Au layer 1000 A/3000 A
thick is used under AuSn solder lines of the same dimensions.

3. Fabrication Process

Figure 3 shows the fabrication process for the bottom and cap substrates of the closed-
loop solder-line packaging. First, we fabricate the bottom substrate. On asilicon substrate,
athermal oxidation layer 1 um thick is grown for insulation. Then, 2000-A-thick poly-Si
for the local heating lineis deposited by low-pressure chemical vapor deposition (LPCVD)
asshown in Fig. 3(a-1). Thelocal heating line is defined by a photoresist (PR: AZ1512)
and polycrystalline silicon etchant (HNO;:H,O:HF = 100:40:30). Silicon nitride (SizN,)
2000 A thick is deposited asan insulation layer in Fig. 3(a-2). A thick ZPN110 PR is spray-
coated and patterned to form a PR mold and 1000-A /3000-A-thick Ti/Au and 3.5 um-
thick AuSn solder layers are sputtered as shown in Fig. 3(a-3). For low-temperature
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Fig. 3. Fabrication process of closed-loop solder-line packaging: (a) bottom substrate; (b) cap
substrate.

bonding and hermetic sealing over 2000-A-thick interconnection lines, we use 3.5-um-
thick AuSn solder and a 1000-A/3000-A-thick Ti/Au adhesion layer. To lift off the Ti/Au
and AuSn layers, we remove the PR mold using acetone.

Next, we fabricate the cap substrate. For insulation, an oxidation layer 1 um thick is
thermally grown. Then, poly-Si 2000 A thick for feed-through lines is deposited by
LPCVD asshowninFig. 3(b-1). The PRis coated and patterned to obtain amask for poly-
Si wet etching. Feed-through lines are defined by the same polycrystalline silicon etchant
used in the processing of the bottom substrate. Silicon nitride (SisN4) 2000 A thick for an
insulation layer aswell asamask for silicon etching by KOH isdeposited by LPCVD. The
PR is coated and patterned for the RIE etching mask of the silicon nitride. A thermally
grown silicon dioxide layer is wet-etched using buffered oxide etchant (BOE) solution.
With asilicon nitride etch mask, silicon etching by KOH is carried out to create the 65+1-
um-thick silicon diaphragm in Fig. 3(b-2). Then, athick ZPN PR is coated and patterned
to form a PR mold. Ti/Au layers 1000 A/3000 A thick are sputtered asillustrated in Fig.
3(b-3). The PR mold isremoved by dipping in acetone.

To compare the substrate-heated specimen and the locally heated specimen, we fabri-
cate three different types of test specimens that include SHX, SHI and LHI in abonding
environment of 1 mTorr pressure.

Figure 4 shows the fabricated cap and bottom substrates that have the dimensions listed
in Table 3. The substrate-heated specimens are heated in a vacuum oven with a bonding
temperature of 400°C and a bonding time of 40 min. The specimen bonded by local
heating in the 1 mTorr vacuum chamber isshown in Fig. 5. Bonding conditionsfor the test
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Fig. 4. Fabricated test specimen: (a) bottom substrate; (b) cap substrate with interconnection line;
(c) cap substrate without interconnection line.

Table3
Measured dimensions of the fabricated test specimens.
Layers Specimen
SHX SHI LHI
Solder (AuSn) ws[um] 502+2 501+2 502+2
Is[um] 6,705+2 6,705+2 6,705+2
Adhesion metal (Ti/Au) wa[um] 502+2 502+2 502+2
L[um] 6,705+2 6,705+2 6,705+2
Insulation layer (SizNy) wi [um] 701+2 701+2 701+2
Li[um] 6,705+2 6,702+2 6,702+2
Interconnection line (Poly-Si) — wy[um] - 198+2 199+2
L [um] — 2,001+2 2,000+2
Diaphragm (Silicon) wglum]  3,888+2 3,887+2 3,887+2
tq[um] 651 65+1 65+1

specimens are listed in Table 4. In the case of the locally heated specimen, we apply a
current of 65+5 mA through the heater network as shown in Fig. 2 for 4 min. The
temperature of the heater resistor risesto 420°C during the 4 min, which is 10 times faster
than the bonding time of the substrate heating method.

