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ABSTRACT

Hermeticity is a measure of how well a package waintain its intended ambient
cavity environment over the device lifetime. Sinoany Micro-Electro-Mechanical
Systems (MEMS) sensors, actuators and microeldctdmvices require a known cavity
environment for optimum operational performancés important to know the leak rate
of the package for lifetime prediction purposes. this field, limitations in the
traditional leak detection methods and standaresl wsiginally for integrated circuits
and semiconductors have been blindly and oftenriactly applied to MEMS and
microelectronic packages. The aim of this projedbi define accurately the limitations
of the existing hermeticity test methods and steswlavhen applied to low cavity
volume MEMS and microelectronic packages and toarestnate novel test methods,
which are applicable to such packages. For the tiimse, the use of the Lambert-W
function has been demonstrated to provide a clésed expression of the maximum
true leak rate achievable for the most commonly wesasting hermeticity test method,
the helium fine leak test. This expression alonthwlie minimum detectable leak rate
expression is shown to provide practical guidelifes the accurate testing of
hermeticity for ultra-low volume packages. The ¢ieak types which MEMS and
microelectronic packages are subject to: moleclglaks, permeation and outgassing,
are explained in detail and it is found that thiume leak test is capable of quantifying
only molecular leak in packages with cavity voluneeseeding 2.6 minWith many
MEMS and microelectronic package containing casitieith lower volumes, new
hermeticity test methods are required to fill thep and to measure the increasingly
lower leak rates which adversely affect such paekadrourier Transform Infra-Red
(FTIR) spectroscopy and Raman spectroscopy arestigaded as methods of detecting
gas pressure within MEMS and microelectronics pgekaMeasured over timeTIR
can be used to determine the molecular and peromed#iak rates of packages
containing infra-red transparent cap materialsufeuwork is required to achieve an
adequate signal to noise ratio to enable Ramarirsgeopy to be a quantitative method
to determine molecular leaks, permeation leaksptentially outgassing. The design,
fabrication and calibration procedure for threesiita- test structures intended to monitor
the hermeticity of packages electrically are alsssented. The calibration results of a

piezoresistive cap deflection test structure shtmavstructure can be used to detect leak
[



rates of any type down to 60402 atm.cni.s*. A portfolio of hermeticity test methods
is also presented outlining the limitations andaadages of each method. This portfolio
is intended to be a living document and should peated as new research is

undertaken and new test methods developed.
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Chapter 1

Introduction and Thesis Outline

1.1 Introduction

Leak detection of small semiconductor, integratecud and microelectronic packages
started in the 1960’s when it was observed thatos@mn of devices occurred when
moisture levels in the package cavity exceeded 500 [1.1]. The helium leak test
was firstly used to determine the leak rate of pgels. In those days, the typical
volume of the package cavity volume was 0.,camd a helium leak rate of 5x1b
atm.cni.s* ensured that no more than 5000 ppm moisture wiogless into the cavity
over a typical device lifetime of 8 years [1.2].a84 spectroscopy at that time permitted
the detection of leak rates between I%Bhd 1x1F atm.cni.s* helium. To allow the
use of the test method, it was agreed that the mami permissible leak rate of
packages should be increased beyond the calcudafedleak rate into the detectable
range of the test method [1.2]. This was the b@gmof a series of concerns regarding
the determination of package leak rates and thmitleh of ‘hermeticity’. Whilst no
package is completely hermetic, many can be redaadesufficiently hermetic for the
environment in which they operate, the sensitieitghe device which they protect and

the expected lifetime of the device.

The main objective of a traditional integrated gitcsemiconductor or microelectronic
package is to keep moisture out of the packagetei&éone is not corrosive but the
combination of ionic contaminants and available shoe renders this mixture
corrosive [1.1]. Reducing water content simplyuses the mobility of corrosive ionic
contaminants, hence increasing mean time to failbd&MS packages, in that regard,
must not only prevent moisture ingress but alsowalkénvironmental interaction with
the outside world to enable the MEMS to act as rss@eor actuator [1.3]. Some
MEMS also require more stringent protection fromighwe to minimise failure due to
stiction. Packages containing a vacuum cavity nheste ultra low leak rates to
maintain the vacuum necessary for optimum perfooeaof the device. For these

reasons MEMS are generally wafer level bonded bediicing to ensure as hermetic a
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package as possible. This often means lower caglymes which require an even
lower leak rate to ensure hermeticity, particulanlywacuum applications. Advances in
microelectronics technology have also meant a temludn free cavity space in
packages resulting in a minimum leak rate requirdméhich current hermeticity test
methods are not able to detect. A typical MEMSkpge has a volume of 0.1 mma
sealed cavity pressure of 4@tm, a lifetime of 5 years and an acceptable press
increase over this lifetime of 10%. Using the d&m definition of leak rate, L,
represented by equation 1.1, the maximum accepiable rate of this package is
6.34x10'® atm.cmi.s’. This leak rate is several orders of magnitudeelothan the

minimum detectable leak rate of traditional hergigtitest methods.

_ APV
t

L (1.1)

where AP is the maximum acceptable change in cavity pressver the device

lifetime, V is the volume of the cavity ands the device lifetime.

Other types of MEMS have been developed for bioteldgy and consumer

applications which have different packaging requieats. These do not necessarily
need hermetic packaging and so new packaging ralteand techniques are being
developed. These new ‘near-hermetic’ or ‘quasiHegic’ packages are able to protect
against moisture ingress but are fabricated usiagnals which are permeable to gases
[1.3]. Knowledge of the leak rate of these packaigestill therefore required to aid

lifetime prediction but conventional test methods @aot suited to quantifying leak rates

caused by permeation.

In contrast, some complex MEMS requiring ultra higltuum packaging are also being
developed, often for military and aerospace apptinga where long lifetime and

exceptionally low leak rates are essential. Owligasfrom internal material layers can
become a dominant leak source in this type of pgekespecially when hermetic

packaging methods have been fully optimised [1.4].

This thesis presents the novel determination oftlieeretical limits of the traditional
helium leak test method. This work is intended tovgle a boundary for use of
traditional hermeticity test methods and ensuré tisars understand which leak types
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the traditional test methods are detecting. Thaskwhighlights also the package types
and leak types that cannot be assessed usingidredittests. Three in-situ test
structures have been designed, fabricated andrata to provide a solution to the
hermeticity testing problem for low cavity volumadaultra high vacuum packaging.
This thesis presents the first use of thermal van Blauw and piezoresistive cap
deflection test structures for the determinatiorpatkage hermeticity. The third test
structure, the micro-Pirani gauge has been usethi®purpose previously by Dr Brian
Stark [1.5]. To determine fabrication compatibiliyith a standard MEMS foundry
process, a micro-Pirani gauge has been fabricated) the same multi-project wafer
service as the other test structures. The sergitand accuracy of the micro-Pirani
gauge for hermeticity testing purposes are compiardaose of the other test structures.
Optical test methods proposed by other researclhupgrchave also been further

characterised to determine their suitability foe wgth specific package types.

There is a lack of literature in this field, thelymextbook currently available on this
subject, to the best of the author's knowledgdjésmeticity of Electronic Packaging
by Hal Greenhouse [1.1]. In view of new researclew npackage types, new
understanding of leak types and hermeticity testingthods, some parts of this
reference text require significant updating andexion. The industry standards used
to regulate the way in which the traditional testthods are used to measure hermeticity
are out-of-date, particularly with regards to thevity volumes of interest. These
standards require updating to ensure accurate heityigesting of ultra low cavity
packages. Throughout this project the author o tiesis has been part of a task force
led by Ron Foster of Axept, Steve Martell of Sormws@nd supported by SEMI to
produce an international standard for hermetiaftibhg covering leak channel testing
of low cavity volume packages, permeation rates @ugassing. Results of this task
force are expected in late 2011.

In summary, this thesis aims to show the theoret@oad practical limitations of
traditional and newly proposed hermeticity test mds when applied to low cavity
volume packages. Novel test structures are propased solution to the hermeticity
testing problems for ultra-low volume, vacuum pada cavities. This thesis contains
the theory behind leak testing and information @bthe practical implications

associated with the test methods. For this reah@thesis can also be considered as an



updated reference of hermeticity testing issuessatations for packaging engineers in
industry and research alike.

1.2 Thesis Outline

The outline of this thesis is depicted using thefaing flow chart.

Chapter 2

rmeticity testing and
cavity packaging

Chapter 3

l

Chapter 4 Chapter 5 Chapter 6

Fourier Transform
-Red spectroscopy

Piezoresistive cap Other in-situ test
ction technique for res for the electricpl
meticity testing rement of the

Chapter 7

clusions and futuré
work

A

Figure 1.1: Flow chart of thesis outline.

» Chapter 2 provides background on traditional heigitgttest methods and
micro-cavity packaging. One section of this chamtescribes the history of
MEMS, reviewing technology and packaging developisietest methods and
revisions of the standards throughout the yeatss 3ection aims to show how
hermeticity testing has developed with the everngiay products of the
microelectronics industry and the introduction oEMS. Chapter 2 also
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describes the type of packaging materials and tquba used in the
microelectronics and MEMS industries.  Traditionaérmetic packaging
materials and techniques are described firstly &né relatively recent
introduction of ‘near-hermetic’ or ‘quasi-hermetipackaging materials and
techniques are explained. Traditional hermetitaést methods such as helium
fine leak testing, radioactive isotope leak detecttand various gross leak
detection methods are also described in Chaptekdtled in the later versions
of the military standards, optical leak detectiamd acumulative helium leak
detection (CHLD) are explained. A descriptionud teak types associated with
both hermetic and non-hermetic packages conclutes d¢hapter. The
mathematical description of the flow mechanismspisvided to enable a
distinction between the different types of leak dmghlight the need for new

hermeticity test methods.

Chapter 3 provides the theoretical and practicalititions of the existing
hermeticity test methods given in the standardkis Thapter aims to show the
absolute limits of these tests when applied to MEMfS low cavity volume
microelectronic packages. This chapter will alsscass the leak detection
requirements of the MEMS industry by examining akeastudy compiled to
establish hermeticity testing needs of the MEMSusidy.

Developments made in the use of Fourier TransfonmfralRed (FTIR)
spectrometry and Raman spectroscopy as hermeistymethods are provided
in Chapter 4. The practical and theoretical litnitas for the use of these test

methods with MEMS and low cavity volume microelecics are shown.

Chapter 5 presents the design, fabrication anthreailon of a peizoresistive cap
deflection in-situ test structure designed to gee electrical response to
changing cavity ambient pressure. This test stracis designed to give quick
results and a more sensitive measurement of lédakusing the package cap as

the test structure.

The theory, design and calibration of two moreitn-test structures; the micro-

Pirani and thermal Van der Pauw test structurelaseribed in Chapter 6.



e The overall conclusions and results of this work smmmarised in Chapter 7.

Future work and research opportunities are thepgsed.
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Chapter 2

Hermeticity Testing and Micro-Cavity Packaging

2.1  The history of hermeticity testing

The methods currently available for hermeticitytites of low cavity volume packages
are listed and regulated by several standards asiche US Military Standards MIL-

STD-883H T.M.1014.13 and MIL-STD-750E T.M.1071.&uropean standards also
exist although they are largely based on the U8anjlstandards. In both industry and
academia, MIL-STD-883H TM1014.13 is the most comiyarsed to determine the

hermeticity of packages.

In figure 2.1, a timeline shows the introductiordagnhancement of these standards
throughout the years. The first use of leak testhmds are noted along with the new
technologies that led to improvements in testingueacy and the extension of the
detectable range of the test methods. On the danedine, the most significant
developments of technology used in the microeleatsoand MEMS industries are
shown to highlight the changes in package mateaald cavity volumes since the
1950’s. The response of industry to changing pgicigpand testing requirements are

also noted.



Advances in
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MEMS technologies
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Bell Laboratories
(1947)
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development of dual
in-line package

 Anisotropic etching is
developed1967)

* Moore’s law is
presented1968)

* National
Semiconductor High
volume pressure sensg
production(1974)

» LIGA process
developed

« 1*'polysilicon MEMS
(1984)
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=
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* Pister, UCLA T
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—
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* Helium leak detector
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(1947)

+ 1*'use of radioisotop
fine leak test.(1959
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military standards for

hermeticity testing.

Sinnadurai develops
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STD-883 fail due to
moisture ingress.
(1968)

packages passing MIL}

* Turbomolecular
vacuum pump is
invented — helium leak|
min. detectable leak
rate = 1Fatm.cni.s?
Flexible method for

Helium leak detection
introduced to Military
standard$1974)

* Sinnadurai’s work is
published and plastic
packaging proves more
reliable in tropical

surroundings.

» Optical leak detection
added to MIL-STD-
883 TM 1014 .(1995)

* Dry pump invention -
helium leak min.
detectable leak rate =
10 atm.cni.s?

« Cumulative helium
leak detection added
to MIL-STD-750 T™
1071(2007)

Figure 2.1: Timeline showintie history packaging and hermeticity test met.

indicated on the time chart for completeness.

Important landmarks in electronics and MEMS tealbgies are




2.1.1 Thehistory of microelectronics and MEMS technology devel opment

The first transistor, shown in figure 2.2, was imtesl by William Shockley, John
Bardeen and Walter Brattain of AT&T Bell Laboragsiin 1947 [2.1]. The three
inventors shared the Nobel Prize in Physics forr tlesearch into semiconductors and
their discovery of the transistor effect in 1958he first working integrated circuit,
shown in figure 2.3, was demonstrated at Texagumsnts in 1958 by Jack Kilby
[2.2]. Kilby also won the Nobel Prize in Physias2000 for his part in the invention of
the integrated circuit. The idea was first pulddhy Geoffrey W.A. Dummer who
worked for the British Ministry of Defence in 19%2.3]. Robert Noyce of Fairchild
Semiconductor is also credited with developingraegrated circuit made of silicon, 6

months after Kilby’s invention was publicised [2.4]

- 5

Figure 2.2: (Ie) é first transistor [2.5]. Fige 2.3(right) the first integrated circuit
[2.6]

With continuing development in fabrication proces$ar IC manufacture, Gordon E.
Moore gave his prediction in 1965, as shown inriggf.4, stating that the number of
transistors that can be inexpensively placed omtagrated circuit will double every
two years for at least ten years [2.7]. Moorels ks been a fundamental driving force
behind technological advances and the trend hasnced through five decades and is

not expected to stop until at least 2015 [2.8].
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Figure 2.4: Moore’s law [2.9]

In 1967, anisotropic etching was first developedBsil laboratories. Wet etching
however dates back to the™Bentury when wax masks and acid based etchants wer
used to decorate armour. In 1822, Niépce develppetbsensitive masks introducing
a new level of tolerance to etching capabilitie®uring the Second World War,
lithography based etching was used in printed titooard, PCB, manufacture and, in
1961, the method was applied to silicon integrateclits. Silicon can be isotropically
wet etched using HF with HNQo produced small, flat structures with aspeabsadf

2:1. This was generally adequate for the IC ingubut Bell Laboratories set about
developing anisotropic etching to allow higher a$peatio etching in silicon to
dielectrically isolate structures. In the 197 tdevelopment of anisotropic etching
led to V-groove and U-groove transistors. Sili@am be anisotropically etched using
KOH and water. Figure 2.5 shows the differencesvéen isotropic and anisotropic
etching. In anisotropic etching there is littleden etch as long as the mask has been
aligned correctly. Anisotropic etching therefoiges a much tighter lateral control as
well as thickness control of around 1pum. 300 unb@ um silicon wafers can be
anisotropically etched down to form diaphragms 1@t 20 pum thick. Depending on
the crystalline orientation of the silicon substrand the direction of mask alignment,
various patterns can be etched into the silicontdwggnificantly different etch rates in
different facet directions. This quality allowsntp narrow grooves with perpendicular
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edges to be formed in [110] silicon, making thiscen orientation very useful in

microsystems where high aspect ratio etching isnofequired. V-grooves and U-
grooves can be formed in [100] silicon. Althoudh ] silicon is sometimes used in the
IC industry, it is not easily wet etched. Anisqimetching is however a slow process
with etch rates of 1um per minute or less, makimg process expensive and time

consuming. Itis atemperature sensitive procasssinot sensitive to agitation [2.10].

