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a  b  s  t  r a  c t

This  paper presents a  new method  for  wafer-level  hermetic  packaging  of MEMS  devices using a relatively

low  temperature  anodic  bonding technique applied  to the  recently developed  advanced MEMS (aMEMS)

process.  The aMEMS  process  uses  vertical  feedthroughs  formed  on an SOI cap wafer, eliminating  the need

for  any complex via-refill  or  trench-refill steps while forming the  vertical  feedthroughs.  The hermetic

sealing  process is achieved  at  350 ◦C  by  using  an  anodic  bonding potential of 600  V.  The bonding  process

does not  require  any sealing  material  on neither the  cap nor  the  sensor wafer.  The packaging  yield is

experimentally verified  to be  94% for  4 wafers  packaged up  to date,  and the  cavity pressure  is  measured

to  be  as low  as 1 mTorr  with  successfully  activated  Titanium thin film getter. The cavity pressure can

be  set to  different  levels  ranging  from  1  mTorr  up to 5 Torr, simply  by  varying the  outgassing  period  and

utilization  of the  getter material, enabling  the  proposed  method be used for various types  of MEMS  devices

with  different pressure  requirements.  The pressure  inside the  encapsulated  cavities  has  been  monitored

for  6  months  since the first  prototypes,  and  it is observed that  pressure  is  stable  below 5 mTorr  throughout

this  period.  The shear  strength  of 6  packages is measured  to  be  above  10 MPa, whereas  the shear failure

occurs  not at the bonding  interface  but  the  vertical feedthroughs, which have lower strength  compared

to  the  bonding region.  The robustness of the  packages  is tested by subjecting  them  to  cyclic thermal  tests

between 100 ◦C  and 25 ◦C,  and no degradation  is observed  in the  hermeticity of the  packages at the  end

of this  period.  The vacuum level  of the packages  is  also  verified to  be  unchanged by  storing the  packages

at 150 ◦C  for  24  h.  Moreover,  it is experimentally verified that the  hermeticity  of the  packaged chips can

withstand  ultra-high  temperature  shocks as high  as  400 ◦C  for  5  min.

©  2015  Elsevier B.V.  All  rights  reserved.

1. Introduction

Micro-electro-mechanical systems (MEMS) is  key enabling

technology that combine electronics with tiny mechanical devices

to develop the state-of-the-art transducers, sensors, actuators,

resonators, etc. used in a  variety of applications ranging from

consumer electronic market towards the automotive and other

industrial products. MEMS  products offer the advantages of lower
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cost, better compatibility with high-volume batch fabrication,

smaller size, and higher reliability compared to the conventional

electromechanical systems. The core of the MEMS  products

includes high precision micromachined electro-mechanical com-

ponents that  transduce physical, chemical, biological, etc. signals

to electrical signals. Some of these components such as gas flow

and pressure sensors must have a  direct physical contact with the

outer world. On the other hand, a  great variety of the components,

including but not limited to the inertial sensors, resonators, and

infrared detectors, must be isolated from the atmosphere of

the ambient in  which they are operated. This isolation is neces-

sary for two  reasons: (i) forming a  strictly-controlled operating

atmosphere for the MEMS  component, (ii) keeping these fragile

components mechanically safe from dust, vibration, or any other

kind of physical damage [1]. Isolation of the MEMS  components

from the external ambient is  simply achieved by  encapsulating

them in hermetically-sealed packages.

There are two  common methods for the hermetic sealing

of MEMS  packages: (i) die  level packaging and (ii) wafer level
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packaging [2]. Die level packaging is  the way of sealing each MEMS

device individually, which not only increases the packaging cost

and labor time but also decreases the process yield and reliabil-

ity. An obviously better alternative is to seal the MEMS  devices at

the wafer level, which reduces the packaging costs significantly by

minimizing the labor and time as well as increasing the process

yield and reliability.

Wafer level packaging typically refers to the use of wafer level

MEMS  processing techniques to form a  capping element, which can

be a thin-film layer or a separate wafer, on top of a sensor wafer

that contains the devices to be packaged [3]. This way, all the MEMS

devices located on the sensor wafer can be encapsulated simulta-

neously. In the thin film packaging approach, various types of thin

films are deposited on top of MEMS  device wafer as a capping layer

by using the conventional thin film deposition techniques for the

hermetic sealing [4–7].  Although the thin-film capping layer may

provide sufficient hermeticity for the sensors that it encapsulates,

the robustness of the packaged chip would be quite limited, and

possibly require an additional mechanical protection [7]. More-

over, this technique does not typically allow the use of thin film

getters inside the capping thin-film layer, which limits the cavity

pressure to levels that are not sufficient for many MEMS devices.

