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Chapter 1

Introduction

1.1 Packaging of MEMS

Packaging of Micro-Electro-Mechanical-Systems (MEMS) is a determining
factor in both the functional behavior and the production costs of the MEMS
device [I]. In fact, it has not only to fulfill the same requirements of a
package for Integrated-Circuits (ICs) but at the same time it has to accom-
modate additional functionalities that are specific to the application of the
MEMS device.

Typical requirements valid for both ICs and MEMS devices concern a
certain degree of protection and/or isolation. The package has to protect
the device from the working environment and, at the same time, it has
to protect the environment from the device itself and its operation [2]. In
particular, as for the ICs, the packaging of MEMS devices may require:

e Mechanical protection to ensure structural integrity

e Electrical isolation or passivation from electrolytes and moisture

Optical and thermal protection to prevent undesired effects on per-
formance

e Chemical isolation from harsh environment

However, whereas there is a packaging standard for ICs, so far there is no
unique and generally applicable packaging method for MEMS. In fact, each
MEMS device works in a special environment and has unique operational
specifications. Many MEMS devices consist of free-standing mechanical
microstructures and this implies that MEMS packaging cannot follow the
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procedures set by IC packaging industry. The device may not withstand the
back-end processes, such as wafer dicing, wire bonding and high pressure
overmolding of plastic [I].

MEMS devices often require to be hermetically packaged under a certain
environment. These devices may require operation in a vacuum, at reduced
pressure or in an inert ambient. In this case, the ambient of the cavity
housing of the MEMS device play an important role in tuning its operating
characteristics. In particular, an hermetic packaging provides

1. protection of MEMS structure from dust, humidity, corrosion, etc.

2. isolation from thermo-mechanical stress on the package (during han-
dling, die bonding, during operation)

3. defined vacuum (reduction of damping effects, low power consump-
tion, less temperature effects, long term stability)

To provide cost-effective solutions, the MEMS community is facing the
challenge to find packaging methods applicable to a wide range of MEMS
devices. So far, there are two types of MEMS packaging solutions: discrete
packaging and wafer-level packaging [3].

1.2 Discrete packaging

Discrete packaging, or first-level packaging, consists of chip capsule and
leads for interconnecting the chip to the outside world. Examples are ce-
ramic, metal can or plastic molded packages (see Fig.[[LT]). Cavity formation
during first-level packaging is an established method that allows flexibility
with respect to the composition of sealing gas and the sealing pressure.
Drawbacks of this approach are the high cost of ceramic and metal can
packages, and the danger of exposing the fragile MEMS device to handling
and contamination during wafer dicing and subsequent cleaning [I]. Plas-
tic packages, which are cheaper, are often not suitable for housing naked
MEMS devices because of the nature of the overmolding process. In fact,
during this step a plastic compound is inserted into the package exerting on
the device a pressure of about 8 MPa (80 bar). This becomes critical when
the device consists of free-standing microstructures.

1.3 Wafer-level packaging

The wafer-level packaging approach, or wafer-level encapsulation, consists
of an encapsulation step carried out before discrete packaging, to protect
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Figure 1.1: Schematic drawing of discrete packaging.

fragile moving parts during subsequent wafer processing. This approach al-
lows the use of low-cost packaging for final encapsulation, like non-hermetic
plastic overmolding. In this case, the wafer-level encapsulation has to pro-
vide the due hermeticity to the packaged device and it has to withstand the
back-end processes.

Wafer level encapsulation [4] can be grouped in two categories, capping
by means of wafer bonding and thin-film encapsulation (see Fig. [2). In
the wafer bonding encapsulation [BHI3], a separate substrate is bonded to
the MEMS wafer to cap the MEMS components (Fig. [[3]). It is known to
enable good vacuum quality (expecially for the high temperature bonding)
and excellent mechanical robustness and this makes it suitable for plastic
overmolding (Fig. [[4]). This is mainly due to the rather stiff cap and to the
large seal ring area that goes all the way around the MEMS device. However,
this leads to micropackages with rather large thickness and footprint. For
small MEMS devices, such as resonators or accelerometers, this seal ring
occupies too much surface of the wafer. In fact, for typical sealing processes,
this seal ring has to be more than hundred microns wide all around the
MEMS device.

In the thin-film approach [4] the encapsulation process is done on the
same wafer where the MEMS devices are fabricated by adding extra thin-
film processing steps. Sealed cavities are created by surface micromachining.
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In particular, after the MEMS device is fabricated, a sacrificial layer and
a capping layer are deposited on top of it (see Fig. [[L2)). After the sacrifi-
cial layer is removed through the etch holes in the capping layer, the etch
holes are sealed by thin-films deposited on top of the capping layer under
appropriate pressure conditions.

/ MEMS device \ MEMS device

Figure 1.2: Schematic drawing of wafer-to-wafer bonding and thin-film en-
capsulation.

N R R TI

Figure 1.3: SEM cross section of a packaged automotive gyroscope from
Bosch using glass frit bonding [14].

1.4 Thin-film encapsulation

Compared with hybrid wafer bonding, monolithic thin-film encapsulation
has several advantages that render it a much simpler technology. For this
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Figure 1.4: Bosch MEMS accelerometer packaged by plastic overmolding

I3).

reason it is also more cost effective at the same performance. Technological
advantages of thin-film encapsulation are [16]:

1. No need for a second substrate

2. It employs thin-film batch fabrication processes, avoiding the need
for aligning two wafers and the challenges of bonding on processed
(i.e., not smooth) surfaces.

3. It produces much lower topography, allowing for post-encapsulation
processes for additional MEMS or IC steps.

4. Tt requires considerably less chip area because there is no need of seal
ring when compared to the bonding approach.

The thin film encapsulation process allows the die to be separated with
dicing cuts that are within tens of microns of the MEMS device. This
opportunity for reduced area has allowed fabricating extremely small res-
onators and inertial sensors, opening the door for new applications, such as
in catheters and in cochlear implants. This reduction in device area also
has an important cost-related benefit. Since more devices can be obtained
from the MEMS process wafer, the cost/device can be significantly reduced.
This cost reduction can overcome the added cost of the encapsulation steps,
depending on the details of the process and the device design. There is an
added benefit to this encapsulation process: there are mechanical design
opportunities within the thin-film encapsulation which can reduce the cost
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of the secondary packaging. One example of this opportunity is the con-
struction of structures that can ensure the thermal and mechanical isolation
of the device from the package.

However, thin-film encapsulation poses a number of challenges, compris-
ing the process compatibility, thermal budget, mechanical robustness and
hermeticity monitoring. Furthermore, these issues are closely interrelated.

The kind of deposition process and the choice of the sacrificial layer are
strictly linked to the thermal budget of the MEMS device itself. This means
that encapsulation schemes that hermetically seal devices at the wafer level
must be performed at a temperature that is compatible with the MEMS
device inside the cavity. Due to the wide variety of MEMS technologies,
this thermal requirement can vary between and 100°C and 1000°C. For this
reason, thin film capping methods are generally divided in high-temperature
(> 400° C) and low-temperature thin-film encapsulation (< 400° C). Also,
the quality of the vacuum inside the package and its robustness to external
loads depend on the type of processing techniques and materials used for
the encapsulation.

1.5 Review of thin film encapsulation tech-
niques

Several solutions to thin-film encapsulation have been presented in literature
[IT16H29]. Their focus is on the choice of materials for sacrificial, capping
and sealing layers in order to meet the requirements of thermal budget and
vacuum levels.

High temperature processes provide better vacuum but cannot be used
in the cases of thermal budget limitations. Several high temperature pack-
ages based on Low Pressure Chemical Vapour Deposition (LPCVD) have
been demonstrated [T920,80,31]. In [19] a free-standing filament has been
encapsulated inside a LPCVD low-stress silicon nitride cavity to create a mi-
cro incandescent light source. A similar technique has been employed in [20]
to seal a micro comb-drive resonator; whereas in [30] LPCVD polysilicon
has been used to seal a diode device in a cavity and in [I§] a resonator
has been encapsulated by LPCVD silicon nitride. In [16,25,27,28] a high
temperature encapsulation process has been developed for inertial sensors
and resonators. It has proven to provide a hermetic vacuum sealing with
long-term stability by depositing a capping layer in an epitaxial polysilicon
growth chamber. Because of the thickness of the capping layer (around
50 pm), this package can withstand the overmolding pressure. The thick
polysilicon seal layer also helps to prevent diffusion of atmospheric contami-
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nants. In [29/32] a high temperature thin-film encapsulation using polycrys-
talline silicon-germanium (poly-SiGe) as the base material, complemented
with a metal seal, has been presented. Packages with a cavity pressure
below 0.3 mbar have been demonstrated on a SOI-based torsional-mode Si
resonator.

Low temperature thin-film encapsulation has also been presented in lit-
erature [21H23][26,B33H36]. Low temperature encapsulation processes point
not only to maximize the integration of MEMS devices in the IC processing,
but also to package MEMS devices that cannot withstand a high tempera-
ture process. For instance, high temperature encapsulation methods do not
suit such applications as RF MEMS, where aluminum is frequently used to
build the MEMS devices and cannot withstand any high temperature pro-
cesses. In [2I] electroplated nickel film has been used as capping layer. In
Ref. [22,23] a Plasma Enhanced Chemical Vapor Deposition (PECVD) of
SiN/SiO has been used for the capping layer, whereas in [35] PECVD SiC
was used. In [36] an alumina sealing layer was deposited by sputtering. In
the low temperature encapsulation approach also the sacrificial layer needs
to be deposited at low temperature. Organic materials, which can be eas-
ily removed in oxygen plasma avoiding stiction, are an interesting choice.
Liquid polymers like photoresist or thermally decomposable polycarbonates
have been suggested [21L22/[26], but spin coating of the materials on frag-
ile structures and the thermal stability are crucial for process integration.
Moreover the complete etching of these materials has to be ensured because
the reaching of a good vacuum sealing can be highly affected by the presence
of organic residues inside the cavity. This is the main disadvantage related
to using organic materials as sacrificial layer.

A common issue to be addressed for thin-film encapsulation regards
the sacrificial etching holes. Opening large holes in the encapsulation layer
above the device area is not preferable, because a significant amount of seal-
ing material will deposit on the device surfaces inside the cavity, changing
the device characteristics. For this reason small access holes are prefer-
able if allowed by lithography. In other cases, lateral etch channels are
used although it takes a longer time to remove the sacrificial layer from
the cavity. Another solution has been proposed in [24126]33][34L[37], where
a free-standing porous membrane has been used as capping layer. By us-
ing a porous membrane, the sacrificial layer can be removed through the
nanopores, which can be later sealed by a further deposition step.

Although several solutions have been presented in literature for more
than 25 years, the thin-film encapsulation approach can still be considered
in a research phase. In fact, despite the anticipated advantages over the hy-
brid approach using wafer-bonding, mechanical robustness, hermeticity and
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process integration of thin-film encapsulation should be addressed before
this approach can actually be extensively used in industry.

1.6 Research objective

This thesis addresses mechanical robustness, hermeticity monitoring and
process integration for thin-film encapsulation. First, it provides the de-
signer of thin-film encapsulation with guidelines for dimensioning of thin-
film packages and Pirani vacuum sensors to be integrated into the packages.
Then, it presents a new tube-shaped Pirani gauge that combines low detec-
tion limit and a strongly reduced footprint. Such sensor is integrated into
a thin-film encapsulation process to evaluate its hermeticity. This thesis
also provides a new sealing technique for MEMS thin-film encapsulation
employing the bimorph effect and gives examples of process integration of
the presented thin-film approach with different MEMS devices.

1.6.1 Mechanical robustness

Mechanical robustness of the thin-film packages is an important concern
because a few microns thick capping layer does not make the packages strong
enough for the back-end process. Pressures up to 80 bars are expected,
especially during the overmolding.

Several solutions to thin-film encapsulation have been presented in liter-
ature [IILT6L19-28/[331[34]. However, their focus is on the choice of materials
for sacrificial, capping and sealing layers in order to meet the requirements
of thermal budget and vacuum levels whereas their mechanical robustness
has not been tested. Indeed, most of the thin-film packages from literature
consist of a single square or circular plate clamped on a wall, designed to
withstand 1-10° Pa (atmospheric pressure) of differential pressure. They
are not suitable for overmolding (80-10° Pa).

In this thesis a thin-film encapsulation approach is presented. It is
meant to provide MEMS devices with hermetic encapsulation that is suffi-
ciently strong for overmolding. A flat slab structure supported by columns
is considered as basic geometry for the mechanical model. In order to verify
the model validity, thin-film packages are fabricated using silicon nitride as
material for the capping layer. The packages are tested at different pres-
sures up to 12.5 MPa. Moreover, the packages are carried through grinding,
dicing and overmolding steps.
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1.6.2 Hermeticity

To test the hermeticity of the thin film approach, the vacuum levels inside
the packages are usually monitored over extended periods. Long-term sta-
bility and in situ pressure measurement of traditional platform packages
are often evaluated using helium leak-rate tests and quality factor measure-
ments from resonators integrated in the packages [38]. However, leak test
based techniques require expensive equipment. They cannot monitor small
changes inside wafer-level micropackages because they are generally limited
to a leak measurement resolution of 1072 Pa m?/s [39,40]. Quality factor
measurements based on resonators are limited by sensor drift due to ma-
terial instabilities, cannot reliably resolve small pressure changes, and are
difficult to calibrate. Compared to resonators, Pirani gauges are easier to
calibrate and test and usually have higher pressure sensitivities [41].

In this thesis, a new micromachined Pirani gauge is introduced. It that
combines low detection limit and a strongly reduced footprint. It consists
of a tube-shaped resistor that is buried in the silicon substrate.

Such Pirani gauge is integrated inside micro-packages sealed by PECVD
silicon nitride. The vacuum level of the micro-packages is measured and the
long-term hermeticity achieved with PECVD SiN is monitored over time.

Finally, a new fabrication technique for MEMS thin-film encapsulation
that allows a LPCVD sealing without undesirable deposition on the inner
surface of the microcavity is presented. In addition, this technique allows
to perform the encapsulation step under arbitrary pressure conditions.

1.6.3 Process integration with different MEMS devices

As demonstrators a MEMS electron source and an infrared detector are
encapsulated by means of the presented thin-film approach. The encapsu-
lation design is performed together with the design of the MEMS device to
be encapsulated. The results show how the developed thin-film approach
can be employed for different applications.

1.7 Structure of the thesis

In this thesis, the issues of mechanical robustness, hermeticity and process
integration of thin-film encapsulation are addressed.

Mechanical robustness of thin film encapsulation is analyzed in chapter
2, where a mechanical design and characterization of a thin film encapsula-
tion approach is presented. By designing the package as a flat slab structure
supported by columns gives the possibility to fabricate packages with very
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thin capping layers that are robust enough for withstanding back-end pro-
cesses.

In chapter 3 a new analytical model for the design of MEMS Pirani
gauge is presented. This model expresses the pressure range as a closed-
form analytical function of the design variables like geometry and biasing.
This makes possible the design of the sensor for the specified pressure range
required by the package. A Pirani gauge designed according to the presented
model is fabricated and characterized in order to verify the validity of the
model.

A new 3D micromachined Pirani gauge is introduced in chapter 4. It
combines vacuum measurements with low detection limit with a strongly
reduced footprint. These properties make it very suitable for vacuum mea-
surement of thin-film packages.

In chapter 5 hermeticity of the thin film approach is studied. We inte-
grated the presented 3D Pirani gauge inside SiN thin-film micro-packages.
Packages containing Pirani tubes are designed and fabricated and their vac-
uum level is monitored.

In chapter 6 a new sealing technique for MEMS thin-film encapsulation
is discussed. It allows to perform the encapsulation step under arbitrary
pressure conditions without unwanted deposition of the sealing material on
the device surface. This novel sealing technique is compatible with most
of the thin-film encapsulation approaches. Microcavities are designed and
fabricated to validate the proposed concept. Package are encapsulated and
no deposition is observed inside the microcavity encapsulation.

Chapter 7 contains two examples of process integration of the thin-film
encapsulation with two different devices: a MEMS electron source and an
infrared detector.

Finally, the conclusions and some suggestions for future research are
given in chapter 8.



Chapter 2

Mechanical Design of Thin
Film Encapsulation

2.1 Introduction

As discussed in the introduction, besides the advantage of integrating the
MEMS device and its package on a single substrate, the thin-film approach is
considerably more efficient in terms of chip area compared to the bonding
approach. However, the mechanical robustness of the thin-film packages
is an important concern. Fabricating the capping layer of the packages
by means of thin-film depositions (only a few microns thick) makes the
packages rather fragile during the back-end process. Pressures up to 80 bar
are expected, especially during the overmolding.

In all the thin-film packages presented in literature particular attention
has been paid on the hermetic vacuum sealing of the packages whereas their
mechanical robustness has not been evaluated. Most of them consist of a
single square or circular plate clamped on a wall, designed to withstand
100 kPa (1 bar) of differential pressure [T1L[19,20,22H24.26]. They are not
suitable for being placed into a overmolding plastic package.

In [T6L25127,28] a high temperature encapsulation process based on a
thick polysilicon capping layer has been developed for inertial sensors and
resonators. Because of the thickness of the capping layer (around 50 pm),
this package can withstand the transfer molding pressure. In that case only
the maximum deflection of the cap was considered to dimension the package.