(100) (100)
Lﬁll) H N
/ (110)
U4 BUB
(a) (b) (c)

Figure 2.5 (a) isotropic etch in [100] silicon, (lanisotropic etch in [100] silicon, (c)
anisotropic etch in [110] silicon.

In 1974, National Semiconductor Corporation mantuiied the first micromachined
silicon pressure sensor and released the firgtosilipressure transducer catalogue,
closely followed by Honeywell, Foxboro/ICT, Endevand Kulite [2.10]. Other types
of micromachined structures started to be develapettie late 1970’s with the first
polysilicon MEMS developed in 1984 by Howe and Mull2.11].

In 1985, sacrificial layer technology was appliediicrosystems aiding the realisation
of RF-MEMS in the 1990’s [2.12]. At the same tiniggep Reactive lon Etching,
DRIE, was developed and the major limitations akatmopic etching were overcome.
Etch rates were dramatically increased, higheraspdios at depths greater than tens

of microns could be achieved [2.10].

Currently, integrated circuit technology is sti#wloping in accordance with Moore’s
Law. In the mid 1990’s however, the MEMS industrgderwent a change from
standard silicon substrate based technology tadecbioMEMS [2.10]. This meant a
whole new market for micromachined products and tharket still continues to grow
as new technology is developed to process biocabipanaterials. As fabrication
technologies approach their limits and transistoreshsions can be reduced no further,
the next stage in technology development callsfdather functionality in micro and
nanoelectronics. This type of trend is often mef@érto as ‘more than Moore’ and
11



incorporates post processing and integration of -digital functionality into

semiconductor products [2.13].

2.1.2 Thehistory of microelectronics and MEMS packaging development

The first microelectronic devices were packagethetal cases significantly larger than
the device itself. These packages were hermetit dasigned specifically to keep
contaminants like water from entering the package degrading the components. The
first ceramic flat packages were introduced in1860’s and were used for many years
for military applications due to their high relifity. Ceramic, later plastic, dual in line
packages (DIP) were developed in 1964 by BryanteRogf Fairchild Semiconductors
for commercial applications. Throughout the 188®'e need for higher pin counts led
to the development of the pin grid array (PGA) gk the ball grid array (BGA)
package and small outline integrated circuits (SQWGich occupied 30-50% less area
and were 70% thinner than an equivalent DIP. B 1B90’s packages were further
developed with flip-chip ball grid array (FCBGA) gikages, plastic quad flat packages
(PQFP) and thin small outline packages (TSOP) pingieven higher pin counts over
smaller areas with lower profiles [2.14].

Packaging of MEMS is more challenging as these gg&& must not only meet the
requirements of the integrated circuits such asepadistribution, signal redistribution,
mechanical stability and thermal management bub alow interactions with the
external environment to measure or affect physicahemical parameters [2.10]. The
maximum permissible leak rate of a standard miexisbnics package is based on the
leak rate necessary to prevent ingress of more H3&9 ppm of moisture inside the
package [2.15]. MEMS packages must often keepntbesture level even lower to
prevent stiction of moveable parts and fogging ptical elements. The leak rate of
MEMS packages must be especially low in the casessdinant MEMS as the package
is required to ensure the integrity of a vacuumitgasver the device lifetime. The
MEMS industry is still searching for a packagingthwel offering a solution to the
problem of protecting the device circuitry and ntaining an ambient operating
environment whilst enabling sensor or actuatorratdton with the environment. For
this reason, up to 70% of the costs of MEMS martufacis in packaging and finding
adequate packaging methods remains the greatestierbato successful

commercialisation of MEMS.
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Despite these drawbacks, some MEMS device types baen extremely successful
and have been bulk manufactured for over thirtyrgeaThe first commercially
available MEMS devices were pressure sensors glde#bwed by accelerometers.
Packaging of pressure sensors and inertial devicesore straightforward due to the
effects that are to be measured. In the case a#lexometers and other physical
sensors, the device and circuitry can be proteitted the environment using hermetic
packaging methods whilst the inertial effects tkasor measures are probed [2.10].
One of the most complex MEMS to package are thesggded for chemical sensing
and bioMEMS applications. To date, a hybrid MEMBuion whereby the MEMS and
circuitry are fabricated on different substrated aombined in a package, such as DIP,

is most commonly adopted for these applicationk(JR.

Microsystems or MEMS are often cavity sealed tmwallmechanical freedom for

moveable parts and to allow resonant structurdgeteealed in a vacuum environment.
Bulk micromachining and silicon fusion bonded soefamicromachining techniques
were used firstly to create sealed cavities. Tiwuslves the anodic or direct fusion of
glass or silicon substrate caps to etched caviisdicon as shown in figure 2.6. Due
to the thickness of the cap this cavity seal metisodot suitable for die feature level

(zero level) packaging [2.10].

Silicon/Polysilicon wafer

[]

Bonding interface, covalent
bond between suface oxide
OH groups

Silicon wafer

Figure 2.6: Cavity sealing using bulk micromachui

With the introduction of surface micromachining gmalysilicon MEMS in the 1980’s
came a new way to seal cavities as an integralgbainie fabrication process. As shown
in figure 2.7, a micromachined surface package lmamade by creating thin gaps
between the substrate and structured cap usingifigal layer, often phosophosilicate
glass (PSG) [2.10]. When this sacrificial laygetiched away, a thin gap of the order

of 100 nm is formed [2.10]. These gaps can thesdated by a number of methods
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including reactive sealing which involves thermaldation of the polysilicon cap and
silicon substrate at 1000°C [2.10]. These develmsiproved to be useful in the IC
industry also and enabled a reduction in the cavityme of many MEMS and IC
packages [2.10].

l Sacrificial layer etch

,l, Reactive sealing

Sacrificial layer

| ) w.

SiO;

Figure 2.7: Cavity sealing using surface micromael polysilicon [2.10]

With the development of bioMEMS and the demandIléov cost consumer MEMS
products, MEMS packaging methods began to expartieériate 1990’s and 2000'’s.
The need for biocompatibility meant that siliconswet always the first choice material
and polymers began to be of interest. For low ,casiort lifetime consumer
applications, the focus of MEMS product engineeas to reduce the cost of packaging.
New ‘near-hermetic’ or ‘quasi-hermetic’ packages ravebecoming increasingly
attractive to this section of the industry. Sonoéymer materials were discovered to
have low moisture permeation properties, makingntheermetic enough for short
lifetime, less sensitive MEMS devices. Less heitn@ackaging methods also have the
added benefit of lower sealing temperature andspres making them more suitable for
some applications. Research and development sftyipe of packaging is on the
increase and so the advantages and disadvantagikesef methods continue to be

debated amongst the MEMS community.
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2.1.3 Thehistory of hermeticity test methods and standards

In 1947 the helium fine leak detection method wasetbped and used to measure
small leaks in the gas diffusion process of uranenriched plants. The method was
developed by Nier et al. involved in the ManhatRoject to develop the first atomic
bomb during World War Il [2.16]. The method wasgorally capable of measuring
leaks rates down to T0Pa.ni.s* (10° atm.cni.s?) or one part of helium in 200,000
parts of air [2.16]. The units of leak rate aoenmonly given as atm.chs*, mbar.l.8

or in Sl units Pa.fis®. Conversion factors are provided in Appendix Phis method

of leak detection was used to determine the letakafthe first IC packages. Packages
are pressurised in helium then transferred to anblea attached to a vacuum pump and
helium mass spectrometer. The amount of heliurkingaout of the package is
guantified and the hermeticity of the package a&ssks This method has to be used
along with a gross leak test capable of measugag fates larger than those which can
be detected by the helium test. In that respketlitjuid fluorocarbon gross test is most
commonly used. This test involves pressurisingpdaekage in an indicator fluid with a
low boiling point and transferring it to a detectitwid with a higher boiling point.
The detector fluid is heated to a temperature bé®wwn boiling point yet higher than
that of the indicator fluid. Observation of buldbleming from the package indicates a

gross leak [2.17].

The use of the radioisotope fine leak test wad fiesorded in 1959. The method
involves the sample being pressurised in an ines, gy, containing a weak
concentration of radioisotope, Kr-85. The gammgs ramitted from the sealed cavity
are then counted to determine the leak rate anohdimity of the package [2.18].
This test is thought to be a faster, more accuiate leak test method although the
initial set-up is expensive and an Atomic Energyntussion Licence is needed in the
USA for possession and use of the equipment. [keset reasons, industry has been
relatively reluctant to adopt this method and halieak testing is still most commonly

used.

In the late 1960’s the first standards to regullageuse of hermeticity test methods were
created. The military standard, MIL-STD-883, T.BIL4, was initially made available
and MIL-STD-750, T.M.1071, followed shortly aftermds. Lack of package

hermeticity became a concern when it became apiptraningress of moisture caused
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corrosion of devices. In fact, device failure gasto be correlated to moisture ingress
alone but extensive studies have shown that ioortaeninants combined with the
availability of water leads directly to corrosio®.15]. The general consensus in the
industry is that moisture content should be kepowes000 ppm or 3 monolayers of
water on the internal walls of the package to miséandevice corrosion, allowing
thereby the calculation of the respective permisddmk rate [2.15]. Detailed reliability
studies conducted at the time identified that tgpaevices required packaging with
leak rates lower than 4.935x¥0atm.cni.s® [2.19]. Leak detectors however were
incapable of measuring such low leak rates andifsgm®n therefore had to be set

orders of magnitude higher [2.19].

In 1968 British Telecommunications Laboratories icext that some apparently
‘hermetic’ packages failed due to environmental taomnination in tropical, humid

environments such as those typical in India. Rsae Nihal Sinnadurai worked on this
problem and developed a test method now commordwhkras HAST, high accelerated
stress technique, to determine the packages whoald doest protect devices under
extreme conditions. Around the same time, plagtickages were beginning to be
developed by R&D departments, particularly in tleéec¢oms industry. Sinnadurai
discovered that many plastic packages were inlatter able to survive these harsh
conditions than those deemed hermetic accordingnifdary standards. Initially,

sceptics thought that plastic packages would bexgrm contamination issues and
moisture diffusions and so plastic packaging wagkiyy condemned in favour of

traditional ‘hermetic’ packaging. Further work ¢immied at BT in collaboration with

plastic manufacturing companies and it was soomdainat some plastics could offer
reliable packaging solutions for integrated cirsuiSinnadurai’s work was published in

the early 1980’s and further development of plgstickages continued [2.19].

During this time, the turbomolecular vacuum pumpswavented and allowed the
minimum detectable leak rate of the helium finekléest method to be reduced to
around 10 atm.cni.s' [2.20]. In 1974, the flexible method for deterinm the

equivalent standard leak rate of packages wasduated to the military standards.
This method, based on the Howl-Mann equation [2@d3cribed in later chapters,
allows the actual test conditions to be input ® elquation; the original test method had
to be conducted according to specific test conaitif2.22, 2.23]. The flexible method

is now preferred as it allows for more accuraténgsand flexible test conditions.
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The leak rate given by the helium leak detect&nswn as the measured leak rate. The
standard leak rate is defined as the quantity pfailr at 25°C flowing through a leak
where the high pressure side is 1 atm and the I@sspre side is 1.316xIatm (1
mmHg). The equivalent standard leak rate is tla late which would exist in a

package with a given measured leak rate under atdihelak rate conditions.

In 1995, optical leak detection was included in thi#itary standards. This method
involves the optical measurement of deflectiont@ lid of the package under certain
external pressure conditions [2.24]. Further dgwelents in vacuum technology, in
particular the invention of the dry pump, led tatiier reductions in the minimum
detectable leak rate of the helium fine leak testmito around 18" atm.cni.s*[2.20].

In 2007, cumulative helium leak detection (CHLD)swadded to MIL-STD-750E
T.M.1071.8 [2.25] and, in February 2010, to MIL-SBB3H T.M.1014.13 [2.22].
This method claims to be able to cover the leakeadnom gross leaks down to 4x10
atm.cni.s* [2.25]. Some controversy surrounding this testissussed in section 2.3.

In summary, the microelectronics and MEMS industtiave developed significantly
since the invention of the transistor in 1947. Kaging of these devices has not been
without controversy with many in industry and acade still preferring to house
devices in traditional ‘hermetic’ packages. Fomg applications, such packaging is
certainly still applicable but, with reducing cavitolumes, these packages now require
lower leak rates to ensure hermeticity over therddslevice lifetime. Hermeticity test
methods and the standards used to regulate thgsenbamanaged to keep up-to-date
with the new types of package, techniques and mgdreing used in industry. Figure
2.8 shows the detectable leak ranges of existingétecity methods and the maximum
permissible leak rates of typical MEMS and microtlenic packages. MEMS
structures are not only sensitive to the corrogiffects that moisture ingress promotes
but are also subject to stiction of moveable padgging of optical elements and
changes in Q-factor due to pressure increase. riMari acceptable leak rates for
MEMS cavity volumes are therefore often lower thiamse in microelectronics. Plastic
and polymer packaging has also proven to be afgdida microelectronic and MEMS
packaging. However, as new packaging materials tanddniques are employed in
MEMS and microelectronic industries, one shouldalaare of the limitations of the
existing hermeticity test methods to quantify tbal rates of these packages due to the

significantly different flow mechanism involved ascussed in section 2.4 of this
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chapter. For example, ultra high vacuum packagifgEMS presents new challenges
as outgassing from internal material layers becosigsficant and detection becomes
increasingly important to quantify the loss of vaeuintegrity.
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Figure 2.8: Detectable leak range of available testthods and maximum permissible

leak rates of typical MEMS and microelectronics keeges

2.2 MEMS packaging materials and techniques

As with microelectronics, MEMS packaging can bessified along different levels.
Wafer level, which enters the category of level-ickaging usually involves the
capping at the wafer scale of MEMS. This is usudtine with a cavity sealing process
using anodic bonding, surface fusion bonding oird@rmediate layer method [2.10].
There are several advantages to wafer level bondihghe devices fabricated on the
wafer are packaged in one step; the devices artegbed during further wafer
processing steps including dicing; and, assumingnégc level-0 packaging, further
levels can use cheaper, non-hermetic materiald¢esishiques. An example of level-0

and level-1 packaging is given in figure 2.9.
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Figure 2.9: An example of (a) level-0 and (b) leYdMEMS packaging.

Most commercially successful MEMS have used waterding to seal and protect the
MEMS in a cavity with controlled ambient conditionsThe MEMS chip is then
assembled beside the IC controller and signal gsmrdan a standard IC plastic package
such as a Dual In-line Package, DIP [2.26, 2.ZVchematic of this is shown in figure
2.10, in which a MEMS chip and supporting IC areegnated in the same package.
This type of packaging is known as a hybrid MEMS$kame, and has proven to be the
most cost effective way of exploiting MEMS techrgjdo date [2.10]. For this type of
packaging, it is essential that the MEMS packagéesnetic enough to ensure the
internal cavity ambient environment is constanbtighout the device lifetime. This is
especially important when the structure is resomalt requires vacuum packaging for

optimum operation.