On  the other hand, hermetic sealing by conventional wafer bond-

ing techniques typically use a  separate cap wafer for the wafer level

hermetic encapsulation, which provides not only perfect mechan-

ical robustness but also enables excellent vacuum levels by using

thin film getters.

There are already well established wafer-level hermetic vacuum

packaging methods for MEMS,  where the glass frit [8],  Au–Si eutec-

tic [9], and Au–In, Au–Sn, and Cu–Sn Transient Liquid Phase (TLP)

bonding [10,11] techniques are a few examples. However, these

techniques require an intermediate bonding material, increasing

not only the fabrication process steps in the metal-based bonding

approaches due to  the need of using an isolation layer between

metal sensor lead and sealing material but also the bonding tem-

perature and packaging stress in the glass frit bonding approach.

The anodic bonding technique [12], however, does not  require a

special intermediate bonding layer, provides a  simple, relatively

low temperature (possible down to 250 ◦C  [13]),  and uniform her-

metic bonding between glass and silicon wafers. On the other hand,

this technique cannot be applied to the MEMS  devices with lateral

feedthroughs for two main reasons: (1) The step heights formed

by the lateral feedthroughs can easily destroy the hermeticity of

the anodic bonding, (2) The bonding process requires an electri-

cal isolation layer covering the lateral feedthrough lines, which

must withstand high bonding voltage, seals the step heights caused

by the feedthrough lines hermetically, and be compatible with

an anodic bonding process. These problems can all be eliminated

by using vertical feedthroughs, but such vertical structures typi-

cally require complex via-refill or  trench-refill steps [14–19],  which

makes the process difficult and costly. METU-MEMS Center has

recently developed and reported a new wafer-level packaging pro-

cess using vertical feedthroughs [20,21], called the aMEMS  process,

which does not require any complex via-refill or trench-refill steps.

The hermetic sealing in aMEMS  is  achieved by  different eutectic

bonding methods [20,21].

This paper reports an evolution of the aMEMS  process by adapt-

ing it to the anodic bonding based hermetic sealing, which allows

not only a wide bonding temperature range from 250 ◦C up  to 450 ◦C

but also provides a  thermocompression-free, very high-yield, high-

strength, repeatable, and reliable packaging [22].

2.  Package design and fabrication

Fig. 1 shows the three-dimensional (3-D) view of the wafer level

encapsulation method which is  achieved by  adapting the aMEMS

Fig. 1.  Three-dimensional (3-D) view of the wafer level encapsulation method

which is  achieved by adapting the aMEMS  process to the anodic bonding technique.

process to the anodic bonding technique. Vertical feedthroughs and

the sealing wall are made from highly doped silicon and formed

simultaneously by etching the device layer of an SOI cap wafer,

whereas the via openings are formed by etching the handle layer.

The exposed faces of the vertical feedthroughs can be accessed

externally by wire bonds, eliminating any need for via-refill as in

[23].

Fig.  2 shows the major fabrication process steps of the proposed

method. The process starts with an SOI cap wafer on which the

via openings are formed by using the KOH wet etch (Fig. 2(a)). The

300 �m thick handle layer of the SOI cap wafer defines both the

thickness of the package roof in  Fig. 1 and also specifies the dimen-

sions of the vertical feedthroughs. Next, the handle and device

silicon layers of the SOI cap wafer are  electrically shorted with

a thin film Aluminum layer prior to  the anodic bonding. This is

achieved by first etching the buried oxide (Fig. 2(b)) and then pat-

terning the Aluminum layer (Fig. 2(c)) inside the via opening. The

final step of the cap wafer process is to simultaneously form the

vertical feedthroughs, sealing walls, and cavity on the device layer

of the SOI wafer with DRIE. Two  different device layer thicknesses,

namely 100 �m and 300 �m, are used in  this work in  order to

check the effect of different cavity volumes on the package vacuum

level. After the cap wafer fabrication, thin film getters are deposited

inside the cavities by using a custom designed shadow mask. The

getter material consists of 1 �m thick 4.3 mm  × 2.6 mm Titanium

film for the maximum available area in  the cavity, having a  volume

of 11.2 × 106 �m3.  The getter material can be deposited either with

evaporation or sputtering techniques (Fig. 2(d)). The correspond-

ing  sensor wafer is fabricated by using a  modified silicon-on-glass

(M-SOG) technology as in [24] which includes suspended silicon

resonators on the glass substrate and additional glass anchors with-

out any sealing material for the hermetic sealing with the anodic

bonding. The sensor wafer also contains Cr/Au shield metal which

is  used to  prevent the unintentional stiction of suspended sili-

con sensors during the anodic bonding (Fig. 2(f)). The SOI cap

wafer is  then anodically bonded to the sensor wafer by  apply-

ing 600 V at about 350–400 ◦C (Fig. 2(e)). The Titanium getter is

inherently activated during the anodic bonding, improving the

package pressure. After the wafer level encapsulation process, the

Aluminum layer inside the via opening is  stripped and Cr/Au pad

metals are formed inside the via openings by using the lift-off tech-

nique. The signal transfer is then achieved by conventional wire

bonds (Fig. 2(f)).