The thin-film approach is often preferable to the thick epi-poly encap-
sulation because can be applied later in the fabrication process and it is
suitable for applications when lower thermal budget is required. Further-

11
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Figure 2.1: Thin-film package geometry consisting of a square plate with

supporting columns. a) Package cross section. b) 3D sketch of the package.
¢) Package topview. d) 3D sketch of the column.

more, it leaves more freedom for the choice of the capping layer material that
can suit to the application (optically transparent, low thermal conductivity,
metal capping layer, etc.). However, for designing thin-film packages (a few
microns thick), yielding of the capping layer should also be considered [42].

Here we model a thin-film encapsulation approach meant for withstand-
ing the high mechanical loads during the back-end processes like plastic
overmolding [43]. The proposed design solution consists of a capping layer
supported by circular columns (Fig. ZTh-d). This allows to strongly de-
crease the thickness of the capping layer compared to solutions where the
capping layer is only supported by the perimetral walls.

The design of the package has to be done together with the design of
the device (Fig. ZIh-b). During the MEMS device design, it is necessary
to reserve some space for placing the required columns. This is possible in
many MEMS device. In [25] posts have been used in the encapsulation of a
lateral piezoresistive accelerometer. In [44] a thin-film encapsulation based
on distributed pillars is used to package an electron source. An array of
pillars distributed around the silicon tips ensured the required robustness
of the package (see chapter 7). For the encapsulation of an IR detector,
columns were positioned between the thermocouple bridges and around the
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Pirani heater bridge [45] (see chapter 7). For accelerometers and gyroscopes
often the space for the columns can be naturally found between the comb-
drivers beams of the device. Devices based on microheaters offer space
for the columns around the heater. In [24] for instance, a Pirani gauge is
wrapped up into a serpentine. The space around the serpentine can be used
for placing the columns. In [40] a ladder shaped Pirani gauge is presented.
Columns could be placed between the rungs of the ladder.

In this chapter we first present a mechanical model for the package de-
sign, which considers both the maximum allowed deflection and the yield
strength. Packages with different sizes were designed and fabricated accord-
ing to the presented model. The packages were sealed under vacuum (see
chapter 5 for the hermeticity monitoring). Pressure tests were performed
on the packages to verify the validity of the mechanical model. Finally,
the fabricated packages were demonstrated to survive a commercial grind-
ing/dicing/overmolding process.

2.2 Mechanical Model

Most of the thin-film encapsulation solutions found in the literature consist
of a single square or circular plate clamped on a wall. Most of them [TTL19]
20,22241[26] would not survive the transfer molding pressure unless a very
thick capping layer is used [211,27].

Here we propose a design consisting of a capping layer supported by
circular columns (Fig. 2Ih-d). With this geometry, the thickness of the
capping layer can be strongly decreased compared to capping layer only
supported by the perimetral walls. To study the mechanical behavior of such
structure, a flat slab supported by columns is considered as basic geometry
for the mechanical model. The slab consists of a planar distribution of
square panels (Fig. ZIk) and if the dimensions of the slab are large in
comparison with the distances L between the columns, the bending in all
panels, which are not close to the boundary of the plate, may be assumed
to be identical, so that the problem can be limited to the bending of one
panel only.

The model expresses the column diameter d and the capping layer thick-
ness t as a function of the distance between the columns L, the capping
material properties, and the distributed load ¢ (Fig. 2.2).

(d,t) = f(L,q,d, 04,0, D), (2.1)

where 0., 0, are the compressive and the tensile strengths of the capping
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Figure 2.2: Mechanical model for thin-film encapsulation. The column
diameter d and the capping layer thickness ¢ are function of the distance
between the columns L, the capping material properties, and the distributed
load q.

material, respectively and D is its flexural rigidity, given by

Et3

D= 20— (2.2)
where E is the Young’s modulus and v is the Poisson’s ratio. The distance
between columns L is usually determined by the size of the encapsulated
device. When the package is loaded the capping layer deflects and if the
stress overcomes the material strength it breaks and can crash on the encap-
sulated device. The presented model takes both these failure mechanisms
into account. In fact, the expression of the deflection of the capping layer
and the yield strength criterion constitute the basic equations of the model.
In the following subsections the relevant stresses and the deflection of the
capping layer are calculated (Fig. 23).

2.2.1 Deflection and stress in the center of a plate

When applying a pressure difference on the capping layer, it deflects accord-
ing to the plate equation [46]. In the case of a slab supported by equidistant
columns, with the assumption of small deflections (w < 0.3t) and if the di-
mensions of the plate are large in comparison with the distances L between
the columns, the expression for the deflection wy and the stress oy at the
middle of each panel are (Fig. Z7h)

wo = 242 (23)
oo =f (15 v)gl? (2.4)



2.2 Mechanical Model 15

Figure 2.3: Stress components and the deflection of the capping layer taken
into account in the mechanical model.

3L

Figure 2.4: Comparison between a slab with supporting columns (a) and a
square panel clamped on all the edges (b).
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where o = 0.00581 and S = 0.1655 [46].

There is a clear benefit in terms of deflection and stresses in using the
column approach in comparison with a conventional thin film encapsulation
that does not make use of columns (Fig. 24). To evaluate the deflection
and the stresses for a package without columns a square-panel geometry
clamped on all the edges and subjected to an uniform pressure ¢ is consid-
ered (Fig.[24b). In this case the expression for the deflection and the stress
at the middle of the plate are the same as for the case with the columns
(Egs. 23] ). However, L coincides with the length of the square side and
not with the columns pitch and the constants a and 8 have different values
(a =0.00126 and 8 = 0.0513, [47]). By adding four columns in the middle
of the plate (Fig. [Z4) the pitch becomes one third of the side length of the
square package. According to Egs. and [Z4] the deflection and the stress
at the center of the plate would be approximately one order of magnitude
smaller.

A first condition on the capping layer thickness is derived from the
limitation on the deflection. Since the maximum deflection is achieved in
the center of the panel, the equation for the thickness can be derived from
Eq. By solving this equation the following expressions for the capping
layer thickness is obtained:

5] aqL*(1—v?)

wo < Wnar = t>4/12 (2.5)

Ewmaz
where the maximum allowed deflection w,,,q, is related to the distance be-
tween the cap and the encapsulated MEMS device.

2.2.2 Normal stress on the column

In order to calculate the normal stress on the column due to vertical load,
a basic square cell with four columns is considered (Fig. ZH). The area L?
of the plate is supported by four quarters of column. From static’s laws,
the vertical forces applied over the plate ¢L? result in the following normal
compressive stress in the columns:

qL?
n — 4—:
7 md?

We use this expression to choose the minimum value of the column diameter
which prevents the collapse of the column, i.e.:

(2.6)

nqlL?

To.

dmin = f(L7q7 JC) =2 (27)
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where o, is the compressive strength of the material and n is a safety factor.

Figure 2.5: Basic cell considered for the calculation of the normal stress on
the column.

2.2.3 Bending and shear stress around the column

Around the column the slab experiences bending stress. The larger the
deflection, the larger is the bending stress around the column. In first
approximation it can be calculated by assuming the reactive forces to be
distributed uniformly over the area of a circle representing the cross sec-
tion of the column [46]. This assumption is needed otherwise the bending
moments at the center of the pillar become infinitely large. The derived
expression according to the customary theory for the stresses oop on the
columns is the following

2 0.62 ko
3¢L*(1+v)In (#)

ocT =5 t27

(2.8)

A Dbetter estimate of this contribution is obtained by considering quasi-
rigid connection between the column and the plate [46L[47]. This approach
considers that the portion of the plate around the column and inside a circle
of radius a = 0.22L is in the state of an annular plate simply supported
along the outer circle and clamped along the inner one. The reason is that
the bending moments in the radial direction practically vanish along the
circle of radius a. We used the solution presented in [4§] to calculate the
radial and tangential components of the bending moment. The tangential
contribution M; of the bending moment is always smaller than the radial
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one M, and for this reason its value will not be considered here; M, is
calculated as follows:

1(1=k)B+r—(1 -1k +401 + )k Ink

T8 1tvt (LR G- 21 - k2) (29)

r

and k = b/a; where b is the inner radius of the annular plate coinciding with
d/2 and C} is the value of flexibility [17] given by the following expression:

1— 2
Cy = 5306~ (2.10)

Considering that o = 6M/t? [46] and taking into account that k? << 1, the
radial bending stress around the column is calculated as follows
3 qL*(3 +v)

oo ="° (2.11)

4t2(1 NIy %CbbEts)

The last stress component to be considered is the shear stress 7 around the
columns (Fig. 23) [A7]. Tt is given by 7 = 0.6132‘%. However, it is very
small compared to the bending stress o¢.

2.2.4 Capping layer thickness

Now that the different modes of failure have been identified, we need to
evaluate which limit they impose on the column diameter d and the plate
thickness t. The calculation requires some data from the device design
of which the encapsulation is part. The maximum tolerable deflection of
the capping layer wg and the distance between the columns L depend on
the geometry of device to be encapsulated. The other parameters like the
ultimate strength, the Young’s modulus and the Poisson’s ratio are defined
by the material chosen for the capping layer.

In this work, silicon nitride has been chosen as capping material be-
cause it has a rather high tensile strength and a good gas tightness [49.[50].
The capping layer has to be thick enough to ensure that the package can
withstand the loads during the back end processes. To calculate the min-
imum capping layer thickness, a yield criterion has to be chosen. SiN is a
brittle material, so the most suitable yield criterion is the Coulomb-Mohr
criterion [47]. Tt states that the material collapses when the first (tensile) or
the third (compressive) principal stress reaches the tensile or compressive
strength of the material in a certain point within the plate, respectively.
The maximum compressive stress is acting on the columns (see Eq. 23).
By choosing the right size for the diameter of the columns, according to
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Table 2.1: Column distances L and column diameters d for all the designed
packages

L{pm] | dfp
20 2,4,
40 16,8, 10
60 14,8, 12, 16
80 | 8,12, 16, 20
100 10, 20, 28

]
6

Eq. B3 the stress on the column does not reach the compressive strength
limit. Regarding the tensile stress, its values at the center of the panel
is lower than the value reached around the columns. In fact, comparing
Eqs. B4 and 9] it is possible to evaluate that the bending stress around
the columns is always about 20 times larger than the tensile stress at the
center of the plate. For this reason the minimum value for the capping layer
thickness has to be calculated by solving Eq.

1 ) . L [3nq(3+v)
— 1 that ¢t > —/ ———= 2.12
0@ < ~o; implying tha > 21/ (L4 7) (2.12)

where n is a safety factor. The minimum thickness value has to be chosen
between those two values given by the deflection at the center of the plate
(Eq.24)) and the one calculated with the yield strength criterion (Eq. 212).
However, in most practical cases, the yield strength criterion leads to a more
strict condition on the capping layer thickness than the one related to the
maximum plate deflection.

2.3 Design and Fabrication

The presented model provides rules for the mechanical design of thin-film
encapsulation that makes use of supporting columns. In particular it pro-
vides the designer with the minimum columns diameter and the minimum
capping layer thickness needed to design a package that can stand a cer-
tain uniform pressure. This information is contained in the Eq. B and
Eq. To verify the model validity, arrays of square packages with and
without columns were designed and fabricated (Table 2.1). In the array
of square packages without columns the span is ranging between 20 and
200 pm with steps of 20 um. Packages with columns instead vary for
columns diameter and columns distance. For all the packages the capping
layer thicknesses varies from 3 pum to 7 pm. The geometry of the square
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Table 2.2: Young’s modulus FE, Poisson’s ratio v, intrinsic stress o; and

tensile strength oy of SiN [50,51]

E |GPa] | v [-] | 0; [GPa] | oy [GPa]
329 0.3 0.16 6

package supported by columns is depicted in Fig. 2XJ1 Columns have been
included also on the sidewalls of the package. This has been done to ob-
tain a symmetric stress distribution around the columns in the middle and
simulate an infinite column array. In fact, if columns are not placed also
on the sidewalls, an asymmetric deflection is indeed present on the panels.
This is illustrated in Fig. by means of a finite element analysis (FEA)
simulation. The simulation compares the deflection and stress distribution
for the two cases of packages with and without columns also on the side-
walls. The result shows that if those columns are not placed also on the
sidewalls, the deflection of the plate is larger on the outer part of the pack-
ages and the four columns in the middle are asymmetrically loaded (see
Fig. [Z0). By including the columns on the square edges and the corners,
these stresses are significantly decreased and the package can be treated
as a infinitively extended package, e.g. the contribution of the perimetral
walls can be neglected. This problem could also be resolved by increasing
the space between the perimeter walls and the last column ring.

Only two or three masks are needed to fabricate the packages. The first
mask is used to etch patterns in the sacrificial layer to define the pillars
and the walls. Since pillars and perimetral walls are defined by the same
mask, adding columns does not add any extra steps (and thus cost) to a
conventional thin-film encapsulation approach which does not make use of
columns. A second mask is used to etch the access holes on the capping
layer to perform the sacrificial etching. And finally, a third mask can be
used if it is necessary to confine the plugging layer only to the sacrificial
holes.

The properties of the capping layer are influenced by the kind of depo-
sition process. PECVD SiN (deposited at 400°C) has been used for capping
the low temperature packages and a stack of LPCVD SiN (deposited at
850°C) and PECVD SiN for the high temperature packages (Fig. [Z71). The
strength of both high and low temperature SiN layers have been investi-
gated. The residual stress o; of the capping layer was measured on test
wafers with the wafer curvature method. The other SiN parameters like
Young’s modulus, Poisson’s ratio and tensile strength were measured in [50]
and are listed in Table 2.2.
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Figure 2.6: FEA simulations of the stress achieved for square panels with
and without columns along the perimetral walls. The package with columns
on the sidewalls show a more symmetric deflection and stress distribution.
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Figure 2.7: Top view and cross section for thin-film encapsulation processes.
a)High temperature. b)Low temperature.

2.3.1 High Temperature Packages

The manufacturing process for the high temperature packages (Fig. 28
left side) started with a 500 nm silicon nitride deposited by LPCVD to
define the floor of the package. Then, a 2.5 pum silicon oxide sacrificial layer
was deposited by PECVD. A lithographic step was then performed and
the trenches for walls and pillars were etched into the sacrificial layer by
Reactive Ton Etching (RIE). Pillars and walls were defined by means of a
LPCVD deposition of SiN in the trenches.

To fabricate solid columns, the trench in the sacrificial layer should
be filled in completely. Since this is not possible for columns with too big
diameters due to limitation in the deposition rate of the process, the columns
were made with consecutive rings etched in the silicon oxide. The silicon
oxide in the inner rings is not etched away during the sacrificial etching
because it is protected by the outer ring of silicon nitride. A LPCVD SiN
mechanical layer (1 pm thick) was deposited in the trenches. The access
holes were opened on the capping layer by a RIE etching step. The releasing
of the structure was performed in BHF 1:7 solution for 150 minutes. Once
the sacrificial etching was finished, the sealing was done by a 1 yum PECVD
SiN. The deposition was made at 400°C under a pressure of 350 Pa with
a gas composition of No/SiH,/NHs. This would suggests that the initial
pressure inside the packages is around 180 Pa at room temperature (see
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Si SiO Al LPCVD SiN PECVD SiN

Figure 2.8: Schematic flow-chart for the high (left) and low (right) temper-
ature thin-film encapsulation processes. a) Sacrificial layer deposition. b)
Trench etching defining columns. ¢) Capping layer deposition. d) Etching
of the access holes and sacrificial etching. e) Sealing layer deposition.



24 Mechanical Design of Thin Film Encapsulation

chapter 5 for the hermeticity monitoring of this encapsulation approach).

In order to get different values for the capping layer thickness, an addi-
tional PECVD SiN step is necessary to increase the thickness of the packages
up to the desired value (see Table 2.3 and Fig. 2Z9)). Fig. shows the
columns with their concentric rings and the plugged access holes.

Figure 2.9: SEM cross-section of a high temperature package where a
plugged sacrificial hole is visible. The capping layer consists of stack of
two layers: LPCVD SiN (1 pm) and PECVD SiN (5 pm).

2.3.2 Low Temperature Packages

For the low temperature packages the fabrication process is similar (Fig. 2.8
right side). Aluminum deposited by sputtering is used as sacrificial layer,
whereas SiN deposited by PECVD is employed as capping layer. The sacri-
ficial aluminum layer was etched in a potassium hydroxide (KOH) solution.
The columns in this case are not defined by concentric rings as for the case
of LPCVD SiN packages. In fact, it is difficult to fill completely the columns
trenches by means of PECVD SiN deposition since it is not as conformal as
the LPCVD SiN. For this reason, the columns are defined by a single ring,
and have more the shape of a hollow cylinder (Figs. 2ZTTHZT2]).
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Figure 2.10: SEM topview of the high temperature package. Columns con-
sist of concentric rings.

Figure 2.11: SEM topview of the low temperature package. Columns have
a cylindrical shape.
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Figure 2.12: SEM cross-section of a column of a low temperature package.

Table 2.3: List of the samples
Package High Temperature Low Temperature
Thickness [ pm] 3,5, 6 4,5, 7
Load [10° Pa] | 25, 50, 75, 100, 125 | 25, 50, 75, 100, 125

2.4 Measurement Set-up

2.4.1 Uniaxial Loading

First, a pressure test at wafer level was performed by means of a bonding
machine in order to evaluate the compressive strength of the SiN. The wafer
with the packages to be tested was placed on the bottom and a bare silicon
wafer was placed on the top. To prevent stress concentration, a 3 pm layer
of photoresist is applied on top of our samples to better distribute the load
all over the surface. Photoresist has been chosen due to its low Young’s
modulus (about 3-5 GPa). The maximum force that can be applied by the
bonding machine (AML AWB-04) is 15 kN.