Figure 2.10: Hybrid MEMS
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Over recent years however, MEMS technology has dogeveral new markets
including consumer electronics, data storage amtethnology [2.26]. These new
markets have slightly different packaging priostieompared to traditional markets
such as the automotive industry, military and gemos. Some of the new market
sectors prioritise low cost packaging as the hfietiof their product is far shorter than is
traditionally required and the output accuracy loé device is less important. For
example, in the consumer industry, games consaidsnaobile phones are updated
almost every year so the end user is unlikely tedner expect the device to function
well for more than a few years. They do howeveareex the cost of these products to
be kept as low as possible. Since up to 70% otdis¢ of a traditionally silicon wafer

bonded MEMS is in the packaging, this new demandldas cost, shorter lifetime

devices has led manufacturers to look for lowert,césss hermetic packaging

techniques [2.10].

In order to fully understand the method of testiegmeticity of MEMS packaging, it is

essential to first of all understand the sealingthods themselves. This section
describes the various packaging methods availabplalf MEMS types with a summary

showing the most suitable packaging materials andniques for specific device types
and industry sectors with corresponding typicak ledes.

221 Materials

Silicon is the most commonly used substrate forhhiglume manufacturing and

packaging of MEMS due to its well understood eleatrproperties and its use in the
microelectronics industry. Single crystal silicienone of the best materials for use in
sensing applications. It has a yield strength canaiple to steel, can be made with
almost no defects such that the material is onlyordeed elastically at room

temperature and is not subject to mechanical hgsiteras is the case in metals.
Silicon also has a good thermal conductivity, mgkinhan ideal heat sink material.

The thermal expansion coefficient of silicon is lewd reasonably closely matched to
Pyrex, however, the thermal expansion coefficientemperature dependant [2.10].
From a packaging perspective silicon is an idedkens for use in hermetic packages
and its mechanical strength allows sensitive stirestto be well protected. Polysilicon
by its nature, is less sensitive to fractures addsemicrodefects, making such material

properties more controllable in a manufacturingiemment [2.28].
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Ceramics can also be used as a substrate for MBEbI®&tion and hermetic packaging.
Although it is very difficult and expensive to aoimopically etch structures into
ceramics due to their inherent chemical resistastactures can be cast into silicon
molds. Gas phase deposition and chemical vapquositeon can be used to form the
structures into molds but the high temperatureesimg stage can shrink the structures
and reduce accuracy. MEMS made using ceramicsSikeand SiN can be used in
harsh environments where they are faced with héghperatures and high pressures
[2.10].

When comparing the thermal expansion coefficiequisirtz would appear to be a more
suitable substrate packaging material as its thesrpansion coefficient is almost
temperature independent. As a result, quartz pmskeend to have low stress therefore
a low likelihood to contain cracks. Quartz can dteuctured using a variety of
techniques including diamond saw cutting, grindif@pping, polishing, ultrasonic
machining and wet and dry chemical etching [2.10ltrasonic machining is best suited
to producing small complex shapes and wet etchiag preferred for mass
manufacturing. Photolithography using gold or chium masks is also applicable.
Micromachined quartz structures have better tolanhan silicon structures and more
shapes are possible [2.10]. There is no neednfamsaulating layer between conductors
and the substrate and quartz micro-structures afeswited to high temperature and

high shock applications.

Glass is commonly used to package optical MEMS asvor MOEMS as glass gives
direct optical access to the device. Hermetic pgitlg is possible using glass although
hydrogen, helium and neon molecules are able tmgate through glass making it less
suitable for very high vacuum applications [2.28®. These are only present in very

small quantities in air so do not pose a problemast cases.

Polymers are not hermetic packaging materials afh@olyimides and others offer an
interesting low cost, low temperature sealing témpe for a new generation of MEMS.
Polyimide does however have interesting mechanpralperties: it is a flexible
substrate, has excellent thermal stability, goaiediric properties, chemical resistance,
toughness and does not wear easily. Polyimidestrasng carbon ring bonds and so

does not melt and flow like most thermosetting ati@rmoplastic polymers.
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Photosensitive polyimide is also available makimgs tpolymer an deal negative
photoresistfor high aspect ratio fabricati since it is transparentlt is also an ideal
material for use as a permanent photoresist [. Polymers arehowever porous
materials and will allow gases to permeate throtagthe internacavity. Figure 2.11

shows a graph which indicates the permeirates of typical packaging materi.
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Figure 2.11: Graph of permeation risthough package materials [2.3

2.2.2 Sealing techniques

Silicon fusion bonding, SFB, sometimes called dingafer bonding usually involve
two silicon wafers although sealing can be perfatietwee slicon and quartz, GaA
and glass.Silicon fusion bonding is simpler, has higher yialtl lowercost than most
bonding techniques It is also able to produce die that are 50% smaiiesize thar
anodically bonded d. The wafers are brought into intimate contact atperatures o
800-1100°C in an oxidising environm«. Bonding occurs between 1 OH groups
present at the surface of native or grown oxidesgog the wafel. For successful
high strength, void free bonds, the bond shouldniagle atemperatures greater th
1000°C. Wafers should have a surface roughness less 1 nm and be hyated to
ensure abundant OH groi. Hydration can be achieved by soaking wafers ir,O,-

H.SO, mixture, diluted 1,.SO, or boiling nitric acid. Oxygen plasma can also increi

22



the numbers of OH groups on the surface of the iwafd@he wafers should then be
rinsed in deionised water and dried before theybaoeight together in clean air. Self
bonding is initiated when the wafers are in intiemabntact and covalent bonds are
formed between the two wafer materials during tigl kemperature annealing process.
Although the process is not fully understood, itheught that the bonding mechanism
can be described by the following reaction in whstlanol bonds are transformed to
siloxane bonds and water [2.10].

Si-OH + OH-Si = HO + Si-O-Si

Low temperature direct wafer bonding is currentling investigated although the
method still requires to be thoroughly tested ttedrine the methods bonding strength
and hermeticity. For low temperature, 600°C, diveafer bonding the wafers require
an extremely smooth finish with many preprocessstgps that could potentially

increase outgassing during sealing. Polysilicorfergacan also be silicon fusion

bonded as commonly used in MEMS wafer level pacig{?.32].

Anodic bonding, also called field assisted therbwiding, electrostatic bonding or the
Mallory process is used to create a hermetic setbden silicon and sodium rich glass
such as Pyrex at relatively low temperatures [2.18]potential is applied across the
two wafers that have been brought into intimatet@oin Sodium ions are attracted to
the cathode leaving space negative charges onldéise wafer surface. Electrostatic
force holds the wafer together and covalent bondsmaade during the annealing
process at 180-500°C. A voltage between 200 af@\1@hould be applied depending
on the thickness of the glass wafer and the tenmyreraised. This process is shown

schematically in figure 2.12.
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Figure 2.12: Anodic bonding schematic

Bonds can be made in 5 to 10 minutes dependindh@rptocess parameters and the
bond area. This process requires less stringefacguroughness than is required for
silicon fusion bonding and creates less residuaisstin the package. For optimum
results the wafers should have a surface roughofeless than 1um, be dust free and
have a native oxide less than 200 nm thick. Taucedstress, the temperature of
annealing should be set above 315°C. The therasficient of silicon is actually best
matched to glass at a lower temperature but expetsnhave proven that wafer
curvature changes from concave (compressive) toesolitensile) at 315°C due to
stresses other than those resulting from a theemdnsion mismatch. As tensile stress
is preferred to compressive stress in most casaspdratures over 315°C are

recommended to avoid buckling of silicon structy240].

Anodic bonding can also be used to seal GaAs wabegtass wafers at 360°C, 800V
for 30 minutes. For optimum bonding results, theeA& wafer should be prebaked at
400°C for 15 minutes in an,Nand H atmosphere to remove oxides before bonding.
To decrease the annealing time from an hour toriutes at 400°C and 600V, a metal
mesh is used to deliver the electric field evenhgrathe glass wafer. Silicon dioxide

and aluminium layers can be used to protect theosilsubstrate from high electric
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fields experienced during anodic bonding. Thisatee a good hermetic bond although
the aluminium will creep over time leading to diiftsensor output. To minimise this
effect, polysilicon can used instead of aluminiuthis also possible to anodically bond
two silicon wafers by sputtering or evaporatinghen tlayer, 4 — 7 um, of borosilicate

glass on one wafer [2.10].

Intermediate layers of glass frit, solder or eutecan be used to create hermetically
sealed packages. Low pressure chemical vapour siligmo (LPCVD) of
phosphosilicate glass, PSG, can seal two silicofenwaat 1100°C in 30 minutes.
Glass frit can be deposited by spraying, screemipg, extrusion or sedimentation to
wafers and pre-glazed to remove organic residudse wafers are then brought into
intimate contact and heated to 415 - 650°C ungisgjlreflows under 6.805x¥@tm (1
psi) of pressure. Devitrifying glasses provideharinosetting seal whereby the glass
crystallises during sealing and the mechanical gmogs of the glass are changed.
Low melting point vitreous glass is also availabled provides a thermoplastic seal
which melts and flows during sealing but does xgiegience any change in mechanical
properties.  Glass frit bonding offers a hermegal but the mechanical and chemical

behaviour of the material is yet to be thoroughidsed [2.10].

A wide range of low melting temperature alloys @@nused as an intermediate layer to
provide a hermetic seal. Eutectic alloys are diépdon one wafer and the wafers are
brought together and heated above the eutecticeetye. Gold-silicon eutectic
bonding is often used as silicon is a common satestnaterial and gold is often used as
a thin-film material during MEMS fabrication. A lgbsilicon eutectic bond can be
made at 363°C with a fracture strength of 148 Mi##ach compares well with a typical
silicon fusion bond fracture strength of 5 — 15 MPal0]. Low temperature
intermediate bonding techniques are also being ldpgd, whereby glass frit or
eutectics can be heated to the required bondingdsature directly by lasers [2.33].
This type of bonding helps to reduce the tempeeatuthe centre of the package where
the sensitive MEMS structures are fabricated, whstdl producing a good quality
hermetic seal [2.33].

Polymers can be used to seal wafers at low tempesiand pressures. Photoresist
materials such as AZ-4000, SU-8 and PMMA can beal usephotopattern seal rings

around die features for level-O device protecti@nl()]. They typically form low
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temperature, high strength bonds with low stress wuthe elastic properties of the
polymers [2.34]. However, polymer seals have highour pressure, poor mechanical
properties and are not hermetic [2.34]. The neuketanterest in low cost packaging
has led to a marked increase in research intonalige seal materials. Polymers such
as Benzo-Cyclo-Butene, BCB, and Liquid Crystal lRady, LCP, used as intermediate
bonding materials offer very low moisture permeatiates providing protection from
corrosion for a period of months to years dependinghe seal thickness [2.35, 2.36,
2.37]. Packages using this type of seal are nogwknas ‘near-hermetic’ or ‘quasi-
hermetic’ packages [2.38, 2.39, 2.40, 2.41]. Remylhas also been suggested as a
material that can be used to coat non-hermetic gggeko lower moisture permeation
rates [2.42].

2.2.3 Summary of MEMS packaging materials and techniques

With the wide variety of MEMS available and the rhenof different industry sectors
in which they are used, it is important to underdtavhich packaging materials and
techniques are best suited to each application.ordler to determine the level of
protection that the package must provide, botreims of hermeticity and mechanical
protection, the expected lifetime and operating ditons must be known. The
temperature range that the device will go throwgbfiparticular interest so as to avoid

the dew point and hence the condensation of waigow within the package.

The maximum tolerable leak rate will depend on \Wwhethe package has been vacuum
packaged, the volume of the package cavity, the&rd lifetime of the device and the
sensitivity of the internal structure to changingbeent pressure and contaminants.
Table 2.1 shows a summary of typical package lea&srin each industrial sector.
Military, space, aviation and telecoms have thegést expected lifetimes in excess of
ten years. The package required must be as herasepossible to protect the device
from contamination and the most hermetic packagtemads and bonding techniques
are necessary. The automotive industry has simédads but due to cost pressures and
lower expected lifetime, some device types canrdfflightly less hermetic packaging.
Glass caps, glass frit materials and other interabedonding techniques can therefore
also be used in industrial applications. Biotedbgyp is one of the most challenging
industry sectors with regards to packaging. Dependn the type of product, the

lifetime requirements can vary significantly. Fexample, implantable devices will
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require the longest lifetime possible to ensuredbeice can be left safety inside the
body for a number of years. Conversely, dispospblat-of-care test devices have a
lifetime requirement of only one use but sometiwes have a shelf life of many years.
Generally, biocompatible materials are required pacckaging, excluding thereby
silicon and most metals. The most significant paikg requirement is to isolate
biological and chemical specimens in the packagéhe package need not be
impermeable to gases but must protect from or comialogical fluids and chemicals.
For this reason the leak rate requirements of #ukage can differ significantly from
those of the other industry sectors. This willdicussed more thoroughly in section
2.4 of this chapter when permeation rates are gggtli The consumer sector requires
hermetic packages at the lowest cost as the endisigelikely to expect lifetimes
greater than a few years. Cheaper packaging rastatch as adhesives and polymers

can then be used in packaging.

Industry Lifetime Temperature Permissible | Package and Bonding

Sector (years) Range (°C) Leak Rf tel sea_\l methods

(atm.cm’.s materials
Military .

Space >10 5510150 | 1o | Metals/Si SFB
Aviation Ceramics Anodic
Telecoms >10 -20to 65 1%°to 10%° Metals/Si SFB

Ceramics Anodic
Metal/Si o
Automotive 5-10 -40 to 125 18t0 10 Ceramics ol .
Glass ass Frit
Eutectic/Solder
Metals/Si Aﬁgtljgic
Industrial 2-5 -20 to 65 18°to 10 Ceramics ol .
Glass ass Frit
Eutectic/Solder
Often around
body
temperature -
From single isolation of
: use to 10 | biological and 6 16 Glass Polymer
Biotechnology (subject to chemical 10710 10 Polymers Adhesive
application) | samples more
relevant in
this industry
sector
SFB
Metals/Si Anodic
N 16 Ceramics Glass Frit
Consumer 2 0to 50 16to 10 Glass Eutectic/Solder
Polymers Polymer
Adhesive

Table 2.1: Summary of MEMS packaging by industcyose
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2.3 Traditional hermeticity test methods

In this section, the various hermeticity test mdthdisted in military standards MIL-
STD-883H T.M.1014.13 and MIL-STD-750E T.M.1071.& alescribed in detail. The
first two test methods discussed are the heliura f@ak test and the radioisotope fine
leaks test. These are the most commonly used hieitypéest methods but both require
to be used in conjunction with a gross leak testawer the full range of possible leak
rates. There are many gross test methods desarilibd military standards and these
will be described in section 2.3.3 to 2.3.6. Thwlf two test methods described are
tests which combine fine and gross leak detectirmhtave been recently added to the

military standards.

2.3.1 Hediumfineleak test

The helium fine leak test is described in both taili standards but tighter reject limits
are placed on packages in MIL-STD-750E T.M.1071Helium fine leak detection

relies on a helium mass spectrometer to measurantoeint of helium leaking out of
the package being tested [2.22, 2.23, 2.43, 2.44].

Before the helium fine leak test can be done, tndcg to be tested should be either
packaged in helium or the packaged device shoulgréssurised, ‘bombed’, in helium
for a length of time and at a pressure dictatedhigystandards and dependent on the
cavity volume of the package. After this pressatian step, the package should be
removed from the ‘bombing’ chamber and transfetcetielium leak detector chamber
within a certain time. This time is known e dwell timeand should be kept under an
hour to ensure the helium which has been forcedlthn test package does not leak out
before the test can be conducted. When the hdbakndetector, shown schematically
in figure 2.13, is started, the chamber in whick test package is located is pumped
down, this is known ahe initialisation timeg[2.45].  Valve V3, shown in figure 2.13,
is then opened and the gas leaking from the padkagjeected to an ionisation chamber

which is initially under vacuum [2.22, 2.23].
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chamber |

Figure 2.13: Schematic of the helium leak dete[2d25]

The gas molecules leaking from the test packagkdeolith a stream of electrons
produced by a hot filament to create ions quanteht proportional to the pressure of
gas in the ionisation chamber. The ions arellepeut through an exit slit and enter a
magnetic field in a straight ribbon. All heliumn® are deflected, through Lorentz’s
law, along a certain path by the magnetic fieldlaswn in figure 2.14. These ions are
collected and the current produced by this ion fieswused to drive an amperemetre.
The recorded current is proportional to the pressofr helium entering the mass
spectrometer and a helium leak rate of the packagetermined. This leak rate is
calledthe measured leak rate The helium leak test process is depictedgaré 2.15
[2.22, 2.23].

lon detector

lon source @

IHE

N 1

M=4

M>4
Magnetic field

Figure 2.14: Deflection of helium ions under magméeld.

