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Abstract In this paper, a summary of the most relevant

failure mechanisms of thin-film vacuum microelectrome-

chanical systems (MEMS) packages and existing testing

techniques will be presented. Then, based on analytical

models for thin-film vacuum MEMS packages (volume in

the order of 10E-11 l), a feasibility study on options for

thin-film vacuum MEMS package testing will be presented.

This feasibility study leads to new insights and suggestions

for future thin-film vacuum MEMS package testing.

1 Introduction

Microelectromechanical systems (MEMS) have been

investigated for years, but few commercial devices are on

the market. Packaging technology is one of the vital limi-

tations. Unlike IC packages, there is no standard process

recipe as different material selections, structural designs

and processes are needed in MEMS packaging (Chen et al.

2002; Gilleo 2005; Hsu 2004; Rebeiz 2003). Moreover,

most MEMS packages not only protect the MEMS device

from the operational environment, but also form an integral

part of the microsystems. A typical example is a thin-film

vacuum MEMS package; it requires the package to be

made of thin-film materials and retain vacuum inside the

package to ensure the functional requirements of the

device.

1.1 Thin-film vacuum MEMS packages

Thin-film packaging aims to fabricate the micro-cavity

on the MEMS for wafer-level packaging using micro-

machining technology. The MEMS is encapsulated with

thin film materials. Sacrificial layer etching and deposition

techniques are often used to create a package around the

MEMS device. Figure 1 shows a conceptual flow of the

thin-film package fabrication. This kind of package offers

many advantages. First, the typical size of a thin-film

package is in the order of microns to nanometers, which fits

the trend of miniaturization of the electrical products.

Second, the thin-film package needs less space on the wafer,

greatly reducing the cost. Third, most thin-film packaging is

MEMS fabrication compatible, and, consequently, can be

integrated in the backend of the MEMS process. Thus, it

allows flexibility in design and is capable of eliminating

contamination from the outside environment.

In this paper we will focus on the thin-film vacuum

packages. Vacuum inside the package is required for

proper performance of many types of MEMS. One typical

application is the MEMS resonator, since vacuum is

required for a high quality (Q) factor and stable resonant

frequency. The vacuum inside the package is normally

realized by sealing the package in a vacuum environment.

There are two critical concerns for this package. First, it

must guarantee a sufficiently high vacuum after the sealing

step. Second, it must remain hermetic and vacuum during

device operation.
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1.2 Package parameters

The thin-film vacuum package investigated in this paper

is made of plasma enhanced chemical vapor deposition

(PECVD) silicon nitride which has a small volume (Table 1)

and is to be designed for a working period of 10 years. After

processing, the pressure inside the package is assumed to be

0 bar. The highest permitted pressure is 1 mbar.

2 Reliability of thin-film vacuum MEMS packages

Reliability of thin-film vacuum MEMS packages is a major

concern for the application of such packaging technology

in industry. Many types of failures may happen during

processing, assembly, qualification testing and while in

operation. Typical failure modes are leaking of the pack-

age, outgassing of the package material, collapse of the

package capping layer, etc. (Fig. 2). The presence of mi-

crocracks in the capping layer can cause leakage, which

may be avoided by using thin-films with low residual

stress, high young’s modulus and a coefficient of thermal

expansion (CTE) close to that of the substrate. The process

can leave gases inside the thin-film layer which may lead to

outgassing under certain conditions (e.g. under a high

temperature or after a long period of time) and, conse-

quently, lead to a pressure increase inside the package. The

collapse of the capping layer could cause the failure of the

package and even the entire device structure. All of these

failures will break the vacuum environment inside the

MEMS package and cause the failure of the MEMS.

3 Testing methodologies for thin-film vacuum MEMS

packages

To ensure reliability, testing is of utmost importance.

However, testing of a thin-film vacuum MEMS package is

complicated and challenging. Due to the small dimension

of the thin-film package, the signal to be tested is extremely

small; therefore the existing testing techniques may not be

readily applied to the small volume MEMS packages.