Fig.  3 shows the SEM pictures of the MEMS  dies fabricated using

the proposed method, providing the details of the via openings,
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Fig. 2. Major fabrication steps of the proposed method.

Fig. 3. SEM pictures of MEMS  dies using the proposed method.

sealing wall, and vertical feedthroughs. Fig. 4 shows the pho-

tographs of MEMS  dies from the top and bottom faces, fabricated

using the proposed method. The die size of the hermetically sealed

package is  5.5  mm × 6 mm  for this particular design, which contains

a single MEMS  resonator, in  order to estimate the pressure level

inside the cavities. Fig. 5 presents a magnified view of  the sealing

region, vertical feedthroughs, shield metal, and the encapsulated

sensor as seen through the bottom face of the packaged chip.

3.  Experimental results

Experimental tests have been performed to  measure the verti-

cal feedthrough resistance, package vacuum level, production yield,

package strength, and thermal robustness of the packages fabri-

cated using the proposed method.

3.1. Measurement of feedthrough resistances

One of the most critical issues in  the proposed method is the

resistance of the vertical feedthroughs. In this work, the vertical

feedthroughs are made from low resistive silicon (less than or equal

to  0.005 � cm)  and then bonded to the gold metal leads of the sen-

sor, forming Au-Si ohmic contacts. The resistances of  fabricated

vertical feedthroughs are measured by using a HP 34401A digi-

tal multimeter. It  is observed that the resistance values are in  the

range of 150–200 � which is an acceptable value for a  large variety

MEMS  applications that do not  require RF and higher frequencies.

3.2. Estimation of package vacuum and yield

In this work, MEMS  resonators are used to  estimate the pres-

sure levels inside encapsulated cavities. The package vacuum is
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Fig. 4. Photographs of MEMS  dies from the top  and bottom faces, fabricated using the proposed method.

Fig. 5. Magnified view of the sealing region, vertical feedthroughs, shield metal, and

the  encapsulated sensor as seen through the bottom face of the packaged chips.

measured indirectly by  measuring the quality factor of the MEMS

resonators, which is a  good way to  measure the pressure change

inside the packages since it directly depends on the air damping.

Fig. 6 presents the measurement setup for the characterization of

MEMS  resonators at different pressure levels before the wafer level

hermetic encapsulation process. Therefore, the MEMS  sensor wafer

is placed into a controlled vacuum chamber in which pressure can

be adjusted from 10 �Torr to 10 Torr for the characterization of

MEMS  at different pressure levels. The resonators are actuated with

an AC signal at frequencies ranging from 10 kHz to 15 kHz by using

the Agilent 35670A Dynamic Signal Analyzer while the proof mass

and the transimpedance amplifier circuit (TIA) are biased with DC

voltage by using the Agilent E3631A Power Supply. The quality fac-

tors of the resonators are extracted according to their resonance

characteristics at different pressure levels.

After the hermetic encapsulation process, the resonance charac-

teristic of the same MEMS  resonator is measured and the package

vacuum is estimated. Fig. 7(a) demonstrates the quality factor

versus pressure characteristics of a sample MEMS  resonator before

the packaging process, and Fig. 7(b) presents the resonance charac-

teristics of the same resonator after wafer level packaging, showing

a measured quality factor corresponding to a  cavity pressure of

almost 1 mTorr according to  the results in Fig. 7(a).

Fig. 6. Measurement setup for the characterization of MEMS resonators under dif-

ferent pressure levels before the  wafer level encapsulation.

The robustness of the proposed method is  checked by  encap-

sulating different MEMS  sensor wafers by using different process

conditions. Table 1 presents the summary of the wafer level

encapsulation process as well as the yield analysis for four differ-

ent MEMS  sensor wafers by using outgassing and gettering options.

The cavity pressures can be set to different levels ranging from

1 mTorr up to 5 Torr, simply by varying the outgassing period and

Table 1

Summary of the wafer level encapsulation process as well as the yield analysis of 4

different MEMS  sensor wafer by  using different process conditions and use of getter.