2.4.2 Hydrostatic Loading

A set-up for hydrostatic pressure tests has been assembled in order to char-
acterize the mechanical robustness of the packages during overmolding. The
setup consists of a pressure vessel with a pressure sensor and an external
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hydraulic press (Fig. 2I3]). The pressure vessel consists of a stainless-steel
piston-cylinder system with a diameter of 1.8 cm. The samples containing
the fabricated packages are placed inside the pressure vessel. The cylin-
der was then filled with oil. Samples containing high and low temperature
packages and with different capping layer thickness were tested at different
hydrostatic pressures (25, 50, 75, 100 and 125 -105 Pa). All the tested sam-
ples are listed in the Table 2.3. During the pressure test, the force is applied
on the piston of the pressure vessel by means of a hydraulic press and it is
measured by an external pressure sensor.

2.4.3 First-level Packaging

The packages were tested under a commercial first-level packaging process,
at NXP Semiconductors, in a process developed for MEMS devices. It con-
sists of wafer thinning, dicing, die-attaching and overmolding. To perform
the wafer thinning, the wafer was hold on a vacuum chuck and a two layer
foil were applied to the front side of the wafer. The wafer thinning was then
performed on the back side. When the thinning was finished, the tape was
removed and dicing and overmolding were then performed.

The overmolding process consists of inserting the leadframe and the die
in the mold. The mold was then put in the machine and clamped between
two hot plates at 180°C. The molding compound was injected at 8 MPa
plunger pressure. The die was then cured for 3 minutes at 180°C inside the
mold. The samples were removed from the mold and a post mold cure was
then performed in an oven at 180°C for 4 hours. To inspect the packaged
samples, the plastic compound was first removed by means of sulfuric acid.

2.4.4 Inspection

After performing the uniaxial and hydrostatic loading tests, the samples
were cleaned and inspected. A visual inspection is done with an optical
microscope. Cross-sections and more detailed images are achieved by Scan-
ning Electron Microscope (Fig. ZZ9HZT2]). A DekTak 150 profilometer and a
Wyko NT3300 optical profiler are used to characterize the deflection of the
capping layer when the packages were loaded.
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2.5 Measurement Results and Discussion

2.5.1 Deflection

To demonstrate the benefit of the column-based approach a comparison in
terms of deflections has been made between the packages fabricated with
and without columns. As showed in 2.2.1 section, a square-panel simply
supported on all the edges without columns shows a bigger deflection than a
plate supported by four columns in the middle of the plate, when loaded with
a certain load g. After sealing the packages, the capping layer is uniformly
loaded under 100 kPa atmospheric pressure. The measured deflection of
the capping layer for packages with and without columns confirm that by
using columns the deflection of the cap decreases by one order of magnitude

(Fig. 2.14]).

2.5.2 Uniaxial Loading

A distributed load of 37.5 MPa was applied by the bonding machine. By us-
ing Eq.[2.6] a maximum normal stress of 6 GPa is calculated on the weakest
columns. After loading the samples by the bonding machine, the inspec-
tion revealed that no package was broken. Although it was not possible to
achieve pressures higher than 37.5 MPa, this test gives a lower limit of 6
GPa to the compressive strength of SiN.

2.5.3 Hydrostatic Loading

Both the arrays of square packages with and without columns were loaded
with hydrostatic pressure. After the loading test, the samples were inspected
for deformations and cracks. The array of packages without columns mostly
fail for deflection and not because of the stress. Instead, the array of pack-
ages with columns mostly fail for stresses, because by using columns the cap
deflection is kept very small (small deflection assumption). However, when
the load is large enough, in some cases the caps get attached to the bottom
of the package cavity. Permanent deflection were observed by optical pro-
filometry. In Figl2ZTH a reconstructed 3D image of the packages shows the
stiction of the capping layer to the bottom of the package.

When the stress is higher than the strength of the capping material,
cracks originate in the layer. In most cases cracks are clearly visible and
sometimes the columns are broken (Fig. 216). When the cracks were not
visible ethanol was used to reveal if the packages were leaky. Indeed, when
packages with tiny cracks were wet by ethanol, liquid fringes could be
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Figure 2.13: Sketch of the setup for the pressure test.
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Figure 2.14: Deflection of the package under 100 kPa (1 bar) load. Compar-
ison between two square packages (180 pm side length) with and without
columns (4 pm diameter). Already at this pressure the deflection of the
package with no columns is too large for many applications.
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Figure 2.15: 3D imaging of the packages by optical profilometry after load-
ing. The cap deflects and is stuck to the bottom of the package.

seen through the capping layer, indicating that the ethanol could pene-
trate through the cracks into the cavity. Fig. shows a close-up of
a column of a broken package. The cracks are formed around the pillar.
This is in good agreement with the theory, as the weakest part of the flat
slab structure is the interface between column and plate, where most of
the cracks originate. Both tangential and radial cracks were observed. The
tangential cracks appear on the column circumference and they are due to
the radial component of the bending stress. The radial cracks instead are
due to the tangential component of the bending stress. As said previously,
the tangential component is slightly smaller than the radial one.

The results of the pressure test are shown in Fig. ZT1 for LPCVD
processed packages with capping thicknesses ¢ of 3 um and 6 pm, and in
Fig. for PECVD processed wafers, with capping thickness ¢ of 5 pm.
The graph shows which samples pass or fail the test. Results have been
ordered by geometry and maximum bending stress around the columns (cal-
culated according to Eq2TIT]). The red markers represent the packages that
fail during the pressure test, i.e. the packages that appeared to be cracked
or leaky after inspection. As it can be seen from the figures, there is no
stress value that sharply divide the broken and not broken packages. This
scatter is due to the statistical nature of the failure mechanisms [50]. In fact,
an ideal (defect-free) material would always fracture at the same stress, due
to breaking of bonds every time it is loaded. The failure of a real mate-
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c

Figure 2.16: Optical microscope inspection of packages. a) Image of a
package before loading test. b) Broken columns. Radial and tangential
cracks are visible. ¢) Image of a package after the loading test with cracks.
d) Zoom-in of one column. The crack is circular around the column and
becomes radial moving away from the column.
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rial however, is dominated by randomly distributed defects and hence the
fracture properties are treated statistically. The fracture strength of brittle
materials like SiN is generally characterized by a probability distribution.
Weibull distribution assumes that the whole sample fails when a critically
sized defect is encountered anywhere in the sample. The Weibull strength is
the strength corresponding to a certain failure probability (typically higher
than 60%). A fundamental study of the strenght of SiN is reported in [50];
it shows a Weibull strength of 6 GPa, with a rather small scattering in
fracture points. To evaluate the Weibull strength of the capping material
we used, dedicated test structures have been fabricated. They consist of
an array of circular and square packages. The span is ranging between 20
and 200 pm with steps of 20 pm. All caps are produced with and without
supporting pillar in the center (circular shape and 5 pum diameter). Four
different cap thicknesses have been chosen for the capping layer: 1, 3, 5 and
7 pm. The samples have been hydrostatically loaded and inspected. The
Weibull strength has been inferred fitting the failure results with the theory.
Those inferred strength values are in agreement with [50].

The stress value corresponding to the dashed line in both Figs. 217
and is the maximum tensile stress over which about 90% of the pack-
ages fail. This roughly corresponds to the Weibull strength of the capping
material. A strength of 3 GPa is inferred for the high-temperature packages,
whereas it is 1.5 GPa for low-temperature packages. Due to their smaller ro-
bustness, low-temperature packages require about 40% thicker capping layer
(see Eq2I2)) compared to high-temperature packages in order to withstand
the same load. This difference is probably due to different properties of
the silicon nitride layers deposited with different deposition techniques. In
short, a high temperature square package with 4 middle columns (10 pm
diameter) and with 100 pm distance between columns, will withstand over-
molding only if its cap thickness is at least 6 um. If a thinner capping
layer is preferred then the space between the columns has to be decreased.
For instance, a package with a 3 pm thin capping layer can withstand the
overmolding only if the distance between columns is maximum 60 pm.

2.5.4 First-level Packaging

The packages were tested under typical back-end processes, like wafer thin-
ning, dicing, die-attaching and overmolding. The maximum pressure is
around 8 MPa and coincides with the overmolding step pressure. The pack-
ages designed to withstand a pressure of at least 10 MPa were indeed not
damaged during the thinning/molding steps This confirms the va-
lidity of the presented mechanical model and demonstrates that the pre-
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Figure 2.17: Results of the hydrostatic pressure test for high-temperature
packages. The red markers represent the broken packages. The dashed
line divides the broken and not broken packages. On the vertical axes the
calculated bending stress around the columns (see Eq2TT]) is reported as a
function of the column spacing L, column diameter d, capping thickness ¢
and applied load q.
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sented thin-film encapsulation approach is robust enough for withstanding
the loads on the back-end processing steps.

Figure 2.19: Strip of six QFP100 molded packages ready for the overmolding
step.

2.6 Conclusions

In this chapter, we presented a model to design MEMS thin-film encap-
sulation that is sufficiently strong for overmolding. The basic geometry
considered for the mechanical model is a flat slab structure supported by
columns. The structure was dimensioned by taking into account both the
deflection of the capping layer and the generated stresses. Different pack-
ages based on the presented design were fabricated. The packages differ
for the diameter of the columns, the distances between columns and the
capping layer thickness. Both packages made by high and low temperature
encapsulation processes were fabricated.

The packages were pressure tested with different loads up to 12.5 MPa
(125 bar). The tests show that the weakest points in the packages were
the ones identified by means of the presented mechanical model. Moreover,
the packages were carried through wafer thinning, dicing, die-attaching and
overmolding, demonstrating that the proposed thin-film encapsulation de-
sign is robust enough for withstanding the commercial first-level packaging
processes.

Besides the mechanical robustness also the hermeticity of thin-film en-
capsulation is an important aspect to be considered. In order to monitor the
hermeticity, the vacuum levels inside the micro-packages have to be mea-
sured. Pirani gauges are vacuum sensors that can be easily integrated inside
the micropackages to monitor their internal pressure. In the next chapter,
an analytical model for MEMS Pirani gauges is presented. It represents the
starting point for the design of a new tube-shaped Pirani gauge ideal for the
vacuum monitoring of micropackages fabricated by thin film encapsulation
as explained in chapters 4 and 5.



Chapter 3

Modeling of MEMS Pirani
Gauges

3.1 Pirani gauges

Long-term stability and in situ pressure measurement of traditional plat-
form packages are often evaluated using helium leak-rate tests. However,
helium leak testing equipment is expensive and is generally limited to leak
rates greater than 10~12Pa m? /s [39)40]. Consequently, for such micropack-
ages, vacuum measurements are performed mostly by sensors integrated in
the packages such as resonators [3952][63] and Pirani gauges [26,564]. In gen-
eral, Pirani gauges are easier to calibrate and test and usually have higher
pressure sensitivities [41] than resonators.

Pirani gauges consist of suspended resistors of which the heat loss pro-
vides a measure for the surrounding pressure [55]. Micromachined Pirani
gauges have the advantages of a wide pressure range, small dimensions, and
low power consumption when compared to conventional Pirani gauges [40].
Besides the in situ monitoring of the hermeticity of packages for MEMS de-
vices, they are mostly found in equipment where the vacuum has to be mea-
sured. Moreover, Pirani gauges are used even above atmospheric pressure.
They can therefore substitute diaphragm-based pressure sensors [56L57].

A large number of micromachined Pirani gauges has been developed so
far [26L40)4T15456H69], using a variety of processes and geometries. With
respect to their geometry, however, they can be divided into two groups. In
the first group a serpentine metal [E8H60] or poly-Si [61L62] thin-film resistor
is patterned on top of a rectangular dielectric membrane. The dielectric is
used as a mechanical support and is needed because of the high residual

35
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stress and low mechanical rigidity of many metal and poly-Si thin films.
The second group of gauges has polysilicon or doped-silicon microbridges,
such as the vertical designs presented by Mastrangelo et al. [641[65], Stark et
al. [A1163,[66], Mitchell et al. [40] and the lateral design presented by Chae
et al. [I].

Mathematically, most MEMS Pirani gauges can be reduced to a bridge
with constant cross section (Fig. BJl). This geometry was used by Mas-
trangelo et al. [64L[65,[70] to derive an analytical expression for the transfer
function of the sensor. However, this transfer function is transcendental.
Therefore, it is not straightforward to evaluate how the geometry influences
the performance of the gauge and in particular its pressure range. So far,
therefore, the device performance has mainly been evaluated by numerical
simulations [40]. For designing sensors this is rather time-consuming and
obscures insight into the physical mechanisms by which the performance is
determined.

3.2 Analytical Model

This work extends the model of Mastrangelo and expresses the pressure
range as a closed-form algebraic function of the bias current and of the ge-
ometrical parameters of the sensor [71]. In this way, designers can trade-off
the performance of the gauge against the costs, represented by design vari-
ables such as the chip area and the bias current. The function is obtained
by modeling the temperature profile of the sensor with a rational function.
The model also yields simplified expressions for other performance param-
eters such as the sensitivity, output swing and power consumption. The
validity of the model is verified by the design of a Pirani gauge, which is
fabricated and experimentally characterized.

Fig. Bl shows the geometry of a MEMS Pirani gauge suspended at the
edges on two anchors. The geometry parameters are the bridge length L,
the width w, the thickness ¢ and the gap g between the bridge and the
substrate. When a current I passes through the bridge, the temperature
increases and, therefore, the resistance changes. The heat is conducted to
the substrate both through the gas and the anchors. When the pressure p
changes, the conduction through the gas changes accordingly. This leads
to a different average temperature of the resistor and thus to a different
resistance value. In this way, the voltage change across the resistor is a
measure of the gas pressure.

The sensor can be operated in constant-temperature or constant-current
mode [70]. In the first mode a feedback loop is used to eliminate effects of
thermal expansion, thereby increasing the range of operation of the sensor.
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Figure 3.1: Sketch of a micromachined Pirani gauge and typical temperature
profile along the bridge.

The constant-current mode, however, is simpler to implement. Here, we only
model the constant-current mode. The model can nevertheless be extended
to the constant-temperature mode.

3.2.1 Existing model

The transfer function of the sensor is represented by:

V(p) = IR() = TRo(1 + ap), with Ro=p—,  (3.)

where p is the electrical resistivity of the bridge material, £ is the tempera-
ture coefficient (TCR) of the Pirani gauge resistance R(p) and @(p) is the av-
erage temperature rise of the resistor that changes with the pressure p. The
average temperature @(p) can be calculated from the heat balance differen-
tial equation with homogeneous boundary conditions u(0) = u(L) = 0 [65].
This yields:

v Lt 8 () tanh(\/e(p) L/2)
a(p) = L/o dx = @) (1 V) L2 > , (3.2)

in which § represents the ohmic heat generation:

I’R,
5— 0

=" 3.3
kwLt’ (3.3)
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and e represents the heat loss through the gas:

nkcp
(p) = — P e, (3.4)
kgt(p + po)
The thermal conductivity of the bridge material is k whereas k. is the
thermal conductivity of the gas at ambient pressure. The correction factor
7 accounts for the fringing of the heat flux through the gap [70] (typically
close to one) and py is the so called transition pressure [65],

- now kT
7gt—|—w v

Po (3.5)
where T is the substrate temperature and v is the average molecular gas
velocity.

The transfer function of EqsBIH3.70] is a transcendental function and
for this reason it is not possible to express the pressure range, sensitivity
and output swing as algebraic function of the geometrical parameters of the
sensor. So far, therefore, those performance parameters have mainly been
evaluated by numerical simulations [40].

3.2.2 Extension of the model

To come around this limitation, the transcendental expression of @(p) (given
in Eq. BJ) has to be transformed into an algebraic function. We have
replaced the hyperbolic tangent with its third-order Pade‘ series expan-
sion [72]:
1.3
=Tt
tanh(z) ~ 22— 3.6
@~ (36)
Fig. shows the validity of the approximation as a function of x and for
different orders. The approximation changes the average temperature a(p)
of Eq. to:
5 L?§
U = ——F— ~u(p). 3.7

The error e, introduced by this series approximation is shown in Fig.
Analytically it equals:
dL?

e, = |, —u| = ﬁ(pn(oz) — tanh(«)) (3.8)

where
_Velp) L
—
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Figure 3.2: Comparison between the hyperbolic tangent function and its
Pade’ series expansion of second and third order.
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Figure 3.3: Comparison between the average temperature calculated ac-
cording to the Mastrangelo model and the one obtained following the model
presented here.
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Considering that [72]

| tanh(x) — pn ()] < |pnt2(z) — pu(@)| (3.10)

where p,,(z) is the n*t-order Pade series, the fractional error relative to the
maximum temperature difference 4, is:

4
er a
<6/5 <M 3.11
Umaz / (63 + 282 + a*) (5 + 2a2) — (3.11)
where SI2
Umar = 1M U = —. 12
fomee = I = Ty (312

M is the maximum of the error function and equals 0.011. This means the
error is always less then 1.1% of wqz, independent of any variable.

The transfer function V(p) of a Pirani gauge is typically ”S”-shaped
(Fig. B4{(a)). It varies between two asymptotes Vi, and Viq., which are
typically at a few percent from each other. In fact, it is useful to specify
two alternative transfer functions, v1(p) and vo(p), as plotted schematically

in Fig. B4l(c-d),
111(17) - Vma:v - V(p)v U2(p) = V(p) - szn (313)

v1(p) is more useful at lower pressures, whereas vo(p) is better applied at
higher pressures. The functions have a common point of maximum sensi-
tivity at ps (Fig. B:(b)). Therefore p; can be defined as the pressure of
maximum sensitivity. This is also the pressure where v(p) and v2(p) are
half of their maximum value. In other words, ps is the -3 dB point’. In
fact, plotted on a logarithmic scale, v1(p) and va(p) have a constant part
and a part rising and falling, respectively, with 20 dB/dec.

To design a Pirani gauge for a specified pressure range, it appears to be
useful to find an analytical relation that links ps to the geometric parameters
of the structure. It can be calculated from the definition of sensitivity S
and equaling its derivative to zero:

L25¢ —1
__45 _ 0 & p,= (L70¢ 0>Z;0L2 : (3.14)
d(logiop) L26¢ — 10 — ket

Taking into account Eq. B.IZ the term L25¢ in the Eq. BI4l equals
to 12%,q.6. Considering that ¢ is in the order of 1073, and that ,q. is
generally kept under 100 K, to limit the thermal expansion, this yields

L26§ = 12a7naw§ << 10. (315)
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Considering also that generally w >> ¢, Eq. B4l can be further simplified:

Po
L+ qugt
and the maximum sensitivity Sy, is given by:
In10 &£(I1Ry)3
S, =S(ps) = ————; 3.17
max (ps) 48 kp ( )

It is possible now to show that S,,4, is proportional to the output voltage
swing AV
AV = Vmam - Vmin = IRO&(amaw - amin); (318)

Umaz 18 given by Eq. B.I2 and %, is calculated as

. — ﬂma.’[‘ S
Combining Eqgs. B8 and B.19 yields:
AV = I Rolimax(1 — zi) (3.20)
0

and replacing the values for 2,4z, ps and py given in Eqgs. B.5] B.12 and B.10]
respectively in Eq. B:220, the output voltage swing is derived as

1 &UIRy)?  4Snan
AV = 12 kp  Inl0°

(3.21)

It can be noticed that AV/S,,4, does not depend on the geometrical param-
eters of the sensor because it is equal to 4/In10. This means that increasing
the sensitivity Sy,q, will produce a proportional increase of the output volt-
age swing AV.

3.2.3 Pressure range

The design of a Pirani gauge requires an equation that relates the pressure
range to the geometrical parameters of the sensor and to the biasing cur-
rent. The lower detection limit p; but also the upper pressure limit p; of
the pressure range are determined by the transfer function and the volt-
age detection limit N (Fig. B4(d)). N is determined by noise, ambient
temperature fluctuation, piezoresistive effects, and/or the resolution of the
electronic equipment. The detection limit p; is found from the intersection
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Figure 3.4: (a) Transfer function of a Pirani gauge. The voltage change
with the pressure V(p) is typically few percent. (b) Sensitivity of the Pirani
gauge. (c) Alternative transfer functions v;(p) and va(p). (d) Double log-
arithmic plot of the transfer functions; IV represents the limit with which
the output voltage difference can be measured.
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between the horizontal line N and the transfer function v (p), while for pj,
the function v (p) is considered:

B N AV — N
TPAV N N
AV and p, are calculated from Egs. and B:2T] while p;, py, and N are
usually given by the specifications. From Eq. it can be shown that
log(ps) is the middle point (on the logarithmic scale) of the pressure range
determined by the pressure limits log(p;) and log(py) (p?s = pipn)-

The dynamic range is defined as the ratio between the upper and lower
pressure limits and can be expressed as

A=Dn (AV_N>2. (3.23)

Vi DPh = Ds (3.22)

DL N

3.2.4 Implications for Pirani gauge design

The design of a Pirani gauge should consider the specification of the pressure
range of operation and the wish to keep the cost as low as possible. This
requires the optimal dimensioning of the geometry, choice of materials, bias
current, and read-out circuitry. Quite often, the cost are directly related to
chip area, so to the size of the gauge. Moreover, the dimensioning should be
done within certain boundary conditions. Those include e.g. the maximum
temperature of a given construction material.

As can be seen in Eq.[3:22] the center of the pressure range is determined
by ps, the pressure of maximum sensitivity. The possibilities to dimension
this parameter are given by Eq. and Eq. Eq. basically has
two distinct areas of operation:

nk.L? nk.L?
1 and
kgt =50 ™ Tokgt

>>1 (3.24)

In the former case the device is relatively short and thick. Then, p;
almost uniquely depends on pg. Usually, the width w is larger than the
layer thickness ¢, and 7, Ty and k. are given. This means that the only
effective way to influence p; is through the gap size g: ps x 1/g.

In the latter case the device is relatively long and thin. This cancels
the influence of the gap size, but makes p, proportional to t/L?. Thus, the
pressure range can be tuned by the thickness and particularly by the length
of the gauge. In particular, considering a certain given value for ¢, in order
to shift the pressure range towards low pressure the gauge length L has to
be increased. On the other hand, for a higher pressure range, the length
has to be decreased.
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As stated by Egs. and .23, both the detection limits and the
dynamic range depend on AV. According to Eqgs. 32T and B.I7] it depends
to the power three on the voltage drop caused by the bias current, I Ry. It
also depends linearly on the material parameters k., k, and p, but those
parameters cannot always be influenced to a sufficient amount. Thus, for a
high dynamic range it is advisable to bias to the maximum and make the
bridge of a low-resistivity material.

Finally, the pressure range (Eqgs. and 3:23)) depends on the voltage
detection limit N. This parameter is strongly dependent on the read-out
electronics, the fabrication technology, and the environmental conditions.
In this work it is assumed to be a given constant.

3.2.5 Boundary conditions

According to Eq. the dynamic range A is determined by the voltage
detection limit N and the output voltage swing AV. The pressure range
can in theory be centered to any value according to Eq. Pirani gauges
with gap as small as 50 nm are reported [56,[57] leading to a high pressure
range centered around 200 kPa, whereas bridges as long as 40 mm [54] show
a detection limit of 1.3 Pa.

In practice, however, there are a number of boundary conditions limiting
the degrees of freedom, like the fabrication process, the footprint available,
the mechanical stability, the power consumption and the voltage detection
limit N. Geometrical parameters like the gap size and the bridge thickness
may be imposed by the technology, whereas the bridge length deals with
the footprint of the device. An important boundary condition may be the
maximum power consumption allowed bu the system, P, q.:

RoI? < Phas (3.25)

The limit on AV is given by the limit on the temperature, since AV is
proportional to Umq. (see Eq. B20). A first limit on the operating temper-
ature is given by the maximum temperature of the resistor material that
depends on the fabrication process.

A second limit to the temperature is imposed by thermal expansion that
may cause buckling of the bridge. Buckling is an event that changes the
gap and may even cause a thermal ”short circuit”. Buckling occurs when
the stress in the beam is compressive and exceeds a critical value o.. The
stress consists of a residual stress o, from fabrication and a thermal stress
ot, due to thermal expansion during operation [73]:

T2 Et?

3T with gt = ECTamaw (326)

or+o, <o.=
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where E is the Young’s Modulus of the resistor material and Cp its linear
thermal expansion coefficient.

3.2.6 Non-idealities

Since the geometry of many MEMS Pirani gauges does not consist just of
a bridge resistor, there are some non-idealities that have to be taken into
account in order to successfully use the model.
Multilayer-bridges

When the Pirani bridge consists of a stack of multiple layers, many model
parameters have to be corrected. In fact, the effective values for Young’s
Modulus F.¢ys, intrinsic stress o.¢s and thermal conductivity k¢ should
be calculated as follows (see [T3HT75]):

§ O’iti g Elfz E kitl‘
Oepp = Eepp === keyy = 3.27
=5 "=, =S (3.27)

where ¢; is the thickness of the i-layer, I; is the second moments of area
with respect to the neutral axis and I.ys is the effective moments of area of
the layer stack.
Different resistor geometry
Under certain assumptions the presented model can still be used even if
the resistor does not consist of just a straight wire. In serpentine-based
resistors supported by a mechanical layer, if the bridge width w is much
smaller than the bridge length L and the distance between the serpentine
wrinkles d is small enough, the resistor can be approximated by a multilayer-
bridge. It should be noticed, however, that the resistance value Ry cannot
be expressed in terms of length L, width w and thickness ¢ of the bridge.
If the serpentine resistor is not supported by any mechanical layer, then
the model can be used only if d >> g. This condition ensures that there is
almost no heat flux between the serpentine wrinkles through the gas. In this
case, the serpentine behaves like a bridge with length, width and thickness
coinciding with the ones of the serpentine itself.
Fringing factor

As said before the factor n takes into account the fringing of the heat flux
from the heater to the heat sink. Its value is exactly one only if the distance
between the heat sink and the Pirani resistor is uniform across the section
and along the whole length of the Pirani gauge. This is not likely the case.
However, the value of n can be predicted by considering the transverse
heat transfer rate from the heater to the sink. In many cases, the two
dimensional conduction problem in the transverse section can be solved by
utilizing some existing analytical solutions that are usually reported in terms
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Table 3.1: Constants used in the equations
cr [ppm] & [ppm/K] ke [W/mK]  p [ pm]  kery [W/mK]  Eesy [GPa
2.7 740 0.022 15 27 203

of a shape-factor [74]. However, in cases where a more accurate prediction
of the effective gap size is needed, a FEM simulation should be carried out,
restricted to the cross section domain.

3.3 Verification of the model

A Pirani gauge was designed with the presented model and experimentally
characterized (Fig. B3l). The main requirement was to design a gauge able
to resolve pressure measurements from 50 Pa up to atmospheric pressure.
In order to resolve pressure measurements with a signal-to-noise ratio of
least 3, we solved the design equations considering a voltage detection limit
of 150 ©V that is three times bigger than the nominal detection limit of
our source meter (Keithley 34567). This pressure range is logarithmically
centered around pgs =2400 Pa.

In order to avoid the buckling, the Pirani resistor is coated with a layer
of silicon nitride (70 nm) with tensile residual stress (250 MPa). In such a
way the residual stress of the structure is close to zero. Furthermore, the
thermal compressive stress o; is kept at one half of the buckling critical
stress. The values of the material constants are listed in the Table 3.1. It
should be noticed that since our Pirani bridge consists of a stack of two
different materials, the effective values for Young’s Modulus, intrinsic stress
and thermal conductivity were considered.

The length, width and the thickness coming from these specifications
are obtained by solving Eqs. B-I6l B.I7 32T and The solution is given
by a Pirani gauge with L = 250 pm, w = 4 pm and t = 1.4 um. The gap
size ¢ = 1 pm is imposed by the fabrication process. A Pirani gauge with
such specifications has been fabricated and tested.

3.4 Fabrication

The starting material is a 525 pm thick silicon wafer of 100 mm diameter.
First a 100 nm SiN layer is deposited by LPCVD with a 3SiCloHy + 4NHjg
chemistry at a temperature of 850 °C at 19.9 Pa. It is used as electrical
insulator between the polysilicon and the silicon substrate. A layer of 1.5 um
silicon oxide deposited by PECVD is used as sacrificial layer. Then a litho
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Figure 3.5: SEM image of a released Pirani bridge. It is 4 g m large and

250 1 m long. The gap to the substrate measures 1 p m.

Vacuum Chamber

Pressure transducers
10"-10%Pa

=0

Source meter

Figure 3.6: Sketch of the calibration setup. The Pirani gauges were tested
in a four-point probe configuration inside a vacuum chamber. Two separate
pressure sensors were used for measuring the pressure in two different ranges.
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step is used to etch the oxide in order to define the anchors regions. The
sacrificial layer is covered by 70 nm LPCVD SiN followed by a deposition
of 1350 nm LPCVD poly-Si to form the resistor. The deposition makes
use of SiH, gas at a temperature of 570 °C at 19.9 Pa. This poly-Si layer
is phosphorous-doped using a liquid POCLj3 source via a nitrogen carrier
gas, with a 30-min deposition time and a 30-min soak time at 950 °C. A
sheet resistance of 12 §)/square is achieved after the annealing step. After
doping, the poly-Si is covered by another 70 nm LPCVD SiN deposition
and the SiN/Poly-Si/SiN stack is dry etched landing into the sacrificial
layer to define the bridge. The contact openings are dry etched into the
SiN layer landing on the poly-Si and a sputtering deposition of aluminum is
performed. The aluminum layer is then patterned by dry etching to define
the metal lines and the pads. Finally, the sacrificial etch is performed to
release the bridge by means of vapour HF. A SEM image of a Pirani bridge
in its final stage is showed in Fig. The bridge is released from the
substrate and the gap is visible and uniform.

3.5 Measurement set-up

For a pressure calibration, first the temperature coefficient of resistance
(TCR) was measured according to the measurement method reported in [76].
The gauges were inserted into a metrology well (FLUKE 9173), and the
temperature was monitored with an external PT25 temperature sensor
(FLUKE 5628). The electrical signals were handled with a 6.5 digit digital
multimeter (Agilent 34401A). All the instrumentation was controlled by a
LabVIEW program. The resistances of the Pirani gauges were biased with
a low current (1 pA) so that ohmic heating was kept very low during the
TCR measurement. The measurements were performed in the temperature
range 35-200°C with 25°C intervals. The TCR value £ used for the model
is listed in the Table 3.1.

For the pressure calibration the devices were placed in a Pfeiffer TSH 071
vacuum chamber with a base pressure of 103 Pa. During testing, the vac-
uum chamber was backfilled with dry nitrogen. Although many commonly
used gases have almost the same thermal conductivity as nitrogen, light
gases such as He and Hs have thermal conductivities that are two and four
times higher [58], thus changing the measured pressure signals by factors of
2.5 and 5, respectively. This should be taken into account in the calibra-
tion of the Pirani gauges for applications where the pressure measurement
is performed in a predominantly helium or hydrogen environment.

A schematic of the calibration setup is depicted in Fig. The pres-
sures were measured using two absolute pressure transducers MKS 722A
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one working up to 0.1 kPa and the other up to 100 kPa. In most cases, a
Wheatstone bridge is used to measure the resistance change during the op-
eration of a Pirani gauge. This configuration allows for accurate resistance
measurements and can be easily integrated with circuitry. An alternative
method for Pirani gauge resistance measurement is to use the four-point
probe configuration [40] to eliminate the influence of the resistance of the
contacts. For this purpose, a source meter (Keithley 2611) was used to
provide the bias current and to measure the voltages drop across the Pirani
resistance. Its voltage resolution is 50 uV.

7 - 4.0
—_ | ms
i; 6 | a vp - 35 ¢
= 7 |——Model - 3.0 (:JD
® 5 @,
§> A 25 2
-QC) - 20 <
o 3 - 15 E%
8 2 10 &
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Pressure [Pa]

Figure 3.7: Output voltage and sensitivity as a function of pressure; mea-
surements (points) and model (lines) on a semilogarithmic scale. The max-
imum sensitivity is at 120 Pa as designed.

3.6 Measurement Results and Discussion

The bridge is biased by a constant current I = 0.5mA. The measured
voltage change across the Pirani gauge has the expected shape when plotted
as a function of pressure (Figs. B7TH3.g]). Moreover, a very good quantitative
match can be obtained when adjusting the fringing factor n. This means
that the fringing of the heat flux cannot be neglected. In fact, although the
vertical gap is 1 pm, the closest match is obtained with a fringing factor
n = 0.8, that indicates an effective gap size of g/n = 1.25um. The sensitivity
at each measurement point was calculated as the discrete derivative of the
transfer function with respect to the pressure logarithm. The pressure of
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Figure 3.8: Measured and modeled transfer functions v;(p) and v2(p) on a
double-logarithmic scale. N shows the detection limit.

maximum sensitivity is around 2 kPa very close to the predicted value, and
the maximum sensitivity is approximately 3.4 mV/decade.

To better visualize the intersection between the output voltage and
the detection limit N, the data are plotted on a double-logarithmic plot
(Fig. B8). The lower detection limit is around 50 Pa as designed. At this
pressure the signal-to-noise ratio is approximately S/N = 3. Pressure mea-
surements could be resolved up to atmospheric pressure.

Fig. suggests that to use the working range of the sensor effectively
a logarithmic amplifier should be employed. In this way a signal is obtained
that is linearly proportional to the logarithm of the pressure on the whole
range between the noise limits. At the pressure p;s a switch should be made
between the transfer functions vq(p)and vs(p). Literature, on the contrary,
quite often proposes linear amplification of only the central part of the S-
shaped output voltage V(p). In our opinion this is sub-optimal in terms of
dynamic range and linearity.

3.7 Conclusion

In conclusion, we presented a new analytical model for the design of MEMS
Pirani gauges operating in constant current mode. This model contains
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closed-form analytical expressions for the most important performance pa-
rameters, such as pressure range, sensitivity, output swing and power con-
sumption. The model is verified with experimental results and provides a
very good match. Its main benefit is that it provides a rapid insight into
the relations between the performance parameters and the design variables,
such as length, width, thickness, gap and bias current. The model will there-
fore be very useful to designers of Pirani gauges who need to trade off the
performance against the costs associated with chip area and biasing power.
These requirements are very important for the application of such sensors
to the in situ monitoring of the hermeticity of packages for MEMS. In the
next chapter a new Pirani gauge specially designed for such application is
presented.
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Chapter 4

Buried 3D Pirani Gauge

4.1 Introduction

As said in the previous chapter, one application of interest for Pirani gauges
is the in situ vacuum measurement of the packaging of MEMS devices [11
[26,[40L54L[63] such as resonators and inertial sensors. For this kind of ap-
plication, it is important to monitor the pressure inside the package during
long-term operation. For such kind of application, very low detection limit
is needed to measure accurately the pressure of the micro-packages. Fur-
thermore, because the volume of micropackages is scaling down, to measure
accurately the outgassing rate, the vacuum sensor must have also a high
pressure sensitivity.

Unfortunately, shifting the pressure range of the Pirani gauge towards
lower pressures is not straightforward and requires some trade-offs, as showed
in the previous chapter. The range of operation of the Pirani gauge depends
on the geometrical parameters of the resistor like length, thickness, width
and the gap between the resistor and the substrate. In order to shift the
range towards lower pressures, a gauge should be as long and thin as possi-
ble.

However, increasing the length of the Pirani gauge reduces the stiffness
of the suspension, making it more vulnerable to buckling and more in general
to beam deflections. Moreover increasing the ratio between length and gap
augments the stiction forces. If stiction occurs, it creates a thermal shortcut
between the resistor and the substrate, affecting the proper behavior of the
device. Another disadvantage is that longer resistors occupy valuable real
estate on the silicon substrate.

In the past, a variety of processes and geometries were used in order

53
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to fabricate Pirani gauges [111,261[40L54, 56,6763, 65, [7TL[77). These devices

can be grouped into two categories: resistor on dielectric membrane and
microbridge structure. In the first case, a serpentine thin-film resistor is
patterned on top of a dielectric membrane, usually LPCVD SiN and/or
SiO (Fig.Eh). The dielectric is used to improve the mechanical rigidity of
the thin film resistor (usually metal or poly-Si) against buckling or stiction,
and it permits to fabricate longer resistors, thus suitable for high vacuum
measurements. The main drawback for this category is the footprint. The
second category consists of a suspended microbridge resistor (Fig. B1]). Of-
ten the resistor is sandwiched in between SiN or SiO dielectric layers. The
gap can be formed by bulk silicon etching or by surface micromachining
to achieve smaller gaps. The microbridge structure is straightforward to
fabricate, but since it is not mechanically supported by a membrane, long
thin thermally insulated structures are difficult to make without causing
buckling and/or stiction. For this reason low pressure measurements are
not possible. In order to achieve this without complicating the fabrication
process, a ladder geometry has been proposed (see Fig. EIb) that shows a
higher stiffness [40]. Like in the membrane-based structures, the footprint
is here the main issue.

We have developed a novel Pirani geometry [78[79], consisting of a
polysilicon tube buried inside the silicon substrate (Fig. [£Ik). The tube
shape increases the structural stiffness by a factor 10* compared to a bridge-
based Pirani gauge with the same footprint. This geometry allows for much
longer Pirani gauges with smaller gaps without incurring in buckling or
stiction problems. For this reason the pressure range is shifted toward lower
pressures. In addition, the fact that the tube is buried in the substrate
strongly reduces the footprint of the device.

4.2 Design

The design of the Pirani tube has been performed extending the model
presented in chapter 3 to the tube geometry. The main parameter of a
vacuum sensor is its pressure range of operation, which is specified between
its lower p; and the upper detection limit pj. In section 3.2.3 equations
relating the pressure range limits and the minimum output resolution N
were presented; according to those equations, the pressure range can in
theory be tuned to any value. In order to shift the pressure range towards
lower pressures, a gauge should be as long and thin as possible. In practice,
however, there are a number of boundary conditions limiting the degrees of
freedom (see section 3.2.5).

One trade-off regards both the detection limit of a Pirani gauge and
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Figure 4.1: Sketch of different Pirani gauge geometries: a) resistor on mem-
brane, b) microbridge structure (ladder configuration), c)tube-shaped Pi-
rani gauge.

opening to the
gap for the
ambient gas

Figure 4.2: Sketch of the Pirani Tube.
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its stiffness. In fact, increasing the resistor length would also make it more
vulnerable to buckling. A regular polysilicon bridge with a thickness of
2 pm and an intrinsic compressive stress of 50 MPa has a critical length for
buckling of 200 pum according to Eq. [3:26] which we also report here:

2

or+o, <0, = % with gt = ECTﬂmaw (41)
where A and I4 are the cross section area and the areal moment of inertia
respectively; E is the Young’s Modulus of the resistor material, Cp is its
linear thermal expansion coefficient and @mqe = 6L /12 is the maximum
temperature increase. This maximum length limits the minimum p, that is
possible to achieve with such a bridge to few kPa.

A change of the geometry has been considered to improve the mechanical
stiffness of the resistor and design a Pirani gauge for much lower pressure
ranges. A tube-shaped 3-D geometry has been employed in order to get a
strongly increased structural rigidity. A sketch of the structure is depicted
in Fig. The new geometry consists of a poly-Si hollow tube buried
inside a cylindrical cavity in the silicon bulk suspended on opposite ends
with anchors at a depth of 5 ym under the silicon surface. The anchors
provide the mechanical stability and the electrical contact for the Pirani
gauge.

The tube shape increases the areal moment of inertia which, for a tube
and a solid beam with rectangular cross section are, respectively:

3 wt3
I, =7r’t I = 17 (4.2)
where w and t are the bridge width and thickness whereas r is the tube
radius (assuming r>>t). It can be derived from Eq. L2l that a tube becomes
already advantageous over a solid rectangular beam with the same outer
surface area when r > t/ V6. The ratio I /Iy increases with the square of
the tube radius r. The critical load for buckling scales up with the same
factor, since it is proportional to the areal inertia (Eq. ). At the same
time, the ratio between the critical length for buckling for the tube and
bridge geometry Le;/Ley, increases linearly with r. Comparing our design
to a bridge with the same thickness and footprint, the areal inertia improves
more than 14,000 times and the critical length of buckling increases more
than 25 times.
Three different Pirani gauges were designed. They differ for their length,
but they have the same thickness, gap size and tube radius. In Table 4.1
the main material parameters are listed. The length L, the tube radius r,
the thickness ¢, and the biasing current I for such Pirani tubes are obtained
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by solving Eqs. B.16l B.17 B.21 and respect to the specifications on the
required pressure range and considering the boundary conditions concerning
the stresses and the dissipated power.

The longest Pirani gauge was designed to measure a pressure range going
from p; = 0.1 Pa to pp, = 0.1 MPa, considering a voltage detection limit N
of 50 pV. This pressure range is centered at the pressure p;, = 100 Pa on
the logarithmic scale (ps = \/pipr). The critical stress for buckling o, for
such Pirani tube is set at three times larger than the thermal induced stress
(= 100 MPa; the intrinsic stress of the polysilicon used in the process can be
neglected). For the maximum over-temperature ., a value of 35 K was
chosen. The solution is given by a 3 mm long Pirani tube with » = 17.5 um,
t = 1.8 pm and biased by a current of 1.8 mA. The Pirani tubes of 1.6 and
0.4 mm were designed for measuring ranges going from 0.2 Pa to 0.2 MPa
and from 2 Pa to 2 MPa, respectively.

Table 4.1: Material parameters used in the model.

crl-] | ke[W/mK] | k [W/mK] | p [Qm] | E[GPa]

2.7 1 22 m 45 25 4 160

4.3 Fabrication

The devices were fabricated using the process flow depicted in Fig. [79].
First a SiN layer is deposited by LPCVD with a 3SiClsHy + 4NHj3 chemistry
at a temperature of 850 °C at 19.9 Pa. It is used as electrical insulator
between the polysilicon tube and the silicon substrate. It will also serve
as mask material for the further etching step. A trench is etched in the
substrate (step a) by means of deep reactive ion etching (DRIE). The depth
of the trench defines the distance from the center of the channel towards
the surface of the substrate. The wafer is then conformally coated with
an LPCVD SiN layer (step b). The SiN is used as mask in the further
Si etching step. The coating is removed only at the bottom of the trench
(step ¢) by dry etching.

A wet silicon etch is performed to define the cylindrical cavity (step d),
using a solution based on HF and HNO3 [80]. In Fig.[ldA4la SEM cross section
of the cylindrical cavity resulting after the isotropic silicon etching is shown.
The LPCVD SiN coating used as masking layer during the etching (still
visible in Fig. 4]) is etched in orthophosphoric acid. After stripping the
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EnlEAlET

Figure 4.3: Schematic flowchart. A Dry+wet Si etch defines the cylindrical
cavity (a-d). A deposition of sacrificial LPCVD SiO defines the gap (f).
LPCVD poly-Si doped by POCI; forms the resistor (g). A sacrificial wet
etch is performed to release the poly-Si tube (h).
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Figure 4.4: SEM cross section of a tube after the wet silicon etching. The
LPCVD SiN coating used as masking layer for the sidewalls of the trench
during the etching is still visible. As can be see, the etch was not completely
isotropic.

Figure 4.5: SEM cross section of a tube after the poly-Si deposition and
POCI; doping.
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LPCVD SiN layer (step e), a sacrificial SiO layer is deposited conformally
inside the cavity by LPCVD TEOS (step f) at 33.3 Pa and 700 °C. Then
a lithographic step is used to etch the oxide in order to define the anchors
regions.

At this point, LPCVD poly-Si deposition is performed in order to form
the resistor, without completely sealing the trench. The deposition makes
use of SiHy gas at a temperature of 570 °C at roughly 19.9 Pa. This poly-Si
layer was phosphorous-doped using a liquid POCL3 source via a nitrogen
carrier gas, with a 30-min deposition time and a 30-min soak time at 950 °C.
Remarkably, the POCI;3 coats the interior of the cavity with good uniformity
(Fig. E3). A further deposition of poly-Si is performed in order to seal the
trench (step g). Then an aluminum layer is sputtered to define the contacts.
The Al and poly-Si layers are dry etched, landing in the oxide layer.

Finally, the sacrificial wet etch is performed to release the poly-Si tube
(step f) by means of HF 73%. After this step the open trench provides the
access to the gap for the ambient gas. During the release, no stiction of the
tubes is observed, most likely due to the very high stiffness. A SEM cross
section of a Pirani tube in its final stage is shown in Fig. The tube is
released from the substrate and the gap is visible and uniform all around
the tube. Fig. 1 shows a SEM picture of the edge of the Pirani tube and
part of the anchor. During the cutting of the substrate, part of the silicon
surrounding the tube was removed making visible the edge of the tube. A
top view of a 400 pum long Pirani gauge is showed in Fig. The footprint
of the device is only 4 pm x 400 pm, without considering the bondpads.

4.4 Measurement Results and Discussion

For the pressure calibration the measurement setup presented in section 3.5
was used. A schematic of the calibration setup is depicted in Fig. Con-
sidering the measured TCR values, the biasing current was chosen to gen-
erate the same average temperature across the tubes with different lengths
in order to compare their performance (Table 4.2). Fig. L9 shows the frac-
tional resistance change (relative to the resistance value measured at vac-
uum) versus the measured pressure for three tubes with different lengths.
All curves show the S-shape characteristic of Pirani gauges. The measure-
ment points closely match the curves of the analytical model. Going from
0.4 mm to 3 mm long tube, there is almost a two decades shift toward lower
pressures.

In Fig. 10 is plotted the measured sensitivity for the fabricated Pirani
gauges. The sensitivity at each measurement point was calculated as the
discrete derivative of the transfer function with respect to the pressure log-
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Figure 4.6: SEM cross section of a released poly-Si tube. It is 1.8 pm thick
with a diameter of 35 um. The gap to the substrate measures 1 pm.

Figure 4.7: SEM picture of the closed edge of the Pirani tube protruding
from the cut substrate.
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Figure 4.8: SEM Top view of 400 um long Pirani gauges. The footprint of
the device is 4 pm x 400 pm (without the bondpads).

Table 4.2: Measured pressure range, nominal resistance, TCR value for

three Pirani tube geometries.

Length [mm] 0.4 1.6 3
Resistance [(] 85 240 390
TCR [ppm/K] 1320 1420 1470
Current [mA] 8 2.8 1.8
Pressure range [Pa] 2-2M [02-02M | 0.1-01M
Ma;'s S:erijl;;_xy[fgr]ess' 2000 200 100




4.4 Measurement Results and Discussion

63

10" 10°

Fractional Resistance Change [%]

10" 10* 10° 10°

Pressure [Pa]

10°

Figure 4.9: Fractional resistance change versus pressure on a semilogarith-
mic scale for three tubes with different lengths. The measurements agree
very well with the model curves.
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Figure 4.10: Sensitivity versus pressure. The maximum sensitivity is ap-
proximately 17.5 mV /decade for all the three tubes.
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arithm. The maximum sensitivity is approximately 17.5 mV /decade and it
is the same for all the three tubes. For the 3 mm long tube the pressure of
maximum sensitivity falls around 100 Pa as designed. It is around 200 Pa
for the 1.6 mm long tube and around 2000 Pa for the 0.4 mm long one,
respectively.
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Voltage Change [mV]
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Figure 4.11: Output voltage versus time for the 3 mm long tube biased by
a constant current of 2 mA.

Fig. EIdl reports the output voltage of the sensor versus time, when the
sensor is biased by a constant current. The voltage increase related to the
resistance increase is due to an augmentation of the resistor temperature
over time. We believe that the thermal drift is mainly due to the slow
heating up of the silicon substrate around the Pirani tube. In order to
reduce this effect, a pulse measurement was performed. Before choosing
the pulse width, the time response of the sensor was measured applying a
square wave current. A time constant of 0.1 ms was obtained. Consequently,
a pulse of 200 ms was used to perform the sensor calibration.

The lower and upper limit of operation is set by N and in our case it is
dominated by the voltage resolution of the Keithley source meter. In order
to better visualize how this voltage resolution affects the dynamic range of
the device, the data are plotted on a voltage-pressure double-logarithmic
plot (Fig.I2)). The dashed horizontal line at 50 'V represents N). As can
be seen, the match with the values from the model is very good.

The 0.4 mm long tube shows a low pressure limit of 2 Pa, whereas the
tube of 1.6 mm shows a low pressure limit of 0.2 Pa. For the 3 mm long
Pirani tube, the low pressure limit of the dynamic range is at 0.1 Pa and it
coincides with the resolution of our vacuum measurement system (pressure
values less then 0.1 Pa could not be measured accurately). For the 3 mm
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Figure 4.12: Double-logarithmic Voltage-Pressure plot representing the
transfer functions v1(p) = Ve — V(p) (graph above) and va(p) = V(p) —
Vinin (graph below) for the three Pirani gauges. Considering the intercep-
tion of the dashed horizontal line representing N with the transfer functions,
the values of the low and high pressure limits are obtained.
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long tube the high pressure limit is 0.1 MPa, whereas the 1.6 mm tube
can resolve pressure measurements up to 0.2 MPa. It was not possible to
measure the high pressure limit for the 0.4 mm long tube since the measure-
ment setup is not suitable for pressures higher than ambient. Yet again an
extrapolation gives a value of 2 MPa which is close to the calculated one.
The dynamic ranges are summarized in Table 4.2.

The 3D-shaped Pirani tube can indeed reach a low detection limit with-
out increasing the chip area. A comparison with literature in terms of
detection limit and footprint is shown in Table 4.3. The 3-mm long Pirani
tube presented has a footprint of only 0.012 mm?, which is an improvement
of at least 20 times compared to Pirani gauges with the same detection
limit. To make full advantage of the reduced footprint in many applications
it is necessary to fold the tube into e.g. a spiral shape (saving chip area).
However, care should be taken that thermal expansion of the tube does not
close the gap in the curvatures and that the folding density is limited by
the tube width (30 pm) below the surface. However, as the tube is buried,
a large part of the silicon region upon it can be used as active chip area.

Table 4.3: Footprint and detection limit of Pirani gauges

Researcher | Geometry | MU | (TP
(o0 1| onmentrane | 0| OB
o0 1| _(wpenny | 010 | 19
" (2008) [T | (1ndder strueny | 00| 013
T((;%%léi) eﬂgﬂl' Silicon Bridge 0.56 1.3
This work Buried Tube 0.012 0.10

4.5 Conclusions

We have designed and fabricated a novel micromachined Pirani vacuum
gauge with low detection limit but with a strongly reduced footprint. This
was obtained by employing a tube-shaped 3D geometry buried in the sub-
strate that increases the structural rigidity by approximately 10* times com-
pared to a bridge-based Pirani gauge with the same footprint.
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The Pirani tube was designed by extending the model presented in chap-
ter 3 to the tube geometry. A three-masks process is used to realize this
new geometry. The high stiffness of this geometry allows the fabrication of
Pirani tubes with lengths up to 3 mm and with 1 um gap, free of buckling
and/or stiction. Pressure measurements could be resolved from approxi-
mately 0.1 Pa to 0.1 MPa. For the 0.4 mm long tube the measured pressure
range goes from 2 Pa to 2 MPa, while for the tube of 1.6 mm it goes from
0.2 Pa to 0.2 MPa. Our longest Pirani gauge is 3 mm long and it has a
footprint of only 0.012 mm?. It shows a pressure range from 0.1 Pa to
0.1 MPa. The maximum sensitivity is 17.5 mV/decade. Measurements of
the fabricated devices show a good agreement with the analytical model.

The possibility to fabricate Pirani gauges with low detection limit and
extremely reduced footprint makes the device ideal for in-situ evaluation
of MEMS vacuum packaging. The next chapter deals with the integration
of such tube-shaped Pirani gauge with the thin film encapsulation process
reported in chapter 2.
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Chapter 5

Thin Film Encapsulation
with in-situ Hermeticity
Monitoring

5.1 Introduction

MEMS devices often require to be hermetically packaged under a certain
environment (see Table 5.1) or to operate in vacuum [I]. This is needed
for instance to achieve a reduction of damping and temperature effects,
low power consumption, long term stability. In fact, the pressure of the
cavity plays an important role in tuning the operating characteristics of the
encapsulated MEMS device.

The vacuum level present inside a package is determined by two factors.
The residual gas pressure, which is the pressure of the gases enclosed in the
system just after the sealing step, and the flux of gases that over the lifetime
of the device can change the initial vacuum level. The main contamination
sources that cause vacuum degradation can be divided in three categories []:

e Leakage; the gas which penetrates into the package as a result of
leaks. It is a flux of contaminants from the external environment due
to micro-defects in the sealing process.

e Outgassing; the gas coming from the materials present in the pack-
age. The outgassing flux is a continuous releasing of contaminants
from the internal surfaces that is relevant also at room temperature.
In fact, the surfaces of the internal material work as sink due to the
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Table 5.1: Vacuum requirements for MEMS [2]
Sensor type Working pressure
Accelerometer ~ 300-700 mbar
Absolute pressure sensor ~ 1-10 mbar
Resonator (angular rate) | 10~! - 10~% mbar
Gyroscope 10~ - 10~% mbar
RF switch 10~1 - 10~* mbar
Microbolometer < 10~% mbar
Optical MEMS moisture free
DMD-DLP moisture free

physisorption process [81] and slowly release the contamination cu-
mulated during the previous exposition/treatment, thus increasing
the internal pressure over time.

e Permeation; the gas entering the system through the capping layer.
The permeation flux is a continuous influx of contaminants from the
external environment due to the natural ability of the device encap-
sulation material to conduct molecules.

The internal pressure is a thermodynamic equilibrium condition in which
the sorption of the contaminant is equilibrated by the natural desorption of
the gas itself, that cannot be fixed by the solid during the residence time.
For this reason, the choice of the materials used for the sacrificial layer, the
capping layer and the sealing layer is crucial. For the hermeticity of thin
film packages it is important not only to measure the pressures inside the
package after the sealing step but it is also necessary to monitor it during
long-term operation. Long-term stability and in situ vacuum measurements
of micropackages are performed mostly by integrated sensors in the packages
such as Pirani gauges [26}40]4T. 54 68H63LG6).

However, the integration of the Pirani gauges with the encapsulation
process is challenging and not only in terms of process compatibility issues.
It is noteworthy [24] that the encapsulation shell is the other heat sink of the
Pirani gauge besides the silicon substrate. Its deflection, which changes the
air gap between the Pirani gauge and the encapsulation shell, is dependent
on the pressure of the environment. Since the calibration of the sensor is
performed on an unsealed Pirani gauge placed inside a vacuum chamber, no
shell deflection is present during calibration. This means that, the calibra-
tion curve cannot be used to perform accurate wafer-level measurements of
the vacuum inside the micropackages. To overcome such problem, the sealed
Pirani gauge is measured in a vacuum environment (die-level measurement),
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where the deflection of the encapsulation shell is negligible [24].

In chapter 4 a new Pirani gauge employing a polysilicon tube buried in-
side the substrate was presented. The very low detection limit and reduced
footprint make it ideal for hermeticity monitoring of micropackages. More-
over, since the Pirani gap is all around the tube and deep below the silicon
surface, the encapsulation shell deflection is not a concern and wafer-level
measurement of the device are possible.

The Pirani tube has been integrated inside micro-packages based on
SiN thin-film encapsulation in order to measure the resulting vacuum level
achieved after the encapsulation step. Particular emphasis is given to the
fabrication process for the integration of the sensor with the encapsulation.
The device is then calibrated and vacuum measurement for the fabricated
micropackages shown. Furthermore the pressure is monitored over time to
evaluate the vacuum degradation.

5.2 Encapsulation of the 3D Pirani tube

A sketch of the packaged sensor is depicted in Fig. [B.Jl The gauge is encap-
sulated inside a microcavity, that consists of a rectangular plate clamped
on a wall. The micropackage is designed to withstand 10 MPa (100 bar)
of differential pressure. For this purpose, no pillars are needed because the
footprint of the encapsulated Pirani is very small. In fact the distance be-
tween the opposite wall could be kept as small as 25 pum. A capping layer of
3.5 pm SiN was used. The sealing step was performed in a PECVD cham-
ber at a deposition pressure of 400 Pa at 400°C. At room temperature a
pressure of only about 180 Pa is expected in the micropackage if no vacuum
degradation mechanisms are present. In order to measure different ranges
of pressure, Pirani tubes with different lengths were designed.

The design of the sensors was performed according to the considerations
presented in chapter 4. The tube consists of a stack of poly-Si and SiN layers.
It is suspended on opposite ends with anchors at a depth of 5 pm under
the silicon surface. The anchors provide mechanical stability and electrical
contact for the Pirani gauge through the capping layer.

The tubes differ for their length, but they have the same thickness, gap
size and tube radius. Considering the specifications on the required pressure
range and the boundary conditions concerning the stress and the dissipated
power, the geometrical parameters of the sensor were calculated. Since our
Pirani consists of a stack of two different materials, the effective values for
Young’s Modulus, intrinsic stress and thermal conductivity were considered
as explained in chapter 3; the main parameters are listed in Table 5.2.
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The length L and the biasing current I for such Pirani tubes are listed
in the Table 5.3. The longest Pirani gauge has been designed to measure
a pressure range going from p; = 0.1 Pa to p, = 0.1 MPa, considering
a voltage detection limit N of 50 pV. The critical stress for buckling o,
for such Pirani tube is set at three times larger than the thermal induced
stress. It is 1.6 mm long with » = 20 um, ¢ = 1.8 pum and biased by a
current of 2.5 mA. The Pirani tubes of 0.8 and 0.4 mm have been designed
for measuring ranges going from 0.2 Pa to 0.2 MPa and from 1 Pa to 1 MPa,
respectively.

Sealed access hole
Contact pad

Pirani tube

Figure 5.1: Sketch of the encapsulated Pirani gauge tube.

Table 5.2: Material parameters used in the model. Effective values are
considered for Young’s Modulus (E.f¢), thermal conductivity (kesr) and
thermal expansion coefficient (cr); p is the electrical resistivity of poly-Si
and k. is the thermal conductivity of nitrogen at atmospheric pressure.

erl] | kW/mK] | kepp [W/mK] | p[Qm] | E.p; [GPa]

2.7 1 22 m 16 25 4 230
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Table 5.3: Biasing current and detection limit for Pirani tubes with three
different lengths.

Length [mm] 040816

Current [mA] 10 5 125

Detection limit [Pa] | 1 | 0.2 | 0.1

5.3 Fabrication

The process flow is depicted in Fig. The fabrication of the Pirani tube
mostly follows the same process flow as presented in section 4.3. After the
wet etching of the cylindric cavity in the silicon substrate (Fig. B.2h), the
masking silicon nitride is removed by H3PO,4. A different sacrificial layer
is used in this fabrication process. A 2 pm poly-Si layer is deposited by
LPCVD (Fig. £2b). Note that the deposition is also performed inside the
trenches and the tubes.

After this deposition a wet etching of the poly-Si layer is performed to
define the area for anchoring the tubes and the placement of the electrical
connections. Then, a 200 nm SiN layer and a 600 nm polySi layer are
deposited by LPCVD to achieve a conformal stack defining the Pirani tube
(Fig. B2k). The deposited poly-Si will be used as semiconductor for the
pressure sensors. The poly-Si is then doped by POCI3 process. A uniformly
doped poly-Si layer is achieved.

In order to embed the poly-Si tube within a SiN layer, a dry etching
of the poly-Si and a 1000 nm SiN deposition followed. The SiN is used to
provide the Pirani with the sufficient mechanical support giving the tube an
overall tensile intrinsic stress. Moreover it is needed to protect the polySi
during the sacrificial etching step and to close completely the trenches of the
tube. Then, an other dry etching step is performed to define the Pirani area,
followed by a sacrificial wet etching using KOH (33%) at 85°C (Fig. B2d).

Once the tubes are released, a 2 um PECVD TEOS is deposited to build
a new sacrificial layer for the encapsulation process (Fig.[5.2k). Trenches for
the walls and the columns are etched at the same time in the TEOS layer
landing on SiN. For this etching step BHF 1:7 is used. Then, a 1000 nm
SiN is deposited by LPCVD to define the walls and the pillars (Fig. B2f).
The access holes are dry etched into the SiN layer landing into the second
sacrificial layer (see Fig.[B.3]). The sacrificial etching to release the packages
is done using a BHF 1:7 solution (Fig. £.2k).
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Finally the sealing of the access holes is done by 2.5 ym PECVD SiN
(see Figgs. BANEE]). The pressure at which the deposition is performed will
contribute to determine the quality of the vacuum inside the packages.

The contact opening for the electrical connections with the tube are
realized with a dry etching step. The SiN is etched down landing on the
poly-Si. Then aluminum is deposited by sputtering and it is patterned to
define the shape of the aluminum pads and interconnections.

Figure 5.2: Schematic flowchart.
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Figure 5.3: SEM top view of the encapsulated Pirani tube before sacrificial
etching.

Figure 5.4: SEM top view of the encapsulated Pirani tube.



Thin Film Encapsulation with in-situ Hermeticity
76 Monitoring

Figure 5.5: SEM images of the encapsulated Pirani tube. a) cross section
and b) close-up of the anchor.



5.4 Measurement Results and Discussion é

5.4 Measurement Results and Discussion

For pressure calibration the micropackages were vented by etching a hole
into the SiN capping layer. The measurement setup presented in section
3.5 was used. A schematic of the calibration setup is depicted in Fig.
During the sealing step, a gas mixture comprising nitrogen, silane and am-
monia (Ny/SiH4/NHs= 1000/280,/1800 sccm) is used. Since ammonia and
nitrogen are in a much larger quantity compared to silane and since they
have very similar thermal conductivity, the calibration of the sensor was
performed in nitrogen.

Considering the measured T'CR values, the biasing current was chosen
to generate the same average temperature across the tubes with different
lengths in order to compare their performance. In Fig. the calibration
curves of the 0.4, 0.8 and 1.6 mm long Pirani tubes are reported in terms
of fractional resistance change %;R”. The measurements of the nominal
resistance of the Pirani tubes Ry across the wafers show a deviation of
about 2%. It is most probably due to a non-uniformity of the etching steps
between the edge and the center of the wafer. This means that all the devices
should be calibrated before usage to reduce measurement errors. Since the
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Figure 5.6: Calibration curves of the three Pirani tubes. The red marks (*)
represent the fractional resistance change of the sealed Pirani gauges.

Pirani gap is below the silicon surface, the deflection of the capping layer of
the micropackage due to the pressure difference is not influencing the gap
size. For this reason, the encapsulated Pirani gauges does not need to be
measured in vacuum but can be measured at wafer level (see Fig. B1). A
Cascade probing station with an HP 4156C parameter analyzer was used for
the pressure measurements on the encapsulated Pirani gauges. The vacuum
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level achieved with the PECVD SiN sealing are reported in Fig. By
matching the resistance of the Pirani gauge while sealed with the calibration
data obtained in the pressure-controlled chamber, the pressure inside the
sealed micropackage was extracted to be around 0.7 kPa. It should also be
noticed that the three tubes measure approximately the same vacuum level
(from 0.65 to 0.75 kPa).

Since a vacuum level of 180 Pa was expected right after the PECVD
SiN sealing step, a vacuum degradation occurred afterwards. In fact, dur-
ing the further thermal processing steps like aluminum sputtering (350°C)
and alloying (400°C) outgassing occurred affecting the vacuum level of the
micropackage. This is also in agreement with a more fundamental study
concerning the outgassing of hydrogen from PECVD SiN layer presented

in [82].

Figure 5.7: Optical microscope picture of a packaged Pirani tube.

In order to give an estimation of the vacuum degradation, the vacuum
level was monitored over time. In Fig. [B.8] the fractional resistance change
of the three Pirani tubes is plotted over time. The 0.4 mm long tube shows
the highest change (0.8%) between the nominal resistance value and the
one in vacuum compared to the other two Pirani tubes, because it has the
largest sensitivity at the vacuum level that is inside the micropackage. This
can be also deduced from Fig. According to such measurement a slight
degradation of the vacuum occurred in four months time and a pressure
raise of about 0.3 kPa can be inferred from the calibration curve of the
0.4 mm long Pirani tube. This gives a leak rate of 81078 Pa m? s7!,
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considering a micropackage volume of approximately 2-10~'3 m?. However,
also the nominal value of the Pirani tube resistance changes over time of
about 0.2%. This value represents the detection limit for the measurement
of the tube resistance over four months time. In terms of leak rate, the
detection limit is 2-107*¥Pa m3 s~!. This value is still more than six orders
of magnitude below the detection limit of a regular Helium leak tester.
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Figure 5.8: Vacuum degradation of the sealed micropackages. From the
calibration curve a corresponding pressure change of 300 Pa is inferred.

5.5 Conclusions

The integration of the Pirani tube with the SiN encapsulation process was
successfully demonstrated. Combining low detection limit and small foot-
print, the Pirani tube has proven to be suitable for in-situ evaluation of
MEMS vacuum packaging. Pirani tubes with different lengths were encap-
sulated in order to measure different pressure ranges. The vacuum level
achieved with the encapsulation was measured (0.7 Pa) and monitored over
time. A leak rate of 8-10~18Pa m? s~! was measured over four months time.

PECVD SiN showed good sealing property for thin-film packaging. How-
ever, outgassing, at high temperature remains the main concern. When
high vacuum is required, better sealing is obtained by using LPCVD depo-
sition [T6IT9IR201241252728/30l31]. However, a significant amount of sealing

material is deposited inside the microcavity, coating the device surface be-



Thin Film Encapsulation with in-situ Hermeticity
80 Monitoring

cause such deposition technique is very conformal. In the next chapter, we
describe a new technique for MEMS thin-film encapsulation that allows the
LPCVD sealing without undesirable deposition of the sealing material on
the inner surface of the microcavity.



Chapter 6

Sealing for thin-film
encapsulation

6.1 Introduction

In the previous chapters, mechanical robustness and hermeticity monitoring
of thin-film encapsulation were discussed. Another important issue to be
addressed regards the sealing of sacrificial etching holes (see Fig. [GIh-c).
During this step a significant amount of sealing material could be deposited
on the device surfaces (see Fig. [6Ih,b). For some devices, this can alter
or deteriorate its proper working behavior. Thus small access holes are
preferable if allowed by lithography and the structure or device function.
In [24] a free-standing porous membrane was used as capping layer. The
sacrificial layer is removed through the nanopores, which are sealed by a
further deposition step. In this way the amount of material deposited inside
the cavity is reduced.

For sealing techniques such as PECVD, although the vacuum achieved
is not very high, the deposition is quite directional and as long as the ac-
cess holes are not placed on top of the device area, no deposition will occur
upon the device. In some cases instead of the access holes, channels are
used and placed all around the device area (see Fig. [.Ik). However, this
approach may require long etching time of the sacrificial layer, thus a sac-
rificial material that can be etched with very high etching selectivity must
be chosen.

PECVD SiN was used for sealing the packages dedicated to the mechan-
ical tests discussed in chapter 2. It showed very good mechanical robustness.
Moreover, PECVD SiN was also used for the encapsulation of the Pirani
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access hole

i sealing residue

substrate

substrate

b)

substrate
c)

Figure 6.1: Sealing of access holes in thin-film encapsulation. a) Undesired
material is deposited on the MEMS device. b) Sealing by means of con-
formal deposition technique such as LPCVD. ¢) Sealing of lateral access
channel by non-conformal deposition technique such as PECVD.
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tube, as showed in chapter 5. The vacuum measurements were acquired by
the Pirani gauges and a vacuum level of 0.7 Pa was measured and monitored
over time. This value is low enough for many applications (see table 5.1),
showing that SiN has good sealing property for thin-film packaging.

However, when higher vacuum is required, a better sealing can be ob-
tained by using LPCVD deposition [I6L[T9L20,241252728/[30,31]. The high
temperature and high vacuum during the deposition ensure vacuum seal-
ing with long term hermeticity. Besides the limitations due to the thermal
budget, another drawback is the significant amount of sealing material de-
posited inside the microcavity and coating the device surface (see Fig.[6b).
This is due to the high conformality that is achieved with this deposition
technique: even using very small access holes, some deposition will occur
inside the microcavity.

Furthermore, in any thin-film encapsulation approach presented in lit-
erature, the gas composition inside the microcavity is highly dependent on
the gases used during the deposition of the sealing layer, as those gases
remain trapped inside the microcavity. A new sealing technique for the
thin-film encapsulation of MEMS under arbitrary pressure conditions and
gas composition and with no deposition on the device surface, is presented.

i I k
feedthrough capping valve stacl

e >

substrate

a)

sealing layer

capping
layer

sacrificial layer

substrate

b)

Figure 6.2: Schematic configuration of the self-sealing thin-film microcavity;
a) before and b) after final sealing layer deposition.
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Table 6.1: Young’s modulus FE, Poisson’s ratio v, intrinsic stress o; and

thermal expansion coefficient C'rp of SiN and poly-Si.

Material | E [GPa] | v [-] | 0; [GPa] | Crg [ppm/K]
SiN 329 0.3 0.2 3.3 [83]

poly-Si 160 0.3 -0.04 2.7 [84L[85]

6.2 Design

The new sealing technique is based on a capping layer containing thermally
actuated valves to close the sacrificial holes before the deposition of the
sealing layer (see Fig. [62). The capping layer consists of a stack of two
layers with different thermal expansion coefficients. After performing the
sacrificial etching, the device is released and sealing can be performed in
any CVD chamber.

The sealing procedure consists of three steps and starts with a pump-
ing down to provide the required vacuum (or more in general, the required
gas environment) inside the microcavities. In this step the time should be
sufficiently long to fully evacuate the air inside, prior to vacuum sealing.
Then a thermal step follows, during which the capping layer bends down
and the valves close. Finally a layer deposition will take place to improve
the sealing. Since the valves are closed, no deposition occurs inside the mi-
crocavities during this final sealing step. This approach is compatible with
most thin-film encapsulation processes and it is very versatile as different
combinations of materials can be chosen for the thermal actuation layers
stack.

6.2.1 Thermal actuation of the capping layer

A stack of poly-Si and SiN was chosen as capping layer. The thickness of
the cap of the microcavity was chosen to be 1 um (0.5 gm SiN and 0.5 pm
poly-Si). The difference in the thermal expansion coefficient of the two
materials generate a deflection of the capping layer. Finite element (FE)
simulations were performed to better estimate the bending. The intrinsic
stress of the layers was taken into account. Its value was measured on test
wafers with the curvature method. The parameters used for the simulation
are listed in Table 7.1. According to the simulation, the poly-Si/SiN stack
should bend down by 0.5 pum along a distance of 25 ym with a temperature
increase of about 400°C (Fig. 63). For this reason, the gap was designed
to be only 0.5 pm. The length of the feedthrough was varied between 5 pm
and 40 pm.
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6.2.2 Evacuation time

One important design issue regards the amount of time required for the
package to fully evacuate the air inside, prior to vacuum sealing. If not
designed correctly the time to evacuate can be unreasonably large. To model
evacuation times, the package can be treated as a fluidic capacitor, with the
fluidic feedthrough as resistor, as was done in [2I]. This approximation is
valid only down to pressure levels of few millibars, because at lower pressure
values the molecular flow regime should be considered since the fluid cannot
be treated anymore as a continuous medium.

Under these simplifications, the system becomes a RC circuit. The time
to evacuate the cavity is given as

12pL 4
wtd - R,T

T=RC, R= (6.1)
where p is the viscosity of the air, L is the length of the feedthrough, w is
the feedthrough width, ¢ is the feedthrough height, V' is the volume of the
cavity, R4 is the air gas constant, and 7' is the temperature. An important
point to note is that the fluidic resistance depends upon the third power
of the feedthrough height. For this reason, if a thinner feedthrough gap is
used, the evacuation time would easily become unreasonably long.
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Figure 6.3: Finite element simulation of the actuation principle.
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6.3 Fabrication

The fabrication process requires only one mask more than conventional thin-
film encapsulation process. It is illustrated in Fig. First a 2.5 pum silicon
oxide sacrificial layer is deposited by PECVD (Fig. [64h). A lithographic
step is then performed and the trenches for walls and pillars are etched
into the sacrificial layer by RIE. Pillars and walls are defined by means of a
LPCVD deposition of SiN (1 pm thick) in the trenches. Then a RIE etching
step in the capping layer is performed (Fig. [64b) landing on the sacrificial
layer defining the anchor of the valve, and a 0.5 pm silicon oxide sacrificial
layer is deposited by LPCVD (Fig. [64k). At this stage, the thermally
actuated capping layer is deposited (Fig. [6.4H). It consists of a layer stack
made out of LPCVD poly-Si and SiN. This capping layer is then dry etched
to define the shape of the thermally actuated valves.

The releasing of the structure is then performed in HF 40% solution for
40 minutes (Fig. [64k). Once the sacrificial etching is finished, the sealing
is done by using an LPCVD furnace (Fig. [64f). As explained previously,
the sealing procedure consists of 3 steps: first the pumping down is needed
to fully evacuate the air inside the package prior to vacuum sealing. This
suggests that the initial pressure inside the packages is around 10 Pa at
room temperature. Then the temperature rose up to 850°C, so that the
capping layer bends down and the valves close. Finally a 50 nm LPCVD
SiN deposition is made to improve the sealing (Fig. [G.5]).

6.4 Results

The surface profile of the capping layer was measured at different temper-
atures to characterize its actuation bending (Fig. [6.6]) by means of white
light interferometry. A bending of about 1.3 nm per degree was measured.
This means that with the designed geometry it is possible to close a gap
of more than 1 pum with a temperature increase of 800°C; this is in good
agreement with the simulation results. This is also confirmed by the SEM
inspection. Fig.[6.5show the SEM cross sections after the sealing step. The
0.5 pm feedthrough gap is closed and no SiN deposition is observed inside
the microcavity.

6.5 Conclusions

A new sealing technique for MEMS thin-film encapsulation was discussed.
It allows to perform the encapsulation step under arbitrary pressure condi-
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Figure 6.4: Main steps of the process flow.
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Figure 6.5: SEM cross section of the microcavity after sealing, showing the
bending of the capping layer. No deposition inside the cavity is visible.
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Figure 6.6: Deflection versus temperature. The measurement is affected by
the surface measurement error from the white light interferometer (see [86]).

tions without unwanted deposition on the device surface. Compared to the
conventional plugging techniques, it requires more fabrication steps. How-
ever, this approach becomes very useful when an LPCVD deposition needs
to be used for the sealing step. Microcavities were designed and fabricated
to validate the proposed concept. Package with a 0.5 pum feedthrough gap
were closed and no deposition was observed inside the microcavity after SEM
inspection. Deflection measurements versus temperature also confirmed the

validity of the presented approach.
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Chapter 7

Thin Film Encapsulation
of MEMS devices

7.1 Introduction

In the previous chapters, both mechanical robustness and hermeticity mon-
itoring for thin-film encapsulation were addressed. The goal was to provide
the package designer with guidelines for the dimensioning of both the thin-
film package and the Pirani gauge to be integrated into the package.

To illustrate the potential applicability, the next step is to provide ex-
amples of process integration of the presented encapsulation approach with
different MEMS devices. The encapsulation design has to be performed
together with the design of the MEMS device to be encapsulated. Two
devices, a MEMS electron source and an infra-red detector are considered.
These examples show how the developed thin-film approach can be applied
to different applications with different requirements in terms of robustness
and hermeticity.

First, a MEMS electron source built within a single silicon wafer is
presented. This device consists of a hermetically sealed microcavity that
encapsulates an array of field emission silicon tips and a reaction chamber
to which the emitted electrons are accelerated.

Then, as second example, thin-film encapsulation of an infrared detector
for microspectrometers is presented. A SiN layer deposited at high temper-
ature is used both as capping and sealing layer. By encapsulating the device
in vacuum an improvement of sensitivity can be achieved.
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7.2 Encapsulation of a MEMS Electron Source

Free electron sources are needed in many applications like e-beam based
material analysis [87], e-beam lithography [88], displays, but also sensing
devices like vacuum gauges [89] and flow sensors [90], etc. However, for han-
dling stable electron emissions, high vacuum conditions are needed, which
require complex (and thus expensive) systems. Fabricating electron sources
using MEMS leads to strongly miniaturized devices with performance and
cost benefits. Consequently, the requirements for the vacuum are signifi-
cantly relaxed. A schematic configuration of such a micromachined electron
source is showed in Fig. [l

A range of applications need emitted electrons traveling towards a re-
gion under controlled pressure and temperature conditions. Therefore, an
electron source needs a vacuum chamber in which electrons are emitted,
a reaction chamber to which the electrons are accelerated and an electron
transparent membrane in between them [97].

In [87] a device without reaction chamber has been presented. The
cavity was fabricated by wafer bonding. Here a sealed microcavity used
as vacuum chamber, and a microfluidic device used as reaction chamber,
have been integrated on a single substrate using an IC-compatible surface
micromachining process [44102]. In comparison to the bonding technique
[87] the thin film approach allows to achieve field emission at voltages that
are two orders of magnitude lower because of the reduced distance between
emitters and electrodes.

‘;’acuum I

L T

Controlled Pressure and
| v
I ‘Temperature conditions

Contains an

acceleration grid

Electron| Acceleration Electron
Beam Channel Beam

Election Beam} { T ¢ gt

‘ Electron Transparent
Membrane
Figure 7.1: Schematic configuration of a micromachined free electron source
consisting of a vacuum chamber containing the emitters and a reaction

chamber to which the electrons are accelerated. The chambers are divided
by an electron transparent membrane.
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7.2.1 Design

A schematic configuration of the electron source device is shown in Fig.
The main elements of the device are the tip, the electron transparent mem-
brane, the electrodes and the insulating pillars between them. Each tip is
3 pm high and has a base radius of 4 um. SiN was selected as material for
the membrane. The chosen membrane thickness is 20 nm, the diameter is
2 pm.

SiN pillars with a diameter of 3 pm were designed to support the mi-
crocavity structures, to control the distance between each tip and its corre-
sponding membrane and to isolate the two electrodes. A thickness of 1 ym
for the SiN capping layer and a distance of 20 um between the pillars were
chosen. This thickness is enough to neglect the current leakage through the
nitride layer.

Reaction
chamber

Figure 7.2: Schematic configuration (cross section and top view) of the
device showing the electron emitter, the plugged access holes, and the pillars
as circles.
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7.2.2 Fabrication

The starting material is a silicon wafers with a 10 gm high- phosphor-doped
epitaxial layer representing the cathode layer. The fabrication process starts
with the tips definition (Fig. [[3h-c). The doped layer is patterned with
silicon dioxide circular pads and isotropically dry etched by using SF6 into
a narrow neck column. The narrow-neck is then thermally oxidized until
silicon tip is formed under the oxide layer. This extra oxidation step is used
in order to sharpen the silicon tip [93].

To form the vacuum chamber (Fig. [[3ld), thick PECVD borophospho-
silicate glass (BPSG) is deposited on the oxidized narrow-neck structure
and allowed to reflow. The previous oxidation step forms also a barrier to
the diffusion of the dopants in the following high temperature steps. The
BPSG deposition and reflow can be repeated in order to achieve a good
planarization result. Using this technique a height difference of 5 ym was
reduced down to 200 nm. The next step is the deposition of a thin LPCVD
low-stress silicon nitride layer followed by a PECVD silicon dioxide layer.
The SiN layer will serve as the electron transparent membrane and the SiO4
layer will act as etch stop layer during the further membrane etching step.

To fabricate the pillars (Fig. [[3le-f), the stack of layers (SiOy + SiN
+ BPSQG) is dry etched down to the silicon. Then low-stressed SiN to form
the pillars and the capping layer was deposited. During the SiN deposition,
cracks of the BPSG layer are observed. A good reflow/annealing step before
the SiN deposition reduces the cracking issue suggesting that the cause of
the cracks is a large amount of gases trapped into the BPSG layer. This
thick SiN layer is then locally etched to form 1 pm diameter access holes for
further sacrificial etching, reaching the underlying BPSG (Fig. [[3lg). The
device is then submerged in HF solution for sacrificial etching of the BPSG
layer thus forming the vacuum chamber. During the drying step, no stiction
was observed thanks to the support of the pillars distributed all around the
chamber. The released chamber is loaded in a PECVD oxide deposition
system for performing the plugging step (Fig.[[33lh). The deposition recipe
is tuned to specifically seal the 1 pm access hole gap, while minimize its
deposition inside the chamber.

The PECVD oxide is etched away everywhere leaving the plug struc-
ture and a further LPCVD SiN layer is deposited on top of the oxide plug in
order to improve the hermetic sealing. After the sealing step the membrane
etching step is performed (Fig. [[3li). A window pattern aligned to the top
of the tip is dry etched through the stack of sealing and capping SiN layers
landing on the buried PECVD silicon dioxide layer. Then a further wet etch
step in HF to expose the SiN membrane was performed. The microfluidic
chamber (Fig. [[3l1) was fabricated using PECVD silicon dioxide as sacrifi-
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Figure 7.3: Main steps of the device process flow.
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cial layer. An array of pillars was designed also for the reaction chamber in
order to support the structure. Aluminum is used as anode for accelerating
the emitted electrons from the vacuum chamber. A HF 73% solution was
used to etch the sacrificial silicon dioxide because it is very selective towards
aluminum. The Fig. [.4] shows a SEM cross section of an encapsulated tip.

—— — e ——

Membrane

SpotMagn Det WD Exp }——{ 5um
[3.0 4000x SE 116 1

Figure 7.4: SEM cross section of encapsulated tips. The membrane window
above the tip is in this case 50 nm thick here in order to withstand the cross
section dicing process and to be visible in the SEM.

7.2.3 Measurements

To characterize the device, the emission characteristics of the electron source
and the transmittance characteristics of the electron permeable membrane
have to be studied. Here only the electrical characterization of the tips
emission is reported. For this purpose test structures containing arrays with
different number of tips, without permeable membranes, were considered.
The experimental results are obtained using a Cascade probing station with
an HP 4156C parameter analyzer. Field emission current versus anode-
cathode voltage for a test structure containing 400 tips is shown in the
Fig.

For the single tip test structure, the cathode-anode voltage was varied
from 0 to 70 V. The measured emission current at 60 V is about 0.1 A. The
difference in the emission current between the single tip device and the one
containing the tips array is about 100 times, and the array has overall less
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Figure 7.5: Field emission current versus anode-cathode voltage for a test
structure containing an array of 400 tips. Inset: Fowler Nordheim plot.

fluctuation due to the effect of averaging. The Fowler-Nordheim plots shown
in the inset of Fig. demonstrates that the measured currents follow the
Fowler-Nordheim tunneling model, proving that the encapsulation process
did not negatively affect the emission properties of the tips. Fig. shows
an optical image of the working test structure containing the array of 400
tips. Long-term measurements were performed on a single-tip device to
evaluate the stability of the field emission current (Fig. [[1). An average
emission current of 2.2 nA for 1 hour at 45 V cathode-anode voltage with a
variation of 0.4 nA/hour was measured.

Figure 7.6: Optical image of the tested device (the tip array area is
260 pm*370 pm).
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Figure 7.7: Stability measurement of a single tip test structure. The mea-
sured current is 2.2 + 0.2 nA.
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7.3 Encapsulation of an IR detector

IR micro-spectrometers, fabricated by IC-compatible MEMS technologies,
are composed of an IR absorber, a temperature sensor and a grating or
linear variable optical filter (LVOF) as the dispersive element (see Fig. [[g]).
The temperature sensor consists of an array of thermopiles (TE) and the
absorber is made out of a stack of thin-film layers.

The design of the elements in the thermopile-based IR, detector for high
performance requires a minimum thermal conductance between the absorber
and the heat sink and also between adjacent absorber elements to reduce
crosstalk [451[94H96]. For this reason, micromachining technologies are gen-
erally employed for the removal of the bulk silicon or oxide underneath
the TE detector so that the thermal shunt to the substrate is removed.
Moreover, the absorbers are placed on adjacent beams rather than on the
same membrane to reduce crosstalk. In this way the thermal conductivity
through the layers is reduced to a minimum. However, in order to further
improve the sensitivity, the thermal conductivity through the ambient gas
has to be reduced as well. This can be done by encapsulating the detector
array in vacuum.

For the thin-film encapsulation of the IR detector array, high tempera-
ture SiN was chosen for both the capping and sealing layer. The mechanical
design of the encapsulation is done according to the approach presented in
chapter 2. An array of columns are placed around the detector beams to
increase the mechanical robustness of the structure. With vacuum an im-
provement of the performance is expected. Crosstalk should also enormously
decrease when compared to devices operating in air.

7.3.1 Design

Thermopiles and absorber dimensioning

The design of the TE array and absorber were presented in [45]. Thermocou-
ples are fabricated using n- and p-type polysilicon layers. The dimensions
of each thermocouple leg are 190 pym - 4 um. Five thermocouples form one
thermopile on each TE element. The dimensions of the detector array are
1200 pm - 760 pm, with an absorber area at each TE element of 650 pym -
36 pm and spacing between elements of 46 pm. The width of a bridge was
36 um and the spacing between bridges was 10 pym. The absorber is de-
posited in the middle position of the bridge with five thermocouples at the
upper and lower side of the bridge. The interference absorber is composed
of two metallic layers, a resonance cavity and a protection layer on top of
the TE elements. The absorber is designed for maximum absorption in the
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Figure 7.8: Schematic of a thermopile MEMS IR detector.

near- and mid-IR range from 1 to 5 um [45]. The absorber consists of one
dielectric center layer with thin-film metallic layers on either side. Titanium
nitride (TiN) was chosen as the metallic layer of the absorber. The design
requirements regarding mechanical robustness and vacuum sealing are here
discussed in more detail.

Mechanical robustness of the encapsulation

Because of its way of operation the device requires a package that is trans-
parent to the infrared light. A TOb5 package is used for this purpose, thus
a plastic overmolding is not needed for this device. For this reason, the
constraints about the mechanical robustness are more relaxed. In fact,
the device does not have to withstand a high pressure loading during the
packaging process. A value of one bar was considered as loading pressure
requirement. Although the loading pressure is low, a maximum deflection
of only 1 pum can be allowed. In fact, if a bigger deflection would occur the
optical path of the light would change affecting the proper behavior of the
device.

Now that the requirements in terms of maximum load and deflection
are identified, it is necessary to calculate the column diameter d, the plate
thickness ¢ and the distance between the columns L. The distance L mainly
depends on the geometry of device to be encapsulated. In this case, columns
can be positioned between the thermocouple bridges. This limits the mini-
mum distance L to about 200 pm. In fact, the absorber design could have
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been in such a way that columns could also have been inserted in the ab-
sorber area, but this would have decreased the absorber performance. The
calculation of the capping layer thickness requires some parameters like the
ultimate strength, the Young’s modulus and the Poisson’s ratio that are
defined by the material chosen for the capping layer. SiN is chosen as cap-
ping material because it has a rather high tensile strength and a good gas
tightness [49,50].

As showed in chapter 2, the minimum thickness value is chosen between
those two values given by the deflection at the center of the plate (Eq. 2.4)
and the one calculated with the yield strength criterion (Eq.[Z12]). In this
case, the deflection criterion leads to a more strict condition on the capping
layer thickness than the one related to the yield strength. In particular,
Eq. 24 leads to a thickness of SiN capping layer of at least 4 pm.

Vacuum sealing

The sensitivity of the device improves by almost a factor of 20 when op-
erated in vacuum, as compared to ambient pressure [45]. This is mainly
due to the fact that conductive heat losses cause most of the heat flux to
flow from the absorber to the substrate via the air path instead of through
the suspension bridge. For this reason an hermetic encapsulation at low
pressure is needed. As discussed in chapter 5, the vacuum inside a package
depends on the pressure at which the sealing deposition is performed but,
most importantly, on the outgassing. In order to address those mechanisms,
SiN deposited at high temperature by LPCVD was chosen for both capping
and sealing layers. In fact, this material is deposited at a pressure as low
as 20 Pa. Furthermore, since the deposition is performed at high temper-
ature (850°C), the deposited layer is much more densified. In fact, when
compared to PECVD layers, they usually have a lower hydrogen content,
which represents a source of outgassing.

7.3.2 Fabrication

Fabrication of the thermopile detector array is presented in [95]; in Fig.
a schematic topview of the device is shown. Here we describe in detail
only the encapsulation process flow. Since the encapsulation consists of
high temperature processing steps, the metal lines are made of a stack of
Ti and TiN. A sacrificial layer of TEOS needed for the encapsulation step
was deposited by PECVD (see Fig. [[[I0h). Trenches for the walls and the
columns are etched in the TEOS layer landing on SiN (see Fig. [ZI0b).
For this etching step DRIE is used. Then, a 1500 nm SiN is deposited by
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Figure 7.9: Schematic top view of the IR detector.

LPCVD to define the walls and the pillars (see Fig. [[I0c). The access
holes are dry etched into the SiN layer landing into the sacrificial layer (see
Fig. [CI0d). The sacrificial etching is done to release the packages using a
BHF 1:7 solution (see Fig. [[10k). After sacrificial etching, the wafer was
rinsed in IPA. Freeze-drying was performed to avoid sticking of the released
structures.

Then the sealing of the sacrificial holes is done by LPCVD SiN in or-
der to achieve high vacuum sealing (see Fig. [[LT0F). In order to make the
contact opening for the electrical connections with the thermopiles, a dry
etching step is then employed. The stack of SIN and TEOS is etched down
landing on the Poly-Si. Then Aluminum is deposited by sputtering and it
is patterned to define the aluminum pads and interconnections.

7.3.3 Inspection

Preliminary inspections confirmed that the encapsulation process did not
affect the working behaviour of the IR device. Further characterization will
provide a quantitative evaluation of the benefits of such vacuum sealing on
the device sensitivity.
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Figure 7.10: Process flow of the fabricated IR detector.
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Figure 7.11: Image of the fabricated IR detector.

7.4 Conclusions

In this chapter, two example of process integration of the encapsulation
approach were provided. A MEMS electron source and an infra-red detector
were used as demonstrators. A SiN thin-film encapsulation process provided
the required packaging solution for those devices, showing how the developed
thin-film approach can be applied to different applications having different
requirements in terms of robustness and hermeticity.



Chapter 8

Conclusions and
Recommendations

8.1 Conclusions

It has been shown that although monolithic thin-film encapsulation has
several advantages compared with hybrid wafer bonding, mechanical ro-
bustness, hermeticity and process integration still remain the main issues
to be solved before this approach can actually be extensively used in indus-
try. In this thesis, those issues have been addressed and the main findings
are briefly summarized here.

8.1.1 Mechanical Robustness

A model to design MEMS thin-film encapsulation that is sufficiently strong
for overmolding is presented. The basic geometry considered for the me-
chanical model is a flat slab structure supported by columns. For the me-
chanical dimensioning it was taken into account both the deflection of the
capping layer and the stresses in the structure. Different packages based on
the presented design were fabricated. The packages differ for the diameter
of the columns, the distances between columns and the capping layer thick-
ness. Packages made by high (> 400°C) and low (< 400°C) temperature
encapsulation processes were both fabricated. The packages were pressure
tested with different loads up to 12.5 MPa (125 bar). The tests confirm
the validity of the mechanical model. Moreover, the packages were carried
through wafer thinning, dicing, die-attaching and overmolding, demonstrat-
ing that the proposed thin-film encapsulation design is robust enough for
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withstanding a commercial first-level packaging process.

8.1.2 Modeling of MEMS Pirani Gauges

A new analytical model for the design of MEMS Pirani gauges operating
in constant current mode was developed. This model contains closed-form
analytical expressions for the most important performance parameters, such
as pressure range, sensitivity, output swing and power consumption. The
model is verified with experimental results. Its main benefit is that it pro-
vides a rapid insight into the relations between the performance parameters
and the design variables, such as length, width, thickness, gap and bias cur-
rent. The model will therefore be very useful to designers of Pirani gauges
who need to trade off the performance against the costs associated with chip
area and biasing power.

8.1.3 Tube-shaped Pirani Gauge

A novel micromachined Pirani vacuum gauge with low detection limit but
with a strongly reduced footprint was introduced. By employing a tube-
shaped geometry buried in the substrate the structural rigidity is increased
by approximately 10* times compared to a bridge-based Pirani gauge with
the same footprint. The Pirani tube has been designed by extending the
analytical model to the tube geometry. The largest Pirani gauge is 3 mm
long and it has a footprint of only 0.012 mm?. It shows a pressure range
from 0.1 Pa to 0.1 MPa. The maximum sensitivity is 17.5 mV/decade.

8.1.4 Hermeticity Monitoring

The hermeticity of the presented thin film approach was tested by integrat-
ing the tube-shaped Pirani gauge inside micro-packages sealed by PECVD
SiN. The vacuum level achieved is about 0.7 kPa and it slightly changes over
time. PECVD SiN showed good sealing property for thin-film packaging.
Combining low detection limit and small footprint, the Pirani tube has been
proven to be suitable for in-situ evaluation of MEMS vacuum packaging.

8.1.5 Sealing for Thin Film Encapsulation

A new sealing technique for MEMS thin-film encapsulation was developed.
It allows to perform the encapsulation step under arbitrary pressure condi-
tions without unwanted deposition inside the micro-package. This is made
possible by means of a capping layer containing thermally actuated valves
that close the sacrificial holes before the deposition of the sealing layer. This
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technique is compatible with most thin-film encapsulation approaches. Mi-
crocavities were designed and fabricated. Deflection measurements versus
temperature confirmed the validity of the presented approach.

8.1.6 Examples of Process Integration

Two examples of integration of the presented thin-film encapsulation ap-
proach were shown. A MEMS electron source and an infrared detector were
chosen to illustrate the capability of the packaging method introduced in
this thesis. They have different requirements in terms of robustness, her-
meticity and process integration. The encapsulation design is performed
together with the design of the MEMS device to be encapsulated. Initial
results show how the developed thin-film approach can be successfully ap-
plied to MEMS devices for different applications.

8.2 Recommendations

The results presented in this thesis underline the large potential of thin-film
encapsulation for MEMS devices. However, further research and develop-
ment is needed in order to verify its commercialization. Some interesting
aspects of this encapsulation approach that merit to be further addressed
are indicated in this section.

e An approach for mechanical design and characterization for thin-film
encapsulation have been presented in chapter 2; it is based on the
use of supporting columns. Although the mechanical robustness has
been investigated with respect to overmolding, the influence of other
back-end processing steps (such as wafer grinding, dicing and so on)
should also be investigated. Furthermore, a statistical reliability anal-
ysis should also be performed. In fact, the failure mechanisms is dom-
inated by randomly distributed defects in the materials and hence the
fracture properties should be treated statistically. For this reason, an
extensive amount of experiments should be carried out.

e The tube-shaped Pirani gauge can be used for the characterization of
the vacuum level achieved in thin-film packages using different sealing
layers. In this way the outgassing and leakage properties of different
materials can be compared.

e Further development is needed when the Pirani tube has to be used as
vacuum sensor to address applications areas different than hermeticity
monitoring. In this case, in order to use the whole working range of
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the sensor effectively a logarithmic amplifier should be employed, if
the sensor is operated in constant current mode. In this way a signal is
obtained that is linearly proportional to the logarithm of the pressure
on the whole range between the noise limits. However, if the constant
temperature mode is required, a feedback loop should be implemented
to eliminate effects of thermal expansion.

A new sealing technique for MEMS thin-film encapsulation has been
described in chapter 6. It allows to perform the encapsulation step un-
der arbitrary pressure conditions without unwanted deposition inside
the micro-package. Since only the behavior principle has been proven
in this thesis, additional research is needed to further characterize it.
Different layers combinations can be tried to achieve more actuation
displacement of the sealing cap. The pressure could be measured by
integrating a Pirani gauge inside the micropackages; moreover the
gas composition could be evaluated by means of residual gas analysis

(RGA) [07-102).
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Summary

Many Micro-Electro-Mechanical-Systems (MEMS) require encapsulation,
to prevent delicate sensor structures being exposed to external perturba-
tions such as dust, humidity, touching, and gas pressure. An upcoming
and cost-effective way of encapsulation is zero-level packaging or thin-film
encapsulation. With this method, MEMS are already sealed during wafer
processing. Thin-film encapsulation poses a number of challenges, in par-
ticular to hermeticity, mechanical robustness, and compatibility with the
other fabrication steps. In this thesis, we have worked out the following
aspects:

e An analytical model for the strength of pillar-based thin-film encap-
sulations. The model provides guidelines for design. It is supported
by experiments with high pressures and a commercial overmoulding
process.

e A tube-shaped Pirani gauge for measuring vacuum levels with a low
detection limit and a very small footprint. It consists of a tube-shaped
resistor that is buried in the silicon substrate. It can be used to moni-
tor the hermeticity of a thin-film encapsulation in situ. Alternatively,
it could be employed as a cost-effective stand-alone sensor in vacuum
equipment.

e A new analytical model for micromachined Pirani gauges. This model
expresses the pressure range as a closed-form analytical function of
the design variables like geometry and biasing. Furthermore it yields
simplified expressions for performance parameters such as the sen-
sitivity, output swing and power consumption. The model will be
very useful to designers who need to trade off performance against
the costs of chip area and biasing power.

e The integration of the tube-shaped Pirani gauge inside micro-packages
to test the hermeticity of the presented thin film approach. Packages
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Summary

containing Pirani tubes have been sealed by PECVD SiN. The vac-
uum level achieved is about 0.7 kPa and it slightly changes over time.
PECVD SiN showed good sealing property for thin-film packaging.

A new sealing technique for MEMS thin-film encapsulation employing
the bimorph effect. It allows to perform the encapsulation step under
arbitrary pressure conditions without unwanted deposition inside the
micro-package.

A thin-film encapsulation process, employing LPCVD SiN as the
structural layer. Two examples of application of the presented thin-
film encapsulation approach were shown. A MEMS electron source
and an infrared detector were chosen to illustrate the capability of
the packaging method introduced in this thesis.



Samenvatting

Vele Micro-Electro-Mechanische-Systemen (MEMS) hebben encapsulatie no-
dig om het blootstellen van delicate sensor structuren aan externe pertur-
baties zoals, stof, vocht, aanraking en gasdruk te voorkomen. Een op-
komende en kost-effectieve manier van verpakken is het nulde-niveau ver-
pakken of dunne film encapsulatie. Met deze methode, worden MEMS al
afgedicht tijdens de wafer verwerking. Dunne-film encapsulatie heeft een
aantal uitdagingen, in het bijzonder de hermeticiteit, de mechanische robu-
ustheid, en de compatibiliteit met andere fabricage stappen. In dit werk,
hebben we de volgende aspecten uitgewerkt:

e Een analytisch model voor de sterkte van op pilaar gebaseerde dunne-
film encapsulaties. Het model geeft ook richtlijnen voor het ontwerp.
Het wordt ondersteund door experimenten met hoge drukken en een
commercieel overgiet proces.

e Een naar een buis gevormde Pirani meter voor het meten van vacum
niveaus met een lage detectie limiet en een zeer kleine voetafdruk.
Het bestaat uit een naar een buis gevormde weerstand welke is be-
graven in een silicium substraat. Het kan worden gebruikt voor het
gadeslaan van de hermeticiteit van een dunne film in situ. Als alter-
natief, zou het gebruikt kunnen worden als een kost-effectieve en een
opzichzelfstaande sensor in vacum apparatuur.

e Fen nieuw analytisch model voor micro gefabriceerde Pirani meters.
Dit model beschrijft de druk range als een gesloten-form analytische
functie van ontwerp variabelen zoals geometrie en voorinstellingen.
Verder geeft het model vereenvoudigde uitdrukkingen voor prestatie
parameters zoals gevoeligheid, uitgang schommeling en stroomver-
bruik. Het model zal erg nuttig kunnen zijn voor ontwerpers die
behoefte hebben aan een afweging tussen prestatie tegen chip opper-
vlakte en voorinstelling vermogen.
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Samenvatting

e De integratie van de naar een buis-gevormde Pirani meter in micro-

verpakkingen, om de hermeticiteit van de dunne film benadering te
testen. Verpakkingen met Pirani meters worden gesloten met PECVD
SiN. Het bereikte vacum niveau is ongeveer 650 Pa en verandert licht
over de tijd. PECVD SiN als dunne-film verpakking, toonde een goed
sluitende eigenschap.

Een nieuwe sluit techniek voor MEMS dunne-film encapsulatie ge-
bruikmakende van het bimorf effect. Het laat de encapsulatie stap
toe onder willekeurige druk condities, zonder ongewenste depositie in
de micro-verpakking.

Een dunne-film encapsulatie proces, waar LPCVD SiN als de struc-
turele laag wordt toegepast. Twee voorbeelden van toepassingen
van de gepresenteerde dunne-film encapsulatie benadering werden
gedemonstreerd. Een MEMS elektronen bron en een infrarood detec-
tor werden gekozen om de mogelijkheden van de verpakking methode
te demonstreren in dit werk.
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Stellingen

1.

10.

Bij het ontwerpen van MEMS moet de inkapseling als een integraal
onderdeel van het apparaat worden gezien.

Atoomlaag-depositic (ALD) zou een goede barricre tegen uitgassen
kunnen vormen voor dunne-laag inkapseling

De technologie die in dit proefschrift wordt beschreven is niet
beperkt tot MEMS inkapseling, maar kan ook voor andere
toepassingen worden gebruikt, zoals zonnecellen en nanoreactoren.

In vergelijking met wafer bonding bestaat dunne-laag inkapseling
uit meer processtappen, maar kan goedkoper zijn.

Een Pirani-buis is een voorbeeld van ‘begraven oppervlakte-
microbewerking’ dat aanzienlijk sterkere structuren dan zijn
‘oppervlakte micro-fabricage’ equivalent toelaat.

De bereidheid voor het uitvoeren van een zorgvuldige eindige-
elementen analyse komt nogal eens voort uit onwil het fenomeen

met analytische modellen te bestuderen.

Gestructureerde orde en planning leiden niet noodzakelijk tot een
efficiént onderzoek. Immers de evolutie kwam voor uit chaos.

Kostuums zijn het kleermakers-equivalent van de glimlach van een
baby.

Niets is zo langdurig als een tijdelijke oplossing.

'O purpo s'adda cocere cu' 'acqua soja. (De octopus moet met zijn
eigen vocht gekookt worden).

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als
zodanig goedgekeurd door de promotor Prof. dr. P. M. Sarro.



Propositions

1.

10.

In the design of MEMS the encapsulation should be considered as
an integral part of the device.

Atomic layer deposition (ALD) could represent a good barrier
coating against outgassing for thin-film encapsulation.

The technology presented in this thesis is not restricted to MEMS
encapsulation but can be applied also to other applications, such as
solar cells and nanoreactors.

Compared to wafer bonding, thin-film encapsulation consists of
more processing steps but can be much more cost-effective.

A Pirani tube is an example of "buried surface micromachining"
that allows significantly stronger structures than their “surface
micromachining” equivalent.

The willingness of performing a meticulous finite element analysis
often derives from the unwillingness of studying the phenomenon

by analytical models.

Structured order and planning do not necessarily lead to efficient
research. After all, evolution came out of chaos.

Suits are the sartorial equivalent of a baby's smile.
No such thing is as long-lasting as a temporary solution.

'O purpo s'adda cocere cu' l'acqua soja. (The octopus should be
cooked with its own fluid).

These propositions are regarded as opposable and defendable, and have been
approved as such by the supervisor Prof. dr. P. M. Sarro.



Many MEMS require encapsulation, to prevent delicate sensor
structures being exposed to external perturbations such as
dust, humidity, touching, and gas pressure. An upcoming and
cost-effective way of encapsulation is thin-film encapsulation.
With this method, MEMS are already sealed during wafer
processing.

Thin-film encapsulation poses a number of challenges in terms
of mechanical robustness, hermeticity monitoring and process
integration. In this thesis, these issues have been addressed
and a new approach for thin-film encapsulation is presented.

1,"U Delft d ’i
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