Consequently, testing of MEMS packages requires inno-

vative and specific testing strategies, equipments and

methodologies. In this study we will summarize the

potential testing techniques for the thin-film vacuum

packages, analyze their feasibility for our model and try to

present some solutions.

Fig. 1 A conceptual process

flow for creating a thin film

package around a MEMS device

Table 1 Thin-film vacuum package parameters

Length (L)

(lm)

Width (W)

(lm)

Height (H)

(lm)

Young’s modulus (E)

(GPa)

Poison’s ratio

(m)

Highest permitted pressure

(mbar)

Life time

(year)

100 100 2.5 145 0.3 1 10
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The testing methodologies for thin-film vacuum pack-

ages are divided into two groups. The first category relates

to external testing; another involves testing by integrated

devices.

External testing is the method to check the vacuum level

or hermeticity of the thin-film vacuum package by external

testing techniques. Leak test and deflection test are the

representative methods from this category and will be

discussed in detail.

Testing techniques in the second category make use of

integrated devices to measure the vacuum level and the

leak rate of the thin-film vacuum package. Often used

structures include pressure sensors, moisture sensors,

MEMS resonators and accelerometers, etc. Here we will

focus on pressure sensors and MEMS resonators, which are

often used in research and industry.

3.1 Leak test

The purpose of the leak test is to determine the hermeticity

of the seal of microelectronic and semiconductor devices

with designed internal cavities (MIL-STD-883E 1996).

The method of a leak test is to place the package in a

pressurized gas for a certain time, then trace the gas leaking

out of the package in a vacuum chamber. Otherwise

immerse the package in a certain fluid, and then trace the

fluid in some other fluid, which indicates leakage of the

package. Often MIL-STD-883 is used as the criteria for

leak testing.

A leak is characterized by the leak rate. There are so-

called standard leak rate L and measured leak rate R. The

standard leak rate is defined as that quantity of dry air at

25�C flowing through a leak or multiple leak paths per

second when the high-pressure side is at 1 atm. (Gillot

et al. 2005) (Eq. 1). Measured leak rate R is defined as the

leak rate of a given package as measured under specific

conditions and employing a specified test medium. The

relation between R and L is shown in Eq. 2.

L ¼ DPV

t
ð1Þ

where L is the standard leak rate in air; DP is the pressure

change inside the package; t is the time for the pressure

change in seconds; V is the internal volume of the device

package cavity.

R ¼ aL 1� ebL
� �

ecL ð2Þ

with

a¼ PE

P0

MA

M

� �1
2

;b¼� t1

VP0

MA

M

� �1
2

" #

; c¼� t2
VP0

MA

M

� �1
2

" #

where R is the measured leak rate of tracer gas through the

leak; L is the equivalent standard leak rate; PE is the

pressure of exposure; P0 is the atmospheric pressure; MA is

the molecular weight of air in grams; M is the molecular

weight of the tracer gas; t1 is the time of exposure to PE; t2
is the dwell time between release of pressure and leak

detection; V is the internal volume of the device package

cavity.

Typically, depending on the covered leak range, the

whole leak rate spectrum (Fig. 3) is divided into three

regimes: the fine leak regime, the undefined regime and the

gross leak regime. The gross leak refers to the measured

Fig. 2 a Leaking, b outgassing, c collapse of the MEMS package

Fig. 3 Leak rate spectrum
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leak rates R larger than a certain value, which is about 1E-

4 mbar l/s. Whereas, fine leak refers to the low leak rate

regime; the measured leak rate is larger than the minimal

detectable leak rate RLF, which is given by the leak detector

and smaller than RUF, which is decided by the package

volume (Jourdain et al. 2002). The undefined regime is the

regime between the fine leak and gross leak regime. Bubble

gross leak test and helium (He) leak test are the two most

frequently used techniques for the gross leak and fine leak

regions, respectively, as used for hermeticity testing of the

packages.