Bond# Outgas/Getter Package volume Pressure range Yield

1 No/No 4.8 mm3 3–5 Torr 94%

2  60min@300 ◦C/No 4.8 mm3 1–3 Torr 96%

3  No/Yes 4.8 mm3 1–80 mTorr 95%

4  No/Yes 1.6 mm3 1–80 mTorr 94%
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Fig. 7. Test results of the fabricated prototypes: (a)  Quality factor versus pressure characteristics of a MEMS resonator obtained before packaging in a controlled-pressure

chamber. (b) Resonance characteristics of the same MEMS  resonator after wafer-level packaging, showing a  measured quality factor of 115,810 corresponding to a  cavity

pressure  of 1 mTorr according to the results in (a).

Fig. 8. Wafer map  showing the successfully packaged as well as the failed sensor

dies. The wafer contains 156 sensors and among randomly selected 50 sensors, 94%

have a cavity pressure lower than 100 mTorr, 80% equal or lower than 10 mTorr, and

46% as small as 1 mTorr.

utilization of the getter material, enabling the proposed method

be used for various types of MEMS  devices with different pressure

requirements.

Resonance tests are performed on randomly-selected sensors

on all of these packaged wafers, and sensors on these wafers

are verified to be packaged successfully with characteristics sim-

ilar to Fig. 7(b) with an average yield of 95%. Fig. 8 presents

the  wafer map  showing the successfully packaged as well as the

failed sensor dies. The wafer contains 156 sensors and among ran-

domly selected 50 sensors, 94% have a  cavity pressure lower than

100 mTorr, 80% equal or lower than 10 mTorr, and 46% as small as

1 mTorr.

The long-term package pressure variation is  monitored by

periodic testing of the randomly selected five packages over a

six months period since their fabrication. Fig. 9 presents change

in the quality factors of the monitored packages. The lowest

measured Q-factor in  Fig. 9 is above 105,000. Referring back to

the data in Fig.  7, this Q-factor value corresponds to a cavity

pressure below 5 mTorr for all of the 5 dies monitored during

the six month period. The reduction of the Q-factors in  Fig. 9

Fig. 9. Quality factor change over time. The pressure inside the cavities is observed

to  be lower than 5 mTorr for a six months of period after their fabrication.

corresponds to  a  change from an initial pressure around 1  mTorr

to a  stabilized pressure less than 5 mTorr within 2–4  months.

This result shows that  the proposed packaging method achieves a

stable cavity pressure below 5 mTorr, which is sufficient for many

applications.

3.2.1. Effect of outgassing and thin-film getters

The hermetic packaging is  performed in a  bond chamber that

can be pumped down to  pressure levels around 10 �Torr. Still, the

pressures inside the cavities are observed to be as high as 5 Torr

after the bonding, if neither an outgassing step nor thin-film getters

are used. Outgassing is  the desorption of the gas molecules from the

devices encapsulated in  vacuum cavities. It  has a more significant

effect on the micro-sealed cavities since they are not  continuously

pumped and have high surface to volume ratio. A way  of minimizing

this effect is  to do an additional heat treatment for the outgassing

inside the bond chamber before the actual encapsulation process. In

this work, an outgassing step at 300 ◦C for 60 min is included before

the encapsulation process. Although the outgassing step enhanced

the vacuum levels, the better solution is  to use thin-film getters in

order to reach the package pressures below 100 mTorr. Getters are

thin-films or  alloys which react with the trapped gases in order to

improve the package pressure. Pressures in the range of 1–80 mTorr

are achieved by the use of thin-film getters with a  yield of  95%. The

getter material is  capable of pumping the outgassing material until

its capacity is  reached, irrespective of the cavity volume. Therefore,

similar cavity pressures are  obtained for sensors encapsulated with

100 �m and 300 �m deep cavities. It is  experimentally verified that

it is possible to roughly tune the package pressure from 5  Torr to

1 mTorr by varying the outgassing steps and the use of  thin film
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Fig. 10. Shear test setup used to measure the  shear strengths of the packaged chips.

getters, providing the proposed method to be used for various types

of MEMS  devices with different vacuum requirements.

3.3. Shear tests

In order to evaluate the mechanical robustness of the packages,

shear tests are performed on 6 packages by using the Instron 5565A

shear tester. Fig. 10 shows the shear test setup used to measure

the shear strengths of the fabricated chips. Prior to the shear test,

chips are mounted on copper holders with a  special adhesive. The

cap and sensor chips are then separated from each other using the

Instron 5565A shear tester. Fig. 11 shows that 5 of 6 randomly

selected packaged chips have shear strengths above 10 MPa. Fig. 12

presents the photographs of cap and sensor chips separated from

each other during the shear test. The silicon-glass bonding interface

is observed to withstand the shear test, as either the silicon cap or

the glass substrate is broken, but not the bonding interface. This ver-

ifies that the bonding strength of the proposed method is  actually

higher than the measured 10 MPa  value, indicating a  mechanically

strong bonding.