M is the molecular weight of the molecule expressepams.
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Figure 2.15: Timeline for the helium fine leak testhod

The measured helium leak rate is the helium letk gathe package under the specific
test conditions employed. Before the leak ratepatkages can be compared, the
measured leak rate should be converteahtequivalent standard leak ra#s described

in section 2.1.3. The equivalent standard |ed& is the measured air leak rate when
the high pressure side is 1 atm and the low presside is 1 mmHg (1.3158 x i@tm).
Thereject leak rateof a package can be calculated in one of two waysising a look-
up table or by using the Howl-Mann equation giverhe standards. Table 2.2 shows
the test parameter and reject rates from MIL-STBF88.M.1014.13 and table 2.3
shows the tighter reject limits of MIL-STD-750E T.M71.8. The reject limits that
MIL-STD-883H T.M.1014.13 and MIL-STD-750E T.M.10Bl.place on packages
tested using the Howl-Mann equation, equation arg, shown in table 2.4. The
experimental parameters given must be preciselgvield when using the conversion
table. For this reason, the Howl-Mann equatemjuation 2.1, is the preferred method.
This equation gives the user a reject helium |edd for the package considered and the
test parameters employed from a standard leakthatiethe package cavity volume
should not exceed. Both military standards stad the package to be tested should be
exposed to a minimum pressure of 2 atmosphere3,[2.23].
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Volume of Bombing conditions Reject limit (R)
package (V) in | Pressure (psia) +/t Min. exposure | Max. dwell time atm.cmi st He
C 2 time (t,) hours (t2) hours T )
<0.05 75 2 1 5x18
>0.05 - <0.5 75 4 1 5x10
>0.5-<1.0 45 2 1 1x10
>1.0 - <10.0 45 5 1 5x10
>10.0 - <20.0 45 10 1 5x10

Table 2.2: Helium fine leak test parameters anécgjimits from MIL-STD-883H T.M.
1014.13 [2.22]

Volume of Bombing conditions Reject limit (R)

package (V) in | Pressure (psia) +/t Min. exposure | Max. dwell time atm.cni.stHe

cnt® 2 time (t) hours (t,) hours T '
<0.01 75 2 1 5x1®
> 0.01< 0.05 75 3 1 1x19
> 0.05< 0.5 75 4 1 1x18
>0.5<1.0 75 2 1 1x18
>1.0<10.0 60 5 1 5x10
> 01.0< 20.0 45 10 1 5x1b

Table 2.3: Helium fine leak test parameters anécgjimits from MIL-STD-750E T.M.
1071.8 [2.23]

The Howl-Mann equation reads:

1/2 {'—H Ma “T _
R.I. :ﬁ(ﬂj 1-e VPO( M J e
P\ M

LM, )"
VR M

2.1)

whereR; is the measured leak rate in atmch helium, L is the equivalent standard
leak rate in atm.cfs® air, P¢ is the bomb pressure in at, is the atmospheric
pressure in atniyl, is the molecular weight of air in grams (28.7¢)js the molecular

weight of helium in grams (4g) is the bomb time in secondg,is the package cavity
volume in cni andt; is the dwell time in seconds [2.22, 2.23].
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MIL-STD-883H MIL-STD-750E
Reject equivalent Reject equivalent
Volume (cnf) standard leak rate Volume (crm) standard leak rate
(atm.cni.s?) (atm.cni.s?)
<0.01 1x10° <0.01 5x1¢
>0.01<0.5 5x10° >0.01< 0.4 1x10’
>0.5 1x10°® >0.4 1x1P

Table 2.4: Failure criteria for flexible method std in both military standards [2.22,
2.23]

Many package manufacturers use the helium leakttesheasure the leak rate of
batches of packages. Should the leak rate ofdtehlexceed the expected leak rate, the
packages are tested individually to find the legkpackages. Other users choose to
‘bomb’ packages in batches and test them indivigual the helium leak detector,
taking care to ensure the last package is testiuiebthe dwell time exceeds one hour
[2.22, 2.23].

Other ways of using the helium leak test includettirough-hole leak detection method
is which the package containing a hole througbaise is attached directly to the helium
leak detector [2.22, 2.23, 2.43, 2.44, 2.48]. Otneedetector is ready for use and the
test package is securely attached to the leak tdetesing o-rings, the package is either
sprayed with helium as shown in figure 2.16 or esqubto a global helium test whereby
the package is surrounded in a tent of helium [22223]. Before this test method can
be used the leak rate of the o-ring must be estaddi by fixing a piece of packaging
material containing no holes with o-rings to théume leak detector. This will form the
background helium leak rate which should be dedudtem the leak rate of the
package being tested. For this reason, through-tedting has a higher minimum
helium leak rate, usually around1atm.cni.s*. This type of testing is destructive, but

the spray method can be useful to locate leak®][2.23].
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Figure 2.16: Through-hole helium leak detection moeit

The sensitivity or minimum detectable leak ratettuf method is dependent on the
sensitivity of the mass spectrometer used whictnigurn, dependent on the level of
vacuum achievable in the system. Today, most cacially available leak detectors

are able to measure leak rates down td'Zm.cni.s®. With this test method it is

possible to achieve erroneous results due to Vikka&s coming from the slow release
of trapped helium in the interior of the chambéris also possible that gross leaks are
missed due to helium leaking out of the packagénduhe dwell time, hence the need
to use this fine leak test in conjunction with agy leak test.  Generally, the fine leak
test is carried out first since the gross leak test be destructive or liquids used can

temporarily clog fine leak channels making the fieek test invalid [2.22, 2.23].

2.3.2 Radioisotope leak detection

The radioisotope method of leak detection can baedm combination with a
radioisotope gross leak test which is recommendedife saving reasons but not

suitable for every package type [2.18]. The comatiamal test is discussed first
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followed by individual versions of the fine leaksteBoth the wet and dry versions of
the radioisotope gross leak tests will be describ&itithe methods should be conducted
using a gas handling system to minimise the opeyatontact with the radioisotope,
Kr®, present in the tracer gas mixture [2.22, 2.284P.

The radioisotope gross/fine combination test rexputhat the packages to be tested are
placed in a pressurisation chamber which may bedfivith inert material to reduce
cycle time and make the test more efficient. Thantber is firstly evacuated to
6.579x10" atm (0.5 torr) and then filled with a mixture of®Rand air at at least 3 atm
(45 psi), for a minimum duration of 12 minutes. eThoncentration of KF in the
Kr®/air gas mixture should be no less that 100 pCi/cithe actual pressure and soak
time can be determined by equation 2.2 [2.22, 2.23]

R
skTP

Q, = (2.2)

where Qs is the maximum leak rate allowable, given in théitany standards and
presented in table 2.5s is the specific activity of the K tracer gas in micro Curies
(LCi), T is the soak time in hours ahdé the conversion from hours to seconds (3600).
R is the reject count rate and should not be less 800 counts/min. This can also be
described as the count rate above the ambient baakd if the package were to have a
leak rateQs after pressurisationP is the difference between the square of the bomb
pressure and the square of the original pressurtheofpackage to be tested. The
bombing pressure and soak time should be adjustesuit equation 2.2 and the
requirements of the test stated above [2.22, 2.23].

MIL-STD-883H T.M. 1014.13 MIL-STD-750E T.M. 071.8
Volume of package -1 Volume of package 1
(e Qs (atm.cni.s? (cn) Q.(atm.cni.s?)
<0.01 1x10° <0.05 5x10
>0.01,<0.4 5x10° >0.05, <0.5 1x19
>0.4 5x10 >0.5, <20.0 5x10

Table 2.5: Test limits for radioisotope fine leag&stt from MIL-STD-883H T.M.
1014.13 and MIL-STD-750E T.M. 1071.8 [2.22, 2.23]

After pressurisation for the required soak times thacer gas should be returned to

storage within 3 minutes to leave a pressure oBZx80° atm (2 torr) in the
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pressurisation chamber. The tank should thepabk filled with air and the packages
moved and measured at the counting station witBimihutes. The actual leak rate of
the package in atm.és™ Kr, Q, can be calculated using equation 2.3 wi@yg is the

actual leak rate in counts per minu@g,andR are as previously defined [2.22, 2.23].

Qc/m DQS

Q=—""1¢

(2.3)

Due to surface sorption issues, the combinationasgjfine radioisotope test cannot
always be performed. During the bombing proctestracer gas is absorbed in some
packaging materials. In such a situation, the ggekrequires a ‘wait time’ during
which the absorbed tracer gas is released fronpdokage and the leak rate can be
assessed. Due to the short test time necessagffémtive combinational testing, the
test is not compatible with these types of packages determine whether the package
to be tested requires a ‘wait time’, a sample pgekshould be bombed according to the
test procedure and the count rate measured evemiddtes. When the count rate
becomes asymptotic with time, surface sorptiondadanger a problem and this time
should be noted as the ‘wait time’ [2.22, 2.23].

The pressurisation procedure described above #@rctimbinational test should be
followed for the radioisotope fine leak test willetexception that the tracer gas mixture
should be K¥/N, with a concentration of KF in dry nitrogen of no less than
100pCi/cri. Removal of the tracer gas to storage after prissgion should occur until
6.579x10" atm (0.5 torr) pressure exists in the chamberis $torage step should again
be complete within 3 minutes and the chamber bledfwith air. The packages should
then be transferred and measured by a scintillatrgstal equipped counting station
within 30 minutes. Package types that require i& timae should not be measured until
after the ‘wait time’ has elapsed and should bé¢etesvithin an hour. The failure
criteria for the fine leak test are the same asdahaf the combinational test shown in
table 2.5 [2.22, 2.23].

After the radioisotope fine leak test, the packapest be subjected to a gross leak test.

There are two type of radioisotope gross tests;andtdry. The dry radioisotope gross

test can only be conducted on packages contaiminge K> absorbing or adsorbing

materials or on packages with an internal free malwf 0.02cr or more. The dry
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radioisotope gross test involves pressurising tekages to be tested in%Rair tracer
gas for 2 minutes at 3 atm (45 psi) after firstaaaing the chamber to 6.579%1atm
(0.5 torr). The tracer gas should be removeddmge within 2 minutes until 2.632x10
% atm (2 torr) of pressure remains in the chambérbehe chamber is backfilled with
air. The packages should then be removed, trapsf@mnd measured at the counting
station within 10 minutes. Any package displayiagcount rate above 1000

counts/minute is considered to have a gross le@R[2.23].

Before a slightly modified version of the dry radmtope gross leak test is performed,
the wet radioisotope gross leak test requires that packages are immersed in
hydrocarbon vacuum pump oil and evacuated to at le816x1G atm (10 torr) for 10
minutes then pressurised with air for an hour aleast 3 atm (45 psi). The packages
should then be removed from the oil and cleanedrbdieing placed in the radioisotope
pressurisation. The chamber should be evacuategi5@0x1¢* atm (0.5 torr) then
pressurised in KP/air tracer gas at a minimum of 3 atm for at leE&tminutes. The
tracer gas should be returned to storage withinrutes until 2.632x16 atm (2 torr)
pressure exists in the chamber. After backfillthg chamber with air, the packages
should be removed, transferred and measured abtirging station within 10 minutes.
A count rate above 1000 counts/minute indicatespidiekage concerned has a gross
leak [2.22, 2.23].

2.3.3 Fluorocarbon liquid and vapour gross leak detection

The preparation procedures of both the liquid amplour gross leak detection methods
are as follows. Packages with internal free vollmalew 0.1 cm should be placed in a
pressure/vacuum chamber and the pressure shouédibeed to at least 6.579x1@tm

(5 torr) for 30 minutes. Before the vacuum is askd, the packages should be covered
in detector fluid of type | (see table 2.6). Thackages should then be pressurised
according to table 2.7. The packages should beovedh from the pressurisation
chamber after the pressurisation period and tremesfeto a holding bath of detector
fluid within 20 seconds. The packages should leddor 2 +/- 1 minutes in air before

being transferred for liquid or vapour detectior22 2.23, 2.44].

36



Property Type | Type I Type llI
Boiling point (°C) 50-95 140-200 50-110
Surface tension at +25°C (dynes/cm) <20
Density at +25°C (g/ml) >1.6 >1.6 >1.6
Density at +125°C (g/ml) >1.5
Dielectric strength (V/ml) >300 >300 >300
Residue (Tg/g) <50 <50 <50
Appearance Clear, colourless

Table 2.6: Military standard physical property regements of perfluorocarbon fluids
for gross leak detection [2.22, 2.23]

Minimum pressurisation time (hours)
Pressure psia (minimum)
Liquid test Vapour test

30 235 12

45 8 4

60 4

75 2 1

90 1 0.5
105 0.5 N/A

Table 2.7: Liquid and vapour fluorocarbon grossttpeessurisation conditions [2.22,
2.23]

After pressurisation and drying, the packages shbaltransferred to and immersed in
a bath of type Il detector fluid which is maintainat 125+/- 5°C for liquid fluorocarbon
gross leak detection. The package should be iHated and observed through a
magnifier for at least 30 seconds against a dwlh-reflective, black background. If
two or more bubbles from the same point or a streérnubbles are observed as in
figure 2.17, the package is deemed to have a tgak42.22, 2.23].
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Figure 2.17: Bubbles escaping from a gross leaRet9]

In the case of vapour gross leak detection, thé&gggees should be transferred to a
fluorocarbon vapour detection system after presatian and drying. The system
should be kept at a temperature of 125 +/- 5 °@, ‘fhurge’ time should be in
accordance with table 2.8 and the test time shbeldt least 3.5 seconds. The ‘purge’
time is the time that the package is heated poidesting. The test time can be reduced
to 2.5 seconds if the test chambers are heate8ta-/t 5 °C. A package is considered
to have a gross leak when the detector indicate® than 0.28 mg of type | detector
fluid [2.22, 2.23].

Package internal free volume (crf) Purge time at 125 +/- 5 °C (seconds)
<0.01 <5
>0.01<0.10 <9
>0.1 <13

Table 2.8: Fluorocarbon vapour gross leak detectiparge time from military
standards [2.22, 2.23]

2.3.4 GrossBubble Test

This test is listed in MIL-STD-750E T.M.1071.8 asstiould only be applied to a
package with an internal free volume greater thaml The test requires immersing
the packages in a fluid maintained at 125 +/- 5f6Cat least 1 minute. During the
immersion the package should be observed agaivisick non-reflective surface whilst
being illuminated. A package showing a stream wibldbes, two or more bubbles
coming from the same point or one or more attadrediing bubbles is considered to
have a gross leak [2.22, 2.23].
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2.3.5 Weight gain - grossleak detection

The packages to be tested should first be cleamedsolvent at +25°C according to
MIL-STD-750E T.M.1071.8. MIL-STD-883H T.M.1014.18mits this step. Both
standards then state that the packages shouldkkd bman oven at +125 +/- 5 °C for at
least an hour and then cooled at room temperatfline. weight of each package should
be recorded. Packages with an internal free vollesethan 0.1 cirshould be placed
in a pressure/vacuum chamber where the pressurgldsie reduced to at least
6.579x10° atm (5 torr) for a minimum of an hour. The padksghould then be
covered in type Il fluid, properties listed in tat?.6, before the vacuum is broken and
pressurised to 5.103 atm (75 psia) for 2 hoursan8(45 psia) for 10 hours. Packages
with volumes greater than 0.1 &nhat did not require the initial vacuum stage $tiou
be pressurised at 6.124 atm (90 psia) for at [Bdsturs. After release the packages
should be transferred to a bath of fluid beforengeaair dried for 2 +/- 1 minutes and
individually weighed within 4 minutes of removabin the bath. If the weight of the
package has increased by more than 1 mg for paskaitje an internal free volume less
than or equal to 0.01 ¢hor 2 mg for packages with an internal free volugreater than
0.01 cnt should be rejected. A cell categorisation metisoeixplained in the standard
for batch testing purposes [2.22, 2.23].