The advantages of the leak test include:

• There is no need to change the design of the package,

since no integrated testing structure is required.

• Side effects due to an additional integrated test

structure are eliminated. Time and cost for designing

a test structure is saved.

The disadvantages of the leak test include:

• No quantitative vacuum level of the package is known

from this test.

• It is not applicable to a very small dimension because

of the test sensitivity of the leak detector.

• Normally the cost for the He leak testing is high.

3.1.1 Bubble gross leak test

In this method, two liquids with different boiling points are

applied. The fluorocarbon liquids (FC-84, boiling point

80�C and FC-40, boiling point 161�C) are often used. The

package is first placed in the liquid with a lower boiling

point for several hours. Then, it is dried and immediately

transferred to another liquid and heated to a temperature

which is between the boiling points of both liquids. If the

first liquid is present inside the package, the bubbles of it

will be observed. This methodology is only applicable for

the large leaks with leak rate exceeding about 1E-

4 mbar l/s.

3.1.2 Helium leak detect

He leak testing is a method often used for fine leak

detection. This method is according to Method 1014.12,

MIL-STD-883G. First, the package is stored in a certain

He pressure for some time. Pressurized helium enters the

package if there is leakage. Then, the package is placed

in a vacuum chamber which is connected to a He mass

spectrometer. It is opened and the He which leaked into

the package can be detected by the He mass

spectrometer.

For our thin-film vacuum package with a volume of

2.5 9 10-11 l, with a highest allowed pressure of 1 mbar

and a working time of 10 years, the permitted standard leak

rate would be: L = 7.9E-20 mbar l/s. If PE = 1 bar,

t1 = 2 h = 7,200 s, t2 = 20 s, the equivalent measured

leak rate in He R1 = 1.27E-26 mbar l/s.

Our highest permitted measured leak rate in He of

1.27E-26 mbar l/s is much lower than the detectable leak

rate of the He leak detector [RLF = 4E-10 mbar l/s

(Jourdain et al. 2002)]. So the above two testing method-

ologies are not applicable to our thin-film vacuum MEMS

package with a volume of 2.5 9 10-11 l. The solution is to

create a larger volume package or to measure several

packages together (Kim et al. 2005).

3.2 Deflection test

In this method the pressure inside the package is derived

from the deflection of the thin-film package capping layer.

Different pressures in and outside the package may result

in a deflection of the capping layer (Fig. 4). From the

deflection under a known pressure, we can calculate the

pressure inside the package.

Following is the theory for the plate deflection which shows

the relation between the maximum deflection and the pressure.

Here we will only present the theory for the simply supported

rectangular capping, valid for an isotropic homogeneous

material as an example (Timoshenko and Woinowsky-Krieger

1970; Ugural 1981; Ventsel and Krauthammer 2001).

The maximum deflection of the layer

xmax ¼
5Ptotall

4w4

384Dðl4 þ w4Þ ð3Þ

where xmax is the maximum deflection of the plate; l is the

length of the plate; w is the width of the plate; Ptotal is the total

pressure on the layer; D is the flexural rigidity of the plate.

With

D ¼ Eh3

12 1� t2ð Þ ð4Þ

where h is the thickness of the plate; E is the young’s

modulus; m is the Poisson’s ratio.

Fig. 4 The hermetically sealed microcap in vacuum is deformed

under an ambient environment
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xmax ¼
5DPl4w4ð1� t2Þ
32Eh3ðl4 þ w4Þ ð5Þ

Ptotal ¼
32

5

Eh3

1� t2ð Þ
ðl4 þ w4Þ

l4w4
xmax ð6Þ

DPtotal ¼
32

5

Eh3

1� t2ð Þ
ðl4 þ w4Þ

l4w4
Dxmax ð7Þ

From Eq. 6, it shows that the absolute pressure on the plate is

proportional to the material property, the geometry of the

plate and the change of its central deflection. With the known

material property, geometry, central deflection and outside

pressure, the vacuum inside the package can be derived. The

first two parts are fixed when the plate is designed and fab-

ricated. The pressure difference is only determined by the

change of the central deflection (see Eq. 7). The accuracy of

the pressure measurement inside package depends on the

accuracy of the deflection measurement.