4. Pressurized Hermeticity Test

The pressurized hermeticity test is performed for the investigation of the long-term
stability of localized bonding. Leakage with respect to time and a harsh environment can
be obtained from leak rate monitoring. Theleak rate is used to analyze the hermetic sealing
characteristics of the packaging. The standard leak rate, Qg4q (mbar-1/s), is defined as the
quantity in cm? of dry air at 25°C flowing through leak paths per second under a pressure
difference of 760 mmHg between the internal cavity and the external cavity.® The leak
rate, O, (mbar-1/s), of agiven package is measured under specified conditions employing
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Fig. 5. Photograph of the test specimen showing the silicon diaphragm deflection of the cap
substrate caused by the pressurized hermeticity test.

Table4
Bonding conditions for the test specimens.
Bonding conditions Specimen
SHX SHI LHI
Heater Substrate heater ~ Substrate heater  Line (poly-Si) heater
Temperature or heating power ~ 400+£5°C 400+5°C 65+5 MA@1.6 kQ
Bonding time 40 min 40 min 4 min
Bonding load 2.069 kg 2.069 kg 2.069 kg
Bonding chamber pressure 1x107° Torr 1x102 Torr 1x102 Torr

a specified test medium. The measured leak rate, O,,, should be converted to the leak rate
under standard conditions, the equivalent standard leak rate, Q. (mbar-1/s), for compari-
son. The standard leak rate, Q4q, can aso be defined by the cavity pressure change, APy,
per second in the internal volume of the packaged cavity, when the internal cavity volume
does not change or changes only slightly.

Asit takes along time to obtain aleak rate for a bonded specimen under atmospheric
test conditions, an accelerated procedure is followed by adapting the pressurized test
conditions. A medium lighter than air, such as hydrogen® or helium,* with a pressure of
over 1 aimisused. We use helium as an internal medium under an external pressure of 30
psi. Figure 6 shows the test procedure for a pressurized leak test.

Using eg. (1), the cavity pressure change, APy, can be calculated from the deflection
of the silicon diaphragm. The leak rate can be calculated from the measurement time
interval. The leak rate, Q,, can also be calculated from the deflection of the silicon
diaphragm and the test conditions. The molecular leak mode®® is used to convert the
measured lesk rate, O, to the equivalent standard leak rate, Q. The conversion equation
is
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Fig. 6. Pressurized lesk test (air tightnesstest) in a pressurized helium environment: (a) initia state
after bonding; (b) pressurized state to make deflection change; (c) final state when the deflection
change of silicon diaphragm is measured.
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where O, (mbar-1/s), O, (Mbar-1/s), M (g/mol), M, (g/mol), Pe, and P,y are the measured
leak rate, the equivalent standard leak rate, the molecular weight of the medium (helium) of
4 g/mol, the molecular weight of air of 28.7 g/mol, the external pressure of 2.04 atm, and
the cavity pressure in abonded specimen of 1 atm, respectively.

For the mechanical strength of the packaging, the bonding strength must be character-
ized. Tensile strength isthe major mode of fracture in solder-line bonding. Among many
test methods, the pull test and the critical pressurized test are conventional methods for
characterizing bonding strength. Since the test specimens have very small dimensions
compared with those of the test equipment, a small misalignment between the specimen
and the equipment can cause alarge deviation in the experimental results. To eliminate the
effect of loading misalignment in a test specimen, we use the critical pressurized test to
evaluate the bonding strength. Figure 7 shows a schematic diagram of the critical
pressured test equipment.

5.  Experimental Results

Using the bonded test specimen, we carried out the pressurized hermeticity test under
conditions of pressurized helium.®® We obtained the pressure differences and leak rates
from silicon diaphragm deflections measured using the interferometer. Figure 8 and Table
5 show the experimental results of the deflection measurement and measured deflection of
the silicon diaphragm over time, respectively.

In the hermeticity test, SHX, SHI and LHI show leak rates of 8.4+6.7x10° mbar-I/s,
13.5+9.8x10° mbar-I/s, and 18.8+9.9x10° mbar-I/s, respectively, for an identical inter-
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Fig. 8. Deflection of the silicon diaphragm measured using an interferometer.



Table5

Measured deflections of the silicon diaphragms.

Deflection Specimen

SHX SHI LHI
Initial state 26.8+0.1 [um] 27.9+0.1 [um] 27.8+0.1 [um]
After 24 hin air 26.6=0.1 [um] 27.70.1 [um] 27.4+0.1 [um]
After 2 hin 30 psi He 26.6+0.1 [um] 27.5+0.1 [um] 27.1+0.1 [um]

nal cavity volume of 6.89+0.2x10°|. Compared to the hermetic seal requirements of MIL-
STD-883E (aleak rate of 5x10° mbar-I/s for an internal cavity volume of 4x101),(® all
three specimens, LHI, SHI, and SHX, satisfied the hermetic sealing criteria, although the
specimens SHX and SHI bonded by the substrate heater show alower leak rate than LHI.
Therefore, all specimens satisfy the special requirements of MEM S packaging of hermetic
sealing with an interconnection line.

For the bonding strength measurement, we performed the critical pressure test as
depicted in Fig. 7. For a cavity pressure of up to 1+0.2 MPa, the specimens show no
mechanical failure, resulting in a bonding strength of at least 3.53+0.07 MPa. This
bonding strength is greater than that of indium-to-glass localized bonding (2.6 MPa).® To
measure the ultimate bonding strength, a source pressure higher than the one in this work
must be used.

To determine the influence of the heating area on leak rate, we divided the bonded
specimens into cap and bottom substrates using pull test equipment, and then carried out
the energy-dispersive X-ray spectrometer (EDS) analysis. Figures 9 and 10 show the
results of EDS analysis. From the EDS analysis at a bonded interface, we find that the
substrate-heated specimen failed primarily between the Ti/Au layer and the Si;N, layer in
the cap substrate as shown in Fig. 9, and the locally heated specimen failed primarily
between the Ti/Au layer and the AuSn solder layer in the bottom substrate as shown in Fig.
10. Moreover, in the case of the locally heated specimen, an unbonded region was
observed. We expect that these results are caused by insufficient bonding time. Inthe case
of substrate-heated specimens, the adhesion strength of the interface between the Ti/Au
and the Si;N, layers is weaker than that between the Ti/Au and AuSn solder, while the
bonding strength between the Ti/Au and AuSn solder is weaker than other deposited
interfacesin the case of locally heated specimen. If the locally heated specimen is bonded
under optimum bonding conditions, we may expect experimental results similar to those
from the substrate-heated specimen.

6. Conclusions

In this paper, we presented a hermetic MEM S package bonded by a closed-loop
80AU20Sn solder line. To investigate the requirements of MEM S packaging with regard to
this bonding method, we carried out a pressurized helium leak test to evaluate the hermetic
seal and a critical pressure test to measure the bonding strength. We designed three
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Fig. 9. Analysisof material at the fracture surface of the substrate-heated specimens based on EDS:
(a) cap substrate; (b) bottom substrate.

A Ay

f 300 ' Cap Substrate f Wi ! Bottom Substrate

(a) (b)

Fig. 10. Analysis of material at the fracture surface of the locally heated specimens based on EDS:
(a) cap substrate; (b) bottom substrate.

different test specimens including SHX, SHI and LHI to verify the effect of the local
heating method as well as the interconnection line. 1n the hermeticity test, SHX, SHI and
LHI with the same internal volume of 6.89+0.2x107° | show a leak rate of 8.4+6.7x101°
mbar-1/s, 13.5+9.8x10° mbar-I/s, and 18.8+9.9x 107 mbar-I/s, respectively. The speci-
mens of SHX and SHI, bonded by the substrate heater, show alower leak rate than LHI,
and all three test specimens satisfied MIL-STD-883E for the hermeticity test of the
microcircuit. Considering the bonding process time, the local heating process requires
only 4 min, while the substrate heating process requires 40 min. In the additional critical
pressure test, no fracture was found in the bonded specimens at an applied pressure of
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1+0.1 MPa. From these results, we determined an approximate bonding strength of the test
specimen of 3.53+0.07 MPa. With EDS analysis at the bonded interface, we found that the
bonded interface (between AuSn solder and Ti/Au) of the substrate-heated specimensis
stronger than that of the locally heated specimen. However, we verified experimentally
that locally heated closed-loop AuSnh solder-line bonding may be applied for MEMS
packaging with interconnection lines.

Consequently, AuSn solder-line bonding satisfies the basic and special requirements of
MEMS packaging including high strength, low temperature, no electric field, and hermetic
sealing with interconnection lines. In addition, the AuSn solder-line bonding based on
local heating provides a high-speed packaging process for hermetic MEM S devices with
interconnection lines.
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