2.3.6 Dye penetrant grossleak test

This gross leak test requires the tested packades placed in a pressurisation chamber
which should be filled with a dye solution. Theaofiber is then pressurised to 7.145
atm (105 psia) for 3 hours or 4.083 atm (60 pa)lD hours before being removed and
washed in a suitable solvent. After air-jet drythg package should be examined using
a magnifier and UV source if required. All nonrisparent packages will require
delidding to allow observation of dye penetratintoithe package. For this reason, this
gross leak test is destructive and usually onlyduseverify a leak and determine the
leak path [2.22, 2.23].

2.3.7 Optical fine/grossleak detection method

The optical fine and gross leak test method magdmelucted separately but, as the test

methods are so compatible, they are generally pedo together to cover as much of
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the leak range as possible. The packages to bedtsbould be sealed in the test
chamber and an optical interferometer set to olesére deflection of the package lids.
The test chamber is then evacuated and the defteofi the lid is monitored as the
external pressure is reduced. The test chambesyme should be held at a constant
vacuum while any deflection of the package lidbserved by the optical interferometer
for a test timeit The chamber should then be pressurised up tm »fahelium gas and
held at a constant pressure for a test time\ny package lid deflection should again be
monitored by the optical interferometer. Deflentiof the lid is dependent on the
material properties of the lid material, the thieks and the lid geometry. For this
reason, MIL-STD-750E T.M.1071.8, states that tleist tshould not be performed on
packages with a lid thickness above 0.025 inchieshle 2.9 shows the lid specification
for use of this test set by the military standd&i82, 2.23, 2.44, 2.50, 2.51].

MIL-STD-883H T.M.1014.13 MIL-STD-750E T.M.1071.8
R* ; R* }
~>30x10™ ~>10x%107°
T ET

Where, R is the minimum width of the free sealnches, E is the modulus of elasticity of the lid

material in psi and T is the lid thickness in inghe

Table 2.9: Military standard lid specifications foptical leak detection [2.22, 2.23]

The optical leak detection method’s sensitivityngproved as the test chamber pressure
is increased during the helium pressurisation sty as the test time is increased.
Both military standards provide equations to deteenthe leak rate sensitivity of the

method as a function of the lid material propergesl geometry, the volume of the

package cavities, the test time, the test presandethe measured deflection [2.22,

2.23].

The tested package is considered to have a graksfleo lid deflection is measured as
the test chamber pressure is changed. The packsgdails the test if lid deflection is
measured when the test chamber pressure is keptanstant vacuum or at constant
helium pressure [2.22, 2.23].
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2.3.8 Cumulative helium leak detection (CHLD) method

Cumulative helium leak detection (CHLD) has receriken added to both military
standards as an option for fine and gross helivak léetection. MIL-STD-883H
T.M.1014.13 also states that this test can be wabdother inert tracer gases so long as
the mass spectrometer is able to detect the gaseowmd. Figure 2.18 shows a
schematic of the cumulative helium leak detectar domparison with the standard

version in figure 2.13.

Test
V2 chamber

Figure 2.18 Schematic of cumulative helium lealecter [2.25]

The main difference between the two set-ups iueeof the cryo-pump to replace the
rough pump and the link between this pump and thssnspectrometer. The cryo-pump
is designed to pump out of the test chamber akgascept helium. As the cryo-pump
is connected to the mass spectrometer, a sharpipedle helium signal indicates a
gross leak. It is the volume of helium, above lgaoknd, initially leaking out of the
package that indicates a gross leak. A fine ledik s calculated using CHLD by
comparing the rate of change of the helium sigoathtit of a helium standard leak.
Before the test begins, the bombing procedureestidal to the traditional helium leak
test method explained in section 2.3.1. To ensbe¢ gross leaks are measured
accurately, the dwell time should however be keptat minimum whilst allowing
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enough time for the helium to be absorbed on tlolg@e surface prior to release. For
optimum test sensitivity, the volume of the chambkhaould be kept to a practical

minimum. The failure criteria of the CHLD test etl given in each standard is
equivalent to that of the corresponding helium fgek test [2.22, 2.23, 2.25].

MIL-STD-883H T.M.1014.13 states that the minimumted¢able leak rate of the
CHLD test method is less than 1xfOatm.cni.s® [2.22]. MIL-STD-750E T.M.
1071.8 states that the minimum detectable leakise8&10™ atm.cni.s* [2.23] and the
designers of this test method, Pernicka, claim mimmim detectable leak rate of 4x0
atm.cni.s* [2.25]. Itis however stated in both standards ianliterature from Pernicka
that the design of the apparatus can increaseavease this limit. The variation in the
achievable minimum detectable leak rate of thishm@&thas sparked controversy in the
industry, particularly since the lowest known haligtandard leak available has a leak
rate of around 5xI atm.cni.s®. Many users and industry professionals are ctlyren
debating whether detection of a leak up to 4 ord#rsnagnitude lower than the

standards against which it is measured is accufateleed possible [2.22, 2.23].

2.4 Leak types

The key to finding the most effective way to measlgak rates of packages with small
cavity volumes is to understand the types of le@sgnt in such packages. Traditional
leak test methods assume the existence of a leatnehpresent in the package wall or
seal which extends from the outside surface ofptiekage to the internal cavity. The
mathematical description of the flow mechanismgad through leak channels will be
explained in section 2.4.1. Near hermetic packagising polymers has introduced
another type of leak caused by permeation. The fteechanism of a permeation leak
is vastly different to that of capillary leak andllwbe described in section 2.4.2.
Permeable packaging materials cannot be used taruwa packaging and so moisture
permeation is the focus of concern for these pazhkgges. In contrast, some small
cavity devices require packaging capable of maimgi an ultra high vacuum

environment for over 20 years. This type of paekagust use the most hermetic
materials and sealing techniques. Once the hernsstaling technique has been
optimised, the leak type likely to be of concernthiis type of package is outgassing,

either during high temperature packaging or throwghthe device lifetime.
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Outgassing will be described in section 2.4.3. uFeg2.19 depicts the three leak types
described in this section.

Permeation Leak Channel

- L]
] -

.. Outgassing

L]

Figure 2.19: Leak types

241 Leak channds

Leak channels are usually caused by a crack irpdlo&kage or seal material. Cracks
can be caused by stress in the package causedrignaatch in the materials thermal
expansion coefficients. This is particularly apgble when high temperature sealing
techniqgues are employed. Cracks may also be ddws®oreign particles such as dust
or debris present on the material surface duringdbng. The surface roughness of the
wafer before bonding can also be an issue as equlain section 2.2.2. Foreign
particles or rough surfaces cause incomplete bgnidiading to leak channels between
the wafers or between a wafer and intermediate rmaétrial. Gas flow through these
channels can be molecular, viscous or transitialegdending on dimensions of the
channel and the gas characteristics. The Knudsenber is used to distinguish
between the types of capillary flow [2.52]. Thiisnensionless number is equal to the
ratio of the mean free path of the gas to the atarstic dimension, usually the radius,
of the capillary [2.52]. Molecular flow occurs whéhe Knudsen number is greater than
one. In such a case, the flow is dominated by#iecity of the gas patrticles, which is
related to the pressure gradient. The equatiomialecular flow using Poiseuille and

Knudsen’s formulae is given in equation 2.4 [2533, 2.54]

Qm :gnrl_gvm(Pz - I:?I.) (24)
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whereQp, is the molecular leak ratejs the radius of the leak channleis the length of
the leak channely, is the mean molecular speed of the gas given uatean 2.5,P is
the high pressure arR] is the low pressure.

_ ﬂ 1/2
Vv, —( M j (2.5)

whereRy is the universal gas constaitis the temperature arM is the molecular mass

of the gas. Viscous flow occurs when the Knudsember is less than 0.01. The
flow is then dominated by the viscosity of fluidhe viscous flow equation is shown in
equation 2.6 [2.52, 2.53, 2.54].

S p p o

whereQy is the viscous leak ratg,is the viscosity of the gas am}, is the arithmetic
mean ofP; andP,. Transitional flow is a combination of viscousdamolecular flows
which occurs when the Knudsen number is betweenlithiés set for viscous and
molecular flow. Equation 2.7 shows transitionawflusing Poiseuille and Knudsen’s
formulae [2.52, 2.53, 2.54].

1+ 2.507(r / mfp)
" 1+ 3.095r / mfp)

Q =Q Qn (2.7)

where(Q is the transitional leak rate anifp is the mean free path of the gas calculated

using equation 2.8.

KT

mfp=——2—
P V2md?P,

(2.8)

wherekg is Boltzmann’s constant amtis the molecular diameter of the gas.

Molecular flow is used by Howl and Mann to describe helium leak rate of packages.
This equation is used to relate the measured hdkakrate to the equivalent standard

air leak rate in the flexible method of both MIL-B4883 T.M.1014.13 and MIL-STD-
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750E T.M.1071.8 [2.21, 2.22, 2.23]. Flow of difat gases through the same capillary
can be related by a simple equation as all capiflawwv mechanisms are dependent on
the characteristic dimension of the capillary ahd size of the gas particles flowing

through it. A capillary leak rate of a tracer gas therefore be converted to capillary

leak rate of another gas by Graham’s Law, giveequation 2.9 [2.55].

wherelL; is the leak rate of one gas into a packages the leak rate of another gas into
the same packag®); is the molecular weight of the first gas avid is the molecular

weight of the second gas.

Lund and Berman published a paper shortly after Hamd Mann in 1966 which
described flow through capillaries of any lengthradius ratio over a range of pressures
[2.56]. They intended their model to be a moreegahdescription of flow through
capillary leaks [2.56]. In 1975, Davy publishegaper in which he simplified the
Lund and Berman model [2.57]. Figure 2.20 shoow feak channels with various
geometries can be combined as one for the purposedelling flow and leak rates.
Part (a) and (b) of figure 2.20 show that the noosistricted sections of a leak channel
can be combined and approximated as a capillargdse of modelling. In this paper,
Davy also describes how two packages with equaliindeak rates may not necessarily
have the same leak geometries as depicted in @adf figure 2.20 [2.57]. Part (d)
shows how a crack can be modelled as an arraypifasges. Davy explains the need
for a simplified combinational leak equation toetetine the rate at which a pressurized
package loses its pressurization, the rate of petieat of water into a package and the
maximum permissible dwell time in helium leak déi@t [2.57]. He considers that the
leak rate measured under vacuum conditions mayhbesame or different to the
ambient air leak rate depending on the geometthefleak channel [2.57]. Lund and
Berman firstly described this difference by wayditinguishing between molecular
flow and diffusion of one gas through another due fpartial pressure gradient [2.56].
The mathematics of this type of flow differs frotmat of molecular flow and this is
highlighted when using the helium leak test [2.57]As the test chamber is pumped
down to a vacuum during test, the molecular led# im always measured whereas the

real leak rate may be molecular when the packageaked in a vacuum or diffusive if
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stored in ambient asas the package cavity gas flows out and ambientlgas into the

packages due to a partial pressure gra.

. Iy lo .,
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@) (b)
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(c) (d)

Figure 2.20: Leak chematics: (a) Side view of leaks of varying diam. Lengths of
constricted sections are in@ated. (b) Capillaries equivalent to leaks in . (c) End
view of two capillary leaks of equal leak rat< d,+ dp. (d) End view of crack ¢
breadth b and height d and an array of N capillarag diameter d, where N=L
[2.57]

Considering leak rates from a leak geometry poinview highlights the potentiz
limitations of the traditional leak detection meds. These limitations will b
explained further in Chapter 3 of this the

2.4.2 Permeation

Traditional packages use non porous materand hermetic sealing techniqueto
ensure a sealhich isas hermetic as possiblélowever, new polymer sealpackages
are designed to provide a low cost, low stresslawdtemperature sealing method
less environmentally sensitive devi. These porous materials have an intrinsic
rate due to the permeation of gases through the mdkage or seal maial. For this
reason neahnermetic packages are not suitable for sealing wacweavities or fo

packaging devices an inert gas.Polymers with low moisture permeation proper
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such as liquid crystal polymer, LCP, benzo-cyclteme, BCB and Parylene can
however be useful in some applications. Forififet prediction purposes it is still
essential to know the leak rate, particularly ofishoe, into these types of packages.

Graham's law is applicable when Knudsen’s flow hg tdominant gas transport

mechanism as is the case for leak rates causeshkychannels [2.55]. In such a case,
the square root of the ratio of the gas molecukaigiits will give a good approximation

of the permeation rate of one gas, knowing the pation rate of the other through the
same material. Graham's law is not applicable wargnother gas transport mechanism
is dominant such as surface diffusion, bulk diffussior molecular sieving. In such

cases, the rate of permeation of gases throughagaak materials depends on the
porosity of the permeated material, the size ofgag molecules, the weight and mean
free path of the gas, and the chemical affinityhef permeating gas with the permeated
material [2.56]. As the permeation rate of difer gases through the same material
cannot be related by Graham’s Law, traditionaldragas leak detection methods cannot

be used to determine a leak rate caused by pewneati

Permeation occurs in three steps: sorption ontorthterial surface described by the
solubility, diffusion through the bulk material tihe internal cavity caused by a
concentration gradient and desorption into the pgelcavity. Permeation can therefore
be described by equation 2.10. Desorption intoititernal cavity is very rapid in
comparison to the rate of solubility and diffusitimerefore desorption is usually
assumed to be unity and equation 2.10 is simplibeelquation 2.11 [2.57].

P=S*D* X (2.10)

P=S*D (2.11)

whereP is the permeability coefficient in ¢hat STP cm/crhs.PaSis the solubility in
cm® at STP/criiPa,D is the diffusivity is crfys andX is the rate at which fluid desorbs

from the package interior. Permeation rate upriversions are given in Appendix A.

D ac

F=-D—
0Xx

(2.12)
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2

% = D% (2.13)
Diffusion is described well by Fick’s first and s&al laws given in equations 2.12 and
2.13, whereF is the amount of substance being transported thraunit cross-section
per unit time D is the diffusion constant (diffusivityg, is the water concentration in the
material,x is the distance through the package wall towdndsiniternal cavity andis
time. However, it is unclear in the case of MEMBere the volume of the package
cavity is comparable in terms of geometrical dimems and moisture capacity to the
package walls, whether one should consider perrityatn diffusivity as the dominant
mechanism [2.57]. In his paper Tencer describeadst state diffusion using an
electrical circuit analogy. By combining equat@i4, Ohm’s Law, and equation 2.15,
equation 2.16 is produced [2.57]. Equation 2slthe permeation equation equivalent
to equation 2.15 wheles the electrical curreny, is the voltageR is the resistance, is
the conductivity A is the cross-sectional ardais the length of the conductdgesis the
mass flow,P is the permeability coefficienp is the partial pressuréy. is the cross-
sectional area of the seal with perimeter lernigthd heighh (A.=h*l) andLs is the seal

thickness.