The advantages of the deflection test include:

• The pressure inside the package is easily calculated

from the formula if the deflection is measured. Thus not

only the hermeticity but also the quantitative vacuum

level of the package is measured.

• The test is simple in principle. The deflection mea-

surement can be easily done by contact or optical

profile measurement equipments.

The disadvantages of the deflection test include:

• The capping for the MEMS package may include

several materials and some irregular structures. In this

case, the pressure inside the package is not easily

derived from deflection of the capping.

• In the capping layer, residual stress may cause unpre-

dictable shape changes of the package. These effects

are normally not well understood and often happen

randomly for different devices. So the equation for the

deflection versus pressure may not be valid if this is the

case.

• Some profile measurements may introduce extra

stresses on the package, making the pressure prediction

less accurate.

Applying Eq. 7 to our package (with parameters in

Table 1), when its pressure increases from 0 to 1 mbar, the

change of the deflection of the capping layer can be

derived: Dx = 3E-7 m.

The highest permitted deflection change of our packag-

ing layer in its life time (10 years) is 3E-7 m. Assume that

the deflection of the layer changes gradually at the same

rate, the deflection change of the packaging layer in every

week can be estimated to be Dx/(10 9 12 9 4) = 6.25E-

10 m/week. This deflection change per week is several

angstroms, which is near the highest resolution of most

existing profile measurement equipments. For instance, the

resolution of one optical profiler Wyko NT3300, which is

often used for MEMS measurement, is about 1 Å. The

above testing methodology is not easily applied but still

possible for our thin-film vacuum MEMS package with a

small volume.

3.3 Integrated pressure sensor

For the high vacuum measurement of the package, a

MEMS Pirani gauge is often used as the pressure sensor

because of its micron size and it is easily encapsulated in

the thin-film package. Moreover, the Pirani gauge can not

only check the hermeticity but also detect the quantitative

vacuum level of the package (Chae et al. 2005; Chou et al.

1995; Chou and Shie 1997; de Jong et al. 2003; Mastran-

gelo and Muller 1991; Zhang et al. 2006).

A Pirani gauge (Fig. 5) consists of a sensor wire, which

is in contact with the pressure to be measured. The oper-

ation principle of the Pirani gauge is that the temperature-

dependent resistance of the gauge is dependent on the

ambient pressure, since a large part of the heat generated

by Joule heating in the gauge is transferred through the air

to the substrate (gaseous conduction) (Mastrangelo 1991).

The thermal impedance TI, which is defined by the

Eq. 8, is dependent on the pressure. From the calibrated

measurement of TI versus pressure, the pressure inside

package is known if the thermal impedance is known.

Figure 6 shows an example of a measured relation between

the thermal impedance and pressure (He and Kim 2007).

TI ¼ DTavg

DPE
ð8Þ

where DTavg is the change of the average temperature

across the Pirani gauge; DPE is the change of the electrical

power.

Fig. 5 A SEM picture of a polysilicon Pirani gauge encapsulated by

porous polysilicon shell and sealed [reprinting with author’s

permission]
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For a bridge Pirani gauge, the high and low detectable

pressure limits of the linear pressure range, Ph and Pl,

respectively, are given as follows (He and Kim 2007):

Ph ¼
2gkg 1ð ÞTsx

paEtsd
ð9Þ

Pl ¼ aE
kb

gkg 1ð Þ

� �
sz

l2

� �
Ph ð10Þ

where g is the excess-flux coefficient, which accounts for

the fringing heat flux of the bridge element and can be

obtained analytically; kg(?)is the thermal conductivity of

the gas at atmospheric pressure; Ts is the substrate tem-

perature; aE is the thermal-accommodation coefficient; t is

the average gas molecular velocity; d is the microbridge

perimeter; kb is the thermal conductivity of the bridge

material; s is the distance above the substrate of the mi-

crobridge; x is the width of the microbridge; z is the

thickness of the microbridge; l is the length of the

microbridge.