Fig. 11. The shear test results of 6  different packaged chips. The measured shear

strengths show that 5 of the packaged devices over 6 are above 10 MPa, indicating

a mechanically strong bonding.

Fig. 12. Photographs of cap  and sensor chips separated from each other during shear

test.  The silicon-glass bonding interface is observed to withstand the shear test, as

either the silicon cap or the glass substrate is  broken, but not the bonding interface.

This verifies that the bonding strength of the proposed method is above 10 MPa.

3.4. Reliability tests

It is important to  evaluate the thermo-mechanical robustness of

the packaged chips for the reliability issues. Two packaged chips are

subjected to  cyclic thermal shock tests between 100 ◦C  and 25 ◦C for

5 cycles with 10 min  duration at each temperature value by  using

a  special hotplate which has high heating (20 ◦C/sec) and cooling

(50 ◦C/min) capabilities. The high heating/cooling capability pro-

vides instant movements between the high and cold states. After

the temperature cycling test, no degradation is  observed in  the her-

meticity of the packages. Furthermore, a packaged chip is kept at

150 ◦C for 24 h for the high temperature storage test. First, the hot-

plate is  heated up to 150 ◦C and then the packaged chip is put on the

hotplate for the high temperature storage test. The quality factor

of a  particular MEMS  resonator was  initially measured as 117,984

while it was 116,925 after the high temperature test, verifying that

there is  no change in the package vacuum and it is  still around

1 mTorr. Two packaged chips are also subjected to 400 ◦C using

the same hotplate for 5 min. Fig. 13 presents the resonance charac-

teristics of a sample resonator before and after high temperature

shock performed at 400 ◦C for 5 min. The hermeticity of  the pack-

aged chip withstands 400 ◦C  and mechanical failures such as crack

initiation are not detected even after this test. The reason of the fre-

quency shift may  be either due to  measurement error in  between

Fig. 13. Resonance characteristics of a sample resonator before and after high tem-

perature shock performed at 400 ◦C for 5 min. The hermeticity of the packaged chip

withstands 400 ◦C and mechanical failures such as crack initiation are not detected

even  after this test. The reason of the frequency shift may  be due to either measure-

ment error in between two  measurements or the  getter cannot absorb some gases

inside  the encapsulated cavity.
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two measurements or  the temperature fluctuations during the test.

Alternatively, the shift may  also be due to the outgassing of non-

getterable gasses such as Argon. After the temperature shock test

at 400 ◦C, there is  a slight reduction in the quality factor, which

corresponds to an increase in  the package pressure. This may  be an

expected result since the getter cannot absorb some gases  inside

the encapsulated cavity.

4. Conclusions

This work reports a simple, sealing-material-free, relatively

low-temperature, high-yield, reliable and mechanically-strong

wafer level hermetic packaging solution for MEMS  devices achieved

by adapting the anodic bonding process to the aMEMS  process. The

hermetic packaging is achieved by anodic bonding at 350 ◦C using

a bonding potential of 600 V without requiring any intermediate

sealing material due to  the nature of the anodic bonding process.

The fabricated prototypes are verified to be operational with cavity

pressures as low as 1 mTorr with successfully activated thin-film

Titanium getters. The cavity pressure can be roughly tuned in the

range 5 Torr to 1 mTorr by  using proper combinations of outgassing

steps and getter material. The average packaging yield is around

95% for four different bonding trials at various process conditions.

The mechanical strength of the packages has been checked with

the  conventional shear tests and measured to be above 10 MPa,

indicating a mechanically-strong bonding. The robustness of the

packages is also verified with thermal cyclic and high tempera-

ture storage tests. No change has been observed in  the package

vacuum after subjecting the packaged chips to thermal cyclic tests

between 100 ◦C and 25 ◦C for 5 cycles with 10 min  duration between

each cycle. The hermeticity of the packages has not  been degraded

by storing the packages at 150 ◦C for 24 h.  Moreover, it is  exper-

imentally verified that the hermeticity of the packaged chips can

withstand high temperature shocks as high as 400 ◦C for 5 min. In

conclusion, the proposed packaging method provides a  simple, rel-

atively low temperature, robust, reliable, and mechanically-strong

solution for the wafer-level hermetic packaging of MEMS  devices.
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