Y
== (2.14)
— A

| =0V i (2.15)
oA

|gos = PP (2.16)

P, the permeability coefficient, is analogous to déectrical conductivity and the partial
pressurep, is analogous to the voltage and is the drivingddoehind permeation of
moisture into a package cavity [2.57]. The ratp@&imeation of water through package
materials will reduce over time as the pressurg@the package increases and partial
pressure difference decreases. For lifetime miogdelthis can be represented
mathematically although simple calculations caruseful in practical situations where
a rapid decrease in the partial pressure diffeagntience increase in cavity pressure

indicates package failure. Tencer uses a quaadtstate approximation to arrive at
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equation 2.17 which describes the time taken ferdiffusing moisture to appear in the
internal cavity after the initial partial pressuliéerential is applied. This time is called
the lag timey.

2
r:%+2|'—5 (2.17)

When the cavity volume is large and/or the thicknafsthe package wall or seal is thin
and/or the cross-sectional area is small, the tinsh of equation 2.17 is dominant and
the permeability coefficient is the most significamaterial property [2.57]. However,
for small cavity volumes and thick absorbing watlss second term of equation 2.17 is
dominant and the diffusion coefficient is most gigant [2.57].

For typical MEMS and microelectronic packages,l#tger case is generally applicable.
This means that the permeation rate into packagesbe accurately modelled using
Fick's Laws of diffusion assuming that moisturefasion is dominant, leak rates

caused by capillaries are insignificant and outiggsis minimal.

Appendix B shows the code of a simplified matlabdeloto predict the diffusion of
moisture through a BCB seal based on a model byi&gublished in his PhD thesis
[2.60]. Figures 2.21- 2.23 show graphs of watercentration in the external ambient,
throughout the package wall and in the packagaygwioduced using the matlab code
in Appendix B.  The modelled package had a cawitjyme of 1 mm a BCB seal
thickness of 50um and a cross-sectional area of 0.05%mmhe external ambient air
has a humidity level of 10,000 ppm which is equevalto a water concentration in air

of 7.934 g.r% and the package cavity has no water content ligitia
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Figure 2.21: Graph of moisture concentration in BE&aled cauvil

500um thick seal, 10,000 ppm external ambwater concentratio after 18 days

FromFigure 2.21 it takes approximately 18 days befbre package cavity reaches !
critical 5000 ppm wat. Figures 2.22 shows that when the same packagpased tc
lower external humidity conditions of 5000 ppor 3.967 g.r® the package has a

lifetime of over 100 da.
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Figure 2.22: Graph of moisture concentration in BE&al cavit

500um thick seal, 5000 ppm external ambient wiconcentratiol after 100 days

Depending on the ambient condition in which thekpge will operate, the devic
lifetime will vary. Typical humidity levels range from as low as 300nppf water in
air at the poles to 40,000 ppm in the tropics [}. Figure 2.23 shows a graph of wa
concentration in the external ambient, through phaekage seal and in the packi
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cavity. The initial and ambient conditions used for thisdeloare equal to those us
in the model which produced figure 2. This packge however has a seal thickn

of 1mm, double that of the first pack.
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Figure 2.23: Graph of moisture concentration in BE&al cavit

1000um thick seal, 10,000 ppm exter ambient water concentratit after 38 days

Figure 2.23shows thathe same package exposed to the same conditiohtalel 20
days longer (38 days in total) for the water cotiaion within the cavity to reach 50!
ppm when the polymer seal thicknes double. Vith a thicker seal, a device can h:
a longer lifetime under the same initial and ambieondition.. This model can be
modified to determine the moisture diffusion rateotigh any material provided t
diffusion coefficient of the matericis known and the package and seal geom
dimensions are knov. This model gives a good approximation of water ésgrintc
polymer sealed packages to allow designers to lestauickly whether or not
polymer seal is suitable for their particularplication. For a full understanding ¢
water ingress, the dew point of the cavity showdddken into consideration along w
consideration of variable humidity levels in thelaemt environment and how this m

impact onmoisture ingress into the page cavity.

2.4.3 Outgassing

In ultra high vacuum applications when hermetic dng has been optimized, it
essential to consider the amount of outgassing mgMmom internal device and packe

material layers. Outgassing can occur durirhigh temperature bonding proces.
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These residual gases are forced out from surfacerimlalayers by the elevated
temperature and cannot easily be reabsorbed bsnéterials at lower temperatures so
these gases contribute to an increase in cavityspre. Outgassing can also occur at
room temperature throughout the device lifetimegases are released continuously
from the bulk material or surface layers of intérn@aterials. When this type of
outgassing exists, the internal cavity pressurd sldwly increase over the device
lifetime. In the case of ultra high vacuum packaggioutgassing can be the dominant
‘leak’ source and even relatively small amount®watigassing can be detrimental to the
device performance leading to premature failufieable 2.10 shows the typical vacuum

requirements of several MEMS device types.

MEMS Device Type

Typical cavity vacuum required (am)

Accelerometer

0.3-0.7

Absolute Pressure Sensor

9.869%100.869x10

Resonator 9.869x10- 9.869x10F

Gyroscope 9.869x10- 9.869x10

RF Switch 9.869x1D— 9.869x10
Microbolometer < 9.869x1H
Optical MEMS Moisture free

Table 2.10: Cavity vacuum requirements of typic&l6 [2.62]

As outgassing is caused by release of gases froteriala it is important to know the
process steps that can result in gases being assanto the surface layers and bulk
materials used to fabricate and package MEMS. |Ngases, usually argon, are found
to outgas from metals which have been sputterehgltine MEMS fabrication process
[2.62]. For this reason it is recommended, focwan packaging application, that
metals are evaporated rather than sputtered. eTabll show the gas types found to

outgass during common level-0 wafer bonding praegss

Bonding Process Outgassing during bond
Silicon fusion bonding K H,O

Anodic bonding O,

Eutectic bonding Noble gases

Glass frit bonding CO, &,

Table 2.11: Outgassing during bonding [2.62]

Outgassing can be reduced by choosing carefullinguhe design process the best
materials and process to minimise gas absorptitm time fabrication and packaging
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materials. In order to determine the types ofegagleased from materials, Residual
Gas Analysis (RGA) is used. RGA can also be usedetermine quantitatively and
gualitatively the gas content of a package cavifiyjhe method is destructive, time-
consuming, requires expert analysis to achieve rateuresults and extremely
expensive, yet, can give valuable information almugassing that no other test method
can [2.62]. RGA can be performed in two ways: atyically, for use with metals,
glasses and ceramics when the pressure is lowaticadly when the pressure is higher

and water vapour is likely to be present [2.62].

Break-in
' Lr>q_ chamber
VlX i :

Turbo ©
Pump
Rough
Pump

RGA is performed using a set-up similar to the am®wn in figure 2.24 [2.62].

Bakeable
Area

Figure 2.24: RGA schematic [2.62]

Firstly, the vacuum system is pumped down by the turbo pumps to around 19
atm. Valve, V3, separates the vacuum systemthgosample side and the analyser
side and is closed to avoid exposing the analysairtwhile samples are loaded [2.62].
The mass spectrometer, MS, is a quadruple massr@peter to increase sensitivity
allowing partial pressures of aroundf0atm to be measured [2.62]. The Bayard-
Alpert ionisation gauge, G1, is used to calibrdie thass spectrometer for the gas
species of interest [2.62]. After a new samplekpge is loaded, the sample side
should be degassed overnight at 200 °C using staese oven indicated in figure 2.24
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by the dotted line [2.62]. Valves V1 and V2 alesed before V3 is opened to allow
the outgassing from the internal system walls tonteasured [2.62]. This value is
deducted from the final results [2.62]. The pae&kag then pierced using a needle
contained in the break-in chamber. As the volurhéhe sample and the break-in
chamber is known, an absolute pressure measurecaentbe estimated using the
spinning rotor gauge, G2 [2.62]. With V1 and V2s#d, V3 is then opened to allow
the gases released from the sample package tontigzad [2.62]. To protect the
analyser this pressure should be less thatat® [2.62]. Spectra are collected for a few
minutes and partial pressures of the gas specesempr are calculated from known
calibration factors [2.62]. Further apparatus baradded to the set-up shown in figure
2.24 to allow RGA to be conducted statisticallyréoluce the pressure released to the
analyser when materials such as plastics are athbisd water vapour is present in the
outgassing species. In this case an absolute ypeegmuge in also incorporated to

measure the total pressure evolution over time2[2.6

2.5 Conclusions

From the background information provided in thisagpter, it is clear that the leak
detection methods currently available for use art suitable for all MEMS or low
cavity volume microelectronic packages. Table 2sinmarises the test methods
available, their minimum detectable rates, the lygles they can accurately detect and

the corresponding package types for which theyappdicable.

Minimum detectable Applicable package
rate (atm.cn?.s?) Leak type detected types
Si, metal, ceramics

Fine leak test method

Helium fine leak 18* Leak channels
No glass or polymers
Si, metal, ceramics,
Radioisotope fine leak 16 Leak channels glass.

No polymers
Any material as long
as cap thickness and

Leak channels,

Optical leak detection 10 permeation (of tracer oL
flexibility is
gas) appropriate
; ; Leak channels, . .
Cumulative helium 0 14 ) Si, metal, ceramics
) Unclear 10°- 10 permeation (of tracer
leak detection gas) No glass or polymers
. .| 10" depending on MS Leak channels, .
Residual gas analysis . . . Any materials.
sensitivity permeation, outgassing

Table 2.12: Summary of existing hermeticity teshouts
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RGA is the only method that is able to detectygles of leak that may adversely affect
MEMS and microelectronic packages. RGA is destvactexpensive and is not
applicable to end-of-line testing desired by industTable 2.12 shows that no other
method is capable of measuring outgassing or peioneather than that of a specific
tracer gas. As previously discussed in sectior22ldak rates caused by permeation of
one gas cannot be simply mathematically relateatidabof another gas as is the case for
molecular leaks. The optical leak detection anchdative helium leak detection
methods are therefore limited to measuring perroeatites of the test specific tracer
gas only. Another leak detection method is regquiee measure permeation leaks and
outgassing. This limitation is reflected in thepbgable package types of each test
method with most unable to detect leak rates oymel packages. Due to the small
molecular diameter of helium, no method that usdsim as a tracer gas can be used to

determine molecular leak rates of glass packages.

Table 2.12 also shows the minimum detectable latk of each fine leak test method.
Figure 2.8 showed that the maximum permissible ragdk of a typical MEMS package
is of the order 16° atm.cni.s®, only RGA can detect such low leak rates. Nest te
methods capable of measuring leak rates down t&° &m.cmi.s® are therefore

required for MEMS applications.

Some limitations of the traditional leak detectimethods available when applied to
MEMS and low cavity volume microelectronic packadieesre been suggested in this
chapter.  Further details of these limitations ax@lained in Chapter 3 to clearly

identify the rationale for the development of nesvrheticity test methods.
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Chapter 3

Limitations of the hermeticity test method and indwstry standards

Chapters 1 and 2 have detailed various limitatiofstraditional hermeticity test
methods for microelectronics and MEMS packages \ath cavity volume. These
limitations are explained and quantified in thisapter. Each fine leak and
combinational leak test method is examined. Theimum detectable leak rate of the
gross leak test methods is considered to be artub@* atm.cni.s* and so each fine
leak test requires a maximum detectable leak ratehnexceeds this in order to avoid a
gap in the range of leak rate that can be detectamnbinational testing, a single test
method that detects both fine and gross leaksyrisidered advantageous in industry as
test time is reduced and most methods are nonudésg meaning that 100%

hermeticity screening is possible.

The theory in this chapter is essential to deteentie precise limitations of the helium
leak test when applied to low cavity volume paclaged vacuum packaged MEMS.
The Howl-Mann equation is used to derive a novedression which can be used to
determine the minimum cavity volume package whigh be successfully helium leak
tested in conjunction with an appropriate grosg. t€his expression is particularly
useful since it allows users to determine the nwagtropriate test parameters for
packages with volumes that approach the minimuncalt also be used to prove
whether or not the helium leak test is an approgpritne leak test method for a
particular package. For vacuum packaged MEMS, amwession is derived from the
Howl-Mann equation which can be used to determied@west equivalent air leak rate
that can be measured using the helium leak testaddor a particular package. This
expression allows users to exploit test parameteensure the minimum possible leak
rate is measurable, which is of particular impozcgato vacuum packaged devices.

3.1 Limitations of the helium fine leak test method

The limitations of the helium fine leak test usadcbnjunction with the gross bubble

test can be explained and quantified by examirtiegHowl-Mann equation, reproduced
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in equation 3.1 [3.1]. This equation yields theasweed helium leak rat®, as a
function of the true leak rate, B, is the bomb timeP, is the atmospheric pressulé,

is the molecular weight of aiMye is the molecular weight of heliuny, is the bomb
time, V is volume andy is the dwell time. The definitions of these tintesve been
given in Chapter 2 although for clarity the meadunelium leak rate, R, is the rate at
which helium, which has previously been pressurisgal the package, leaks out of the
package under test conditions. The true leak rkse weferred to as the equivalent
standard leak raté, is the rate at which air would leak into a packagth a measured

helium leak rate equal tR, under standard conditions of temperature andspres

(a) (c)
1 1
IV T 9 B B
Rz—b( Aj 1-exp V™ exp P (3.1)
R (Mg
L |
(b)

The Howl-Mann equation can be explained in simplens by considering the equation
in three parts as shown in equation 3.1. Part ¢averts the true air leak rate or
equivalent air leak rate to a helium leak rate gitemb pressurd,. Part (b) gives the
amount of helium leaking into the package duringhbdime,tb, given the true air leak
rate,L, converted to a helium leak rate using the rationolecular weights. Part (c)
gives the amount of helium leaking out of the pagekduring the dwell timdg, given
the true air leak ratd,, converted to a helium leak rate using the rationiolecular
weights. Overall the Howl-Mann equation is useddavert a known air leak rate to a
helium leak rate at a known bomb pressig taking into consideration the amount of
helium leaking into the package during the bombetityy and the amount of helium
which leaks out of the package during the dwelletitp The true air leak rate of the
package,l, appears in each of the three parts of the HowtlMaquation with the
measured helium leak rate as the subject makingetlagrangement of the equation to
obtainL as the subject complex. For this reason it is compractise to set the reject
true air leak rate or equivalent standards air ke for a specific package, insert this
along with the test parameters into the Howl-Magoation and obtain a reject helium
leak rate R. However, for the purposes of determining the thnaif the helium leak test
method it is essential to consider the Howl-Mannwo parts; helium leaking into the

package during the bomb time and helium leakingdowming the dwell time.
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3.1.1 VolumeLimitations

Figure 3.1 shows variations of the measured letgkas a function of the true leak rate
for cavity volumes ranging from Tocm® to 10 cmi. For these plots, the normal
conditions of use ar®,=5 atm,t,=6 hours,t;=10 minutes andP,=1 atm. For each
measured leak rate there are two possible truerédak defined here agpberand Lower.

The minimum true leak rate detectable using a ghagsble test is indicated by a
vertical line in figure 3.1.
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Figure 3.1: Measured helium leak rate given asrection of the true helium leak rate
for different cavity volumes. The maximum sensitof most helium leak detectors,
10* atm.cmi.s* is given as a horizontal line in the figure. @sexample, bwer and

Lupperh@ve been indicated in the case of a cavity afmel of 0.1 crh

The purpose of the gross leak test is to rule-owtomfirm the relevance of the upper
true leak rate, lpper During the fluorocarbon gross leak test, theealse or presence
of bubbles escaping from the test sample indicatksether or not a gross leak is
present. If no bubbles are observed, the measea&date is reflecting the lower value
of the true leak rate, dwer; if bubbles are detected, a gross leak is preaedtthe

measured leak rate is reflecting the upper valua@true leak rate, bpe: In the latter
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case, the helium present inside the package aftabimg escapes through a gross leak
channel very quickly during the dwell time so whba package is tested, either a very
low helium leak rate is measured or the leak rateegligible. As the volume of the
cavity is reduced, the upper leak rate drops belmvminimum detectable leak rate of
the gross test invalidating the traditional testthmds. There is no possibility in this
case to know whether the measured leak has besedéy the lower true leak rate or
upper true leak rate and so the helium leak tefttadein combination with a gross leak

test method is invalid.

In order to determine the limits of validity of tirelium leak test method, it would be
advantageous to derive analytically the upper lwhithe true leak rate at the detection
limit of the leak detector which is typically 10atm.cni.s* helium. As Lyperdecreases
with cavity volume, it would be desirable to attdrtgpraise this limit by optimising the
test variables using an analytical expression fggek If Lppercan be increased beyond
the minimum detectable leak rate of the gross tbst,helium fine leak test method
could still be validated for a defined minimum dgwolume. In the region where
Lupper lies, the true leak rate is large and for smallitgavolumes the value within the

brackets in equation 3.1 tends to unity such that:

MA 1/2
L (M 12 _Ltd[MHe]
Rz—b(MAj exp ® (3.2)

He

Equation 3.2 can be re-arranged to be of the forfty)=ye’ as shown in equation 3.3.

1/2
2=Rb L[ M, exp 7 (3.3)
VR VR M,
with
y=Ltle [Ma (3.4)
VRV My,

The inverse function df, allows the determination gfor L as a function oR. This

can be achieved using the Lambert-W function [3.R}sing this function,
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L =M (3.5)

Wherez = (Rt/VP,), in the equation above, is the argument of the Lat-W function.
For sufficiently smallz, the following asymptotic formula can be used tbein an

approximation foW(z [3.2].

-k-m-1

W(2) =Inz—|n|nz+iickm(lnln z)™(In2) (3.6)

k=0m=0

Figure 3.2 shows a comparison of thypper VErsus cavity volume calculated usi

equation 3.7 and that derived from equation
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Figure 3.2: Lypperas a function ocavity volume R=1x18° atm.cn’.s*, P,=5 atm, t= 1

hour, § = 10 minutes

For all practical purposes and under normal teetlitions, the first two terms of th
approximation are sufficient and provides a goodroddit of valueabove 0.99 between
the closed form expression oypper given by equation 3,7and its numerical derivatic
using equation 3.1 This approximation shows that}.e-can be strongly influenced t

the volume of the cavi, V, and the dwell timegtsuch that:
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Lypper = —[Inz—lnln z]\/PO (3.7)

M 1/2
M He

From equation 3.5, for any cavity volume, the haghealue of Lpperis given for the

lowest practical value of the dwell time. Althougire argument of the Lambert-W
function contains the dwell time and bomb pressitinig, function depends only weakly
on these variables and is dominated by the limithef measured leak rate, and the
cavity volume. It can therefore be surmised, asvshim figure 3.3, that the upper limit
is inversely proportional to the dwell time. Praatly, the dwell time cannot be reduced
indefinitely. A minimum dwell time of around 3 mitas is recommended for practical

purposes [3.3].
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Figure 3.3: Lypperas a function of the dwell time for R=1x10atm.cni.s*, P,=5 atm,
t,= 6 hours, V = 1x1dcn?

Figure 3.4 shows the relationship between the gaxtume and upper true leak rate
measurable using the helium leak test for a dvirek tof 3 minutes, the practical limit,
and 1 hour, as specified by the standards whenptladlr variables are kept constant.
From this figure, the helium leak test can be wsatlirately in conjunction with a gross
leak test that can measure leak rates above latif.cri.s* for packages with internal
cavity volumes of 2.6xI®cm’® or greater when the dwell time is kept to the picat

minimum of three minutes.
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For industrial applications, batches of packagesuaually checked for hermetic. In
such cases, it may be necessary to allow a dwed tonger than 3 minutes in order
bomb and test as mg packages as possible in a single tesibut it is still essential t
ensure enoughelium remainsinside the cavity to achieve an accurate measurt.
For a dwell time of one hour, packages 1 internal cavity volumes of 0.0 cnt or

greater can beested accuratel

Gross leak range T t,= 3 mins
= 1 hour
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Figure 3.4: Lypperas a function of volume for R=:10"" atm.cm.s*, P,=5 atm, t= 6

hours.

3.1.2 Minimum detectable leak rate

The lowest measurable leak rate of most helium léatectors is dictated by tl
sensitivity of the masspectrometer used.The lowest true leak rateower, hOwever
depends on the bomb pressure, bomb time and sarapky volume. The analytical
dependence of these variables ¢ower can be obtained by reducing the H-Mann
equation such that:

)"

MHe

1/2
R:_(I\I\/I/IAJ 1-exp P (3.8)

He

In the region of interest, the exponential ternthi@ bracket.can be approximated usi
a Machurin expansion and the equatior-arranged to give jower In terms of the

measured leak rate
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V(M 1/2
Lo =P, _(_j (3.9

A reduction in the volume of the cavity decreades true minimum leak rate. The
same trend is observed if the bomb time or the bprabsure is increased. Practically,
the bomb pressure and time cannot be increasetinitely. As the bomb pressure is
increased, the likelihood of the sample packageeeapcing a ‘one-way leak’ is
increased. A ‘one-way leak’ occurs when the b@grdssure induces a leak channel
that under normal operating conditions would nopbesent. The helium then enters
the package during the bombing process and up@aselthe induced leak channel
closes, trapping the helium inside the package.nceSithe helium test relies on
measuring the helium leaking out of the cavity mfb®embing, it is impossible to
determine when a one-way leak has occurred usiagrtathod. It has become common
practise to keep the bomb pressure between 3 andtrip 5.103 atm (75 psi) is
recommended in the military standards.

The bomb time can be increased depending on the dwailable for test. Figure 3.5
shows the dependence qfler 0N the bomb time for a measurable minimum leak rat
of 10** atm.cni.s*, a minimum cavity volume of 2.6xE&nm® and bombing pressure of
5.103 atm. Increasing bomb time above 12 houssahainimal effect in reducing the
minimum true leak rate. Using these test parametétsthe minimum cavity volume
defined in the previous section as 2.6%1m.cmi.s?, the minimum detectable leak
rate of the helium leak test method is 1.28%1a8tm.cni.s. This minimum leak rate
guarantees that the ambient environment of a 0.1 wemity package sealed in
9.87x10° atm is kept within 10% of its initial pressure fiess than 4 minutes. Leak
rates of the order 1§ atm.cni.s* are required for low volume, vacuum packaging of
typical MEMS. The fine leak test is therefore clganadequate for the measurement of

the hermeticity of devices with low cavity volumes.
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3.1.3 Limitations of the packaging material

As most packages are stored in an ambient air @mvient, air leak rates are normally
used to compare the hermeticity properties of pgicka materials and bonding

techniques. A true helium leak rate is convettea true air leak rate by Graham'’s
Law using the molecular weights of aM,, and heliumMye, as shown in equation

3.10. This expression is incorporated into thevHdann equation to give a helium

reject leak rateR, for the test parameters used and the true dirrig@,L, which the

package under test must not exceed according tmititary standards.

M e

LAir = I-He M
Air

(3.10)

To achieve a value for the air leak rate from aunelleak rate, an average value of the
atomic weight of air, 28.7g, is used. This giaesaccurate value when the leak rate is

caused by a leak channel present in the packademssal.
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In the MEMS manufacturing industry, glass is oftesed as a package material to allow
optical access to the device. Other packaging maéem particular polymer seals, are
increasingly being used to replace traditional thetpackages. These materials offer
advantages such as lower bonding temperatures @sdupes which allow sensitive
structures to be submitted to less thermo-mechbsiiess during packaging. As some
of these materials are porous and therefore nohéter, the package has an intrinsic
leak rate caused by diffusion through the packaglsveven in the absence of leak
channels. For some MEMS applications hermeticitjas essential and the benefits
these materials bring to the manufacturing procegweigh the problems associated
with contamination. However, it is still necessty know the leak rate of the packages

to assist in the lifetime predictions of the device

As explained in Chapter 2, during the bombing psscef the helium leak test, helium
will permeate slowly through the package matem#b ithe cavity. This permeation is
achieved by sorption onto the surface, then diffiashrough the bulk material followed

by desorption into the cavity [3.4]. When the pagkas transferred to the mass
spectrometer and the chamber is evacuated, theseepeocess occurs. Over time the
helium that permeated into the cavity during borghinll permeate out and be detected
by the mass spectrometer. The mathematical descispof a permeation leak and a
leak caused by fluid travelling through a leak aelrare very different as explained in
section 2.4.2. The traditional helium leak testnmndifferentiate between helium

coming through a leak channel and desorbed helrom & package material surface.
Moreover, the Howl-Mann equation is applicable ornty molecular leaks [3.1].

Therefore, should the measured leak rate be cdyspdrmeation, the conversion from

a measured leak rate to a true leak rate usingod-Mann equation is incorrect.

For package materials such as glass and polymieestracer gas may not have
permeated through the bulk materials into the pgekzavity at all, yet a leak rate is
measured due only to helium which has sorbed inéosurface of the materials. To
prove this limitation, the following experiment wesnducted. Firstly we must consider
that a certain amount of time will pass betweendiell time ending, i.e. the sample
being placed in the mass spectrometer and thecheshber being evacuated before a
reliable measured leak rate can be read. Thiswasedefined by Goswami et al. e
zero time[3.5]. The zero signal defined by Goswami etshbws the amount of time

required to evacuate the test chamber and achisteady minimum leak rate when the
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test chamber is empty [3.5]. Figure 3.6 showsaplyiof measured leak rate over time.
The zero signal of the experimental set-up is greed by the solid black line. To test
the amount of helium sorbed into package mateted&ing out during hermeticity
measurement, two test samples were fabricated0.210.1x1.2 mm borosilicate glass
chip, and a 6.2 mm diameter, i,n thick BCB ring on silicon were made with no
cavities present so only bulk material was testédese samples were bombed
separately in helium at 4 atm for 4 hours and feansd to the helium leak detector.
Figure 3.6 shows that the helium leaking out ofdleess chip and BCB ring are orders
of magnitude higher than the minimum leak ratehefdet-up after 28 seconds when the
zero signal was stabilised. When conducting thauheleak test, the first reading given
by the leak detector after initialisation, zeronsibstabilisation, is taken as the measured
leak rate. The measured leak rate of the glagsaid BCB ring are therefore, 8x10
atm.cni.s® and 9x10 atm.cni.s®, respectively, although neither sample contains a
cavity into which helium could have leaked. Anylilna sorption into silicon is
insignificant when the zero signal method is ampl[8.5], therefore the measured
helium leak rate of the second sample is due tptigor of helium into the BCB ring

and not the silicon substrate.

This experiment shows that helium is leaking outhsd glass and polymer material.
Erroneous leak rates will therefore be measuredtasdgossible that suitably hermetic
packages are rejected. The military standardsindigate that a wait time is necessary
if permeable materials are present in the sampikguang or device. This wait time is
additional to the dwell time necessary to tester€fore the minimum cavity volume of
package for which the full leak range is coveredhsytraditional helium fine leak test
used in conjunction with a gross leak test, iseased. As industry moves towards
lower cavity volumes and new packaging materidiss tssue becomes increasingly
problematic and impacts on common package typeshwhiie manufactured in high
volumes. The need for new hermeticity test metheidisoecome more apparent when

this limitation is realised and understood.
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Figure 3.6: Leak rate over time showing zero sigaad significant helium leaking from

glass chip and BCB ring

For these reasons, it is not possible to achiegarate leak rates of permeable packages
using the traditional helium leak test. To meadaak rates caused by leak channels in
permeable packaging materials, tracer gases whictotipermeate through the material
must be used. In the case of glass, nitrogen camsbéd as a replacement for helium.
For polymer materials, another type of test mustooed as most gases will permeate
through polymers at different rates depending enpibrosity of the permeated material,
the size of the gas molecules, the weight and niess path of the gas, and the
chemical affinity of the gas with the permeated emat. In-situ test structures could
provide a solution to the testing issues associattfdpermeable packaging. However,
if the package concerned is not hermetic and pedrameaates are dominant, the
determination of the permeation constants for @lpgases through packaging materials
could allow package leak rates to be modelled sstahy.

3.2 Limitations of the radioisotope fine leak test

The radioisotope leak test has been available $erin industry since its first use in
1959 [3.6]. The test method has not been as wigedgpted by industry as the helium

fine leak test. The main reasons which have beepgsed for this are the capital cost
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and the safety consideration of using radioisotivpeers. The initial cost of the test
equipment and the cost to set it up according ¢orégulations for hermeticity testing
are very large [3.6]. This test however is repoti@cbe more accurate and less time
consuming than the helium leak test. Many more pgek can be tested using this
method than the helium leak detection method as tbét is done in atmospheric

conditions reducing thereby the overall test cestgackage [3.7].

3.2.1 Radioisotope usage, disposal and licensing

A documented drawback of the radioisotope fine kesk is associated with the use of a
radioactive tracer gas [3.3]. However, Krypton-8&calys by low energy beta and
gamma ray emission, both of which are comparatiealie forms of emission [3.6].
The quantities of Krypton-85 required for the tast also so low that the operator is
exposed to only a fraction of the US government imar exposure limits.
Nevertheless, industrial users of the radioisotiope leak test must have a license and
operators must be fully trained in handling radiages. The user must also ensure safe
disposal of Kr-85 according to the U.S. Nuclear iRatpry Commission guidelines or
UK and EU guidelines and licensing. In the UK, thational Radiological Protection
Board (NRPB) advises the government on radiatidatgaand controls are enforced

through Acts of Parliament, regulations and licence

Another possible limitation is the potential forldiaes caused by tracer gas interference
with small device geometries [3.3] and beta radrainduced soft errors [3.7]. These
failures have been disputed by supporters of thienmethod who state that only devices
whose packages failed the radioisotope fine leak iere ever adversely affected by

the radioisotope tracer gas.

3.2.2 Volumelimitations

This method has been used successfully in inddstrhigh volume applications as
detection is easier over a longer period of timentwith helium. However, the gas used
in the radioisotope fine leak test escapes fromoagyleak before it can be measured as
in the helium test. For this reason a gross leak teust also be conducted. A
radioisotope gross leak test using pressuriseddliionstead of gas is also described in

the military standards [3.8]. As with the heliunaketest there will be a limit on the
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cavity volume although lower volume packages catebted as the test is conducted in
atmospheric conditions. No significant surface apison of Kr-85 is observed in tests
involving ceramic packages. A wait time is therefoiot necessary to allow tracer gas
to desorb from the package material and the tintevden release from tracer gas
pressurisation chamber and measurement can beegkduthe reduction of this wait
time means that lower cavity volume packages catested. Unfortunately this is not
the case for all packaging and fabrication materi§lome groups are working on the
method to ensure that the tracer gas stays inbeleo@ckage to allow gross and fine
leaks to be measured. One method uses coconubahas a getter material to hold the
tracer gas inside the package for a longer tim@].[8lethods like this can be useful to
characterise package types but these methods dredew for 100% end-of-line
screening because of the added material which beusticorporated in the package and

the length of time required to detect a low leak.ra
3.2.3 Minimum detectable leak rate

The minimum detectable leak rate of the radioisetisak test is 1¢ atm.cni.s* [3.6,
3.7, 3.10] due to the counting efficiency of thagedéion equipment used. This is
slightly less than the minimum detectable leak ddtéhe helium leak test as shown in
section 3.1.2 but not sufficiently low for MEMS.

3.3 Limitations of the optical leak test method

The optical leak test method requires calibratioremsure that the deflection of each
cap with different material properties and dimensias known before testing. This
method can be complex and time consuming althougfierwevel testing on hundreds
of samples at once can be conducted after calibrati the fine and gross leak test. The
method is also capable of distinguishing betwedsak rate caused by flow through a
leak channel and a permeation leak and could therdfe used to measure permeation
leaks into polymer sealed packages. In theoryséduwithout a tracer gas, this method
could detect outgassing throughout device lifettoe although in practise the method
is not sensitive enough to measure the typically jaressure increase caused by

outgassing.
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3.3.1 Minimum detectable leak rate

Generally, the method is able to detect leak rdten to 10 atm.cni.s* and so the
method should not be regarded as a viable replateimethe helium fine leak test for
packages with small cavity volume held at high wvawy3.10, 3.11]. The sensitivity of
this test depends not only on the lid materiafrs#ds, thickness and test duration but
also on the sensitivity of the optical interferoereused. Making the lid material
thinner, generally makes the test method more temsand allows for a lower
minimum detectable leak rate to be measured batd#ps are not ideal for mechanical
protection purposes and so the package would mequuirther packaging levels.
Although further packaging need not be hermetianitst be optically transparent if

optical leak detection is to be used to monitontedicity at later stages.

3.3.2 Package cap materials and dimensions

The optical fine/gross leak test relies on the pgekid being flexible enough to deflect
according to pressure difference between the insidkthe outside of the package. It
is therefore possible to make a package with &énicap material with a larger surface
area to allow deflection and increase sensitivityis increase of sensitivity is however
to be traded off against the increase in the sizeeopackage needed to allow adequate

deflection.

Every package which has to be hermetically testgdguthe optical leak detection
method must be calibrated before use. Differeptroaterials or thickness of material
will change the amount which the cap will defleaedo pressure change. Different cap
surface areas and geometries will also influeneeptiessure deflection properties of a
cap. Packages with different cavity volumes withiaias ambient cavity pressures must
also be considered before leak rates are calcul&®dexample, the cap of a large
cavity volume package will deflect by the same amtas that of a low cavity volume
package if the cap material and geometry are theesand the pressure inside the
cavities is equal. However, the leak rate of thekpges will be different due to the
different cavity volumes. For this reason the ceflettion technique can detect lower
leak rates when the package has a lower cavitywe|yparticularly when the cavity is

shallow and the cap area is large. For this redasenoptical leak test may be more

75



applicable to CMOS fabricated packages than typaMS packages which tend to be

more three dimensional.

34 Limitations of the cumulative helium leak deteton method

Another variation of the helium leak test, the clative helium leak detection (CHLD),
is described in the military standards. This teghairequires the device to be either
packaged in a helium environment or bombed withttheer gas. The presence of a
cryo-pump in the CHLD test permits the measuremoéihe helium leaking out during
the initialisation step, when the package is plarethe detector chamber which is
being pumped down to around 1%18tm. It is therefore reportedly possible to measur
gross leaks using the CHLD method. Unlike the tradal method, the leak rate is
determined from the slope of the helium count whgla function of time. For this
reason it is actually possible to measure the tatk of the package even if the tracer
gas has leaked out and the internal pressure gbabkage is in equilibrium with the
ambient environment [3.12]. The 5 ppm of heliumserd in ambient air is apparently
enough to allow the detection of a gross leak. Maximum detectable leak rate is
therefore reported to be up to 1 atm’&h[3.12]. No matter how low the volume of the
cavity is, one should always be able to detectptiesence of a gross leak in a vacuum
or inert gas filled package using the CHLD methdthoaigh this will not be a

guantitative measurement.

3.4.1 Limitationsdue to the package material

Helium is used as the tracer gas of choice in CHltbough the mass spectrometer can
be tuned to another tracer gas. If helium is ugedblems will arise with surface
sorption in glass, some ceramics and polymers. Meweas the helium count is
measured over time, it is possible to distinguisiween a capillary leak and a leak
caused by surface sorption or permeation. Ircédse of a capillary leak the measured
signal is linear. A large offset will be seertle case of a gross leaker. A leak caused
by permeation or surface sorption can be identifigén exponential looking curve; the
manufacturers of the cumulative helium leak deteotber to these leaks as ‘virtual
leaks’. The various types of signal typical of GEILD method are shown in figure

3.7.
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Figure 3.7: Helium signal versus time for molecutapillary leaks, gross leaks and
virtual leak [3.12]

Although this method is able to distinguish betwéegks caused by permeation and
leak channels, it is not possible to quantify teenpeation leak as this will be dependent
on tracer gas interaction with the permeable neterThis cannot be easily

mathematically converted to the permeation ratetbér gases as is the case for leak

rates through capillaries.
3.4.2 Minimum detectable leak rate

This method can detect leak rates as low as %afin.cni.s* according to MIL-STD-
883H T.M. 1014.13, 3xI atm.cn.s* according to MIL-STD-750E T.M. 1071.8 and
4x10* atm.cmi.s® according to the manufacturers [3.8, 3.12, 3.¥dthough the
minimum detectable leak rate of this method isauour orders of magnitude greater
than the traditional helium leak method, it islstibt stringent enough for many low
volume vacuum package applications. The measureofetite minimum leak rate is
also unclear as such low calibrated leaks are ovoieercially available. Some further
independent testing and qualification of this mdtimmuld be beneficial to understand

more fully the advantages and limitations of tleist tmethod.
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3.5 Resdual gasanalysis

Residual gas analysis, RGA, is capable of measleaigrate down to It atm.cni.s*
although this method is extremely expensive andraletsre. RGA is very powerful
although it requires thorough knowledge and undedihg of leak types and material
properties to achieve accurate analysis and resullse to this, the lack of equipment
availability in Europe, the time taken and energguired to pump the system down
before test, this leak detection method is veryeaspve. For these reasons, RGA tends
only to be used as a failure analysis or reseanchdegvelopment tool with regards to

hermeticity testing and cannot be considered androf-line test method.

3.6  Summary of the limitations of the existing herraticity test methods

The most commonly used hermeticity test method,hitleim fine leak test, has been
examined theoretically to establish the absolumgtdi of the test method. The practical
considerations of the test have been taken intsideration in this theoretical approach
to achieve the most realistic limitations. Literatudetailing the advantages and
disadvantages of the other hermeticity test metlaadslable in the military standards
has been considered to establish the applicabilithese methods to low cavity volume
microelectronics and MEMS packages. A summary @& limitations of currently

available hermeticity test methods is given indaRll.
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3.7

Table 3.1: Traditional test method limitations

By surveying the different leak test methods avdéddor use in industry and academia
it is clear that these test methods are not alvgaytsible for application to low cavity
volume microelectronics and MEMS packages. Thetjalities of the methods lead to
further limitations which mean some package typmsnot be accurately hermetically
tested according to the military standards.
highlights the package types for which traditiohedk detection techniques do not

apply. This section aims to show that furthet testhods are required by industry and

academia by means of a literature review.

A market survey was also conducted to assess whetheot industry are currently

developing packages which traditional hermeticigptt methods cannot accurately
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assess and if this is a future concern. This ataslrvey was conducted to determine
the feasibility of the project from the perspectofehe sponsoring company, MCS Ltd.
Before the project was accepted, the company reduw know whether hermeticity
testing was important to industry, if the curresgttlimitations were well-known and if
manufacturers were willing to sub-contract the redraity testing work. The
hermeticity testing market survey is available ippandix C and the results of this

survey are summarised in section 3.7.2.
3.7.1 Literaturereview

The limitations of the existing hermeticity test timeds have been well documented in
the literature. Sinnadurai shows, for example, thatminimum detectable leak rate of
the traditional helium leak test is not low enoughensure less than 5000 ppm ingress
of moisture into a typical package [3.14]. Otheseach groups aiming to find
packaging solutions for newly developed sensitigeicks requiring ultra high vacuum
cavities have also documented the inadequacy adh#able hermeticity test methods
in terms of minimum detectable leak rate for thegaplications [3.15, 3.16]. Some
researchers reporting new detection methods haeehaghlighted the need for a lower
detection limit [3.17]. Moraja and Amiotti explaihis limitation by showing that a
typical package with a leak rate equal to the mumimdetection limit of traditional
hermeticity test methods has a short lifetime. Tgaper explains how getters can be
used to solve this problem [3.18]. Several papeasehhighlighted the minimum
detectable leak rate limitation of the traditiotedk test methods and have shown the
requirement for leak rates of the order of"300*° atm.cni.s* for many applications
[3.10, 3.14, 3.15, 3.16, 3.17, 3.19, 3.20]. ldustry the traditional tests are conducted
on packages with volumes below the minimum statedeiction 3.1.1 as the military
standards state that they can be used on packaijesvelumes below 0.01lct
Unfortunately, many manufacturers are requiredHgy énd users of their products to
meet military standards so these tests are follohladlly to meet specification. As
seen earlier in this chapter, the limitations & tbst methods and the conditions set-out
by the military standards mean that many packagksalgely pass the traditional leak

tests.

Before the addition of the optical leak detectioetinod to the military standards, many

researchers explained the requirements of industriind a test method capable of
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covering the full leak range [3.11, 3.21]. As expéal in section 3.1.1, a volume
limitation is apparent due to a gap in the detdetddak range of the fine and gross leak
test methods. Jourdain et al. and De Wolf et ghlaemed the use of the through hole
helium leak detection method to eliminate this ¢&;8, 3.21]. This test method is
useful for package prototyping but is destructinel ¢he minimum detectable leak rate
is not as low as that of the traditional heliunki¢ast. Nese et al. and Veyrié et al. also
present Fourier transform infra-red spectroscoyRE using a tracer gas as a method
which covers the gap in the detectable range [33223]. More details of this test
method can be found in Chapter 4 of this thes#l authors highlight in their papers
the requirement in industry for a new hermeticagttmethod capable of detecting the

full leak range of low cavity volume packages.

There are many papers in literature describing ube of the traditional leak test
methods to characterise the hermeticity of new agiclg materials. As discussed in
section 3.1.3, any porous materials cannot be atalyrtested using these methods
although, often due to a lack in alternatives, aedeers are forced to use the tests.
Many have adopted the through-hole helium leakdssin alternative since at least this
test method only detects helium which has passedgh the package seal or walls into
the cavity and not helium which has been absorbtm package wall materials [3.19,
3.24]. This test method however is not ideal fas fiurpose and other researchers have
proposed the use of FTIR and evaluation by gasusidgh to solve this testing issue
[3.23, 3.25]. The concern in industry is that t@gtihese packages to military standards
using traditional methods will produce false negatiesults whereby packages which

are in fact hermetic enough for the applicationrajected.

As with all test methods, it is understood thatustdy requires a quick, inexpensive,
non-destructive, 100% hermeticity screening metthead is able to cover the full leak
range down to and below that required for the rstigtgent applications. The test must
also be repeatable, reliable, applicable to a rarigeackaging materials and simple to

conduct.

3.7.2 Market survey results

These requirements are by no means easy to meethesore this project was

undertaken it was necessary to conduct a markeeguo establish which test criteria
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were most important to industrizngineering Doctorate students are required to work
closely with industrial sponsors and the work cartdd should be industrially relevant.
To ensure this project followed this fundamentatigline, the market survey described
here was necessary. The results are discussedsithésis to highlight the importance
of the subject matter in the MEMS community in tH& and Europe. The main
purpose of this market survey was to establish hamufacturers of MEMS and small
cavity microelectronic products test the hermetiait their packages. We also wanted
to find out if they were aware of the traditionakt methods limitations and if they
manufactured products that are affected by thesgalions. It was also important to
know whether or not these companies would congiderg an external contractor to
test their products. From the response of the matk&ey participants, MCS Ltd could
gauge the size of potential market for hermetit@sting of low cavity volume packages

allowing a sound business decision regarding whetheot the project was viable.

The market survey, which can be found in Appendixv@s produced in October 2007
and the results were compiled five months latetMiarch 2008. Using MISEC'’s

updated small and medium enterprise (SME) contati21 relevant companies were
successfully emailed regarding the hermeticityingsimarket survey. After follow up

calls, three completed surveys (Qinetig, GE Aviatamd Raytheon) were received and
two telephone surveys were conducted. Amphotonid &8T use a packaging

contractor (Optocap) or their customers test tlwim packages. Optocap were
contacted on several occasions but a complete@guvas never received. The market
survey therefore had a 16% response rate whichedscthe average 10% expected.
Interest in the survey and project were also exgaedy two companies who were not
manufacturing packages at the time the survey waslucted but intended to in the

near future (Semefab and Wolfson Microelectronics).

A small description and a link to the market surwegre published in the January
edition of the Patent DFIMM Newsletter and corresgemce from Fraunhofer ISIT was
received. They have developed the Neon-Ultra FireakLtest for wafer level
hermeticity testing measuring leaks as small as0t%atm.cni.s®. This test method
involves measuring the Q-factor of devices befard after neon gas bombing and is
therefore applicable only to resonating devicesis Tiest method will be further
discussed in Chapter 5. Fraunhofer ISIT expresséstest in the project. Another

survey questionnaire was returned from Selmic,riBh company who specialise in
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manufacturing microelectronics and micromodulesheyl use advanced packaging

technigues and were keen to understand the limhitelaum testing for small package

volumes. Interest was also expressed by GE Indus®ensing who are involved in

advanced measurements and sensor-based technology.

The results from the survey are shown in table 3.2:

Survey guestion

Answers

Do you manufacture products with or wo

with cavity volumes less than 10f™m

rlonly GE Aviation and Selmic currently work wi

package cavity volumes less than 10irmt the others

10147

BS9400 Met 1.2.6.14.1 if the tests were contract

Frauhofer ISIT use Neon and Q-factor monitoring.

What pressure and dwell time do you us

eBE Aviation: Pressure = 2bar, Dwell = 1 hour
Raytheon: Pressure = 30psig (seam seal) and 45psig
(epoxy seal), Dwell = 2-4 hours (seam seal) ands5 h
20min (epoxy seal)

Qinetiq: Unsure as fine leak testing conducted&t G
Aviation

Fraunhofer ISIT (Neon): Pressure = 3bar, Dwell ar§2

Selmic: No values given

Are you aware of the helium leak test's
limitations with respect to cavities of

volumes less than 10mPn

Qinetig, Fraunhofer ISIT and GE Aviation were awafe

the problems but Raytheon and Selmic were not.

Would you like to receive more

information about the limitations?

All companies would apart from Fraunhofer ISIT.
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anticipate working with volumes this small in the
foreseeable future.

Do you test the products in-house? GE Aviation test 50% and Fraunhofer ISIT and Ragthe
test 100% of their products in-house. QinetiQ 3%
of their products but some are tested in housegubia Q-
factor techniques and the others are fine lealkedest GE
Aviation. Selmic do all their testing in-house guetform
hermeticity tests on 2% of their packages.

Would you be interested in knowing the | All companied were interested in knowing the leaterof

leak rate of the packages? devices.

Is the minimum detectable leak rate of th@nly Qinetiq could say their test measures below08%

order of 6x10®%atm.cn.s*? atm.cni.s®.

Do you use the Helium Fine Leak Test? | All companies who use the helium leak test andbfolthe

Do you follow MIL-STD-883 MethodMIL-STD-883 Method 1014 with Raytheon also using



Survey question Answers

Would you be interested in a method All companies are interested.
applicable to MEMS, optoelectronics and

advanced microelectronics?

Would you be interested in further All companies would like further information.
information regarding failure analysis and
reliability of MEMS?

What industry publications do you read?| MNT News, Advanced Packaging, Surface Mount

Technology, Solid State Technology
Microelectronics, Semiconductor, Electronics, Coomub
Semiconductor, NPL newsletter, CALCE newsletter,
IEEE Journals

What trade shows do you attend? Productronica, Laser, Hannover Messe, Sensor, SMT

Hybrid, Electronica

Table 3.