Typically, the pressure detection range of the Pirani

gauge is 10E-3 to 30 mbar (VG Scienta 2003). The

detection range can be adjusted by changing the dimen-

sions of the bridge as well as the gap between the bridge

and the substrate.

The pressure of our thin-film package should be lower

than 1 mbar, which is well within the working range of the

Pirani gauge. Thus, the Pirani gauge can be used to mea-

sure the package’s pressure. However, the following issues

must be considered and carefully analyzed when applying

this testing method for thin-film package characterization.

First, since the pressure to be detected by the Pirani gauge

is derived from the thermal conductivity of the ambient gas

and thermal conductivities of different gases are not same,

calibration measurement must be done for different gas

composition, which may make the test more complicated

and may include errors. Second, the gas byproducts of the

MEMS fabrication and outgassing of the thin-film package

layer also need to be considered as a part of the ambient

gases for the calibration measurement, but in most cases

the composition and amount of these gases are not easy to

detect.

3.4 MEMS resonator

In this case, the characteristics of some encapsulated

MEMS, which are not designed to be pressure sensors, are

used to evaluate the vacuum level of the packages. The

performance of these MEMS depends on the quality of the

package. For example, the Q-factor of a MEMS resonator

depends on the pressure inside the package within a certain

pressure range (Blom et al. 1992; Lee et al. 2003). Thus,

the pressure inside a package can be determined if we

know the Q-factor of the device.

The relation between Q-factor and pressure is obtained

by measuring an unpackaged resonator in a vacuum

chamber with a changing vacuum level. When the Q-factor

of the vacuum packaged resonator is measured, the inside

pressure of the package device is estimated by the Q versus

P curve. Figure 7 shows an example of the relation

between Q-factor and ambient pressure. For a thin-film

packaged resonator, which has a Q-factor of 1,818 (Fig. 8),

the pressure inside this package is estimated to be 80 mbar

according to this Q versus P curve, assuming the gas inside

the package is the same as the gas used for the calibration

measurement.

The advantages of the testing by MEMS resonators

include:

Fig. 6 Thermal impedance of a Pirani gauge at different pressure

[reprinting with author’s permission]

Fig. 7 The Q-factor versus vacuum pressure for an unpackaged

resonator in a vacuum chamber (pressure changed by nitrogen)
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• The fabrication of the MEMS resonator can be thin-film

packaging process compatible.

• A quantitative vacuum level can be determined.

The disadvantages of the resonator test include:

• This method is only valid for a small pressure range

(Blom et al. 1992). At high vacuum and higher pressure

range, the Q-factor does not depend on ambient

pressure but on other parameters.

For our package, when its pressure is in the high vacuum

regime, this test method will not work, since the Q-factor is

not pressure dependent at this pressure regime; when the

package has the pressure in the medium to low vacuum

regime, this test method may work.

4 Conclusions

In this paper, testing methodologies for thin-film vacuum

MEMS packages are divided into two categories: external

testing and in situ testing. The four most promising test-

ing methodologies, viz., the leak test, deflection test,

Pirani gauge and MEMS resonator, are selected and

summarized. From the feasibility study on each option for

our package, it is shown that He leak test is not applicable

since the resolution of this technique is insufficient for the

leakage of the thin-film package. The other three,

deflection test, Pirani gauge and MEMS resonator may be

used for thin-film package testing. However, the deflec-

tion test is not easily applied to the real thin-film package

because of the thermal mismatch between materials or

unknown residual stress in the layer may cause stiffening

or buckling of the capping layer. So the most promising

testing methods are the Pirani gauge for high vacuum and

MEMS resonator for low vacuum measurement. However,

both methods require calibration for accurate quantitative

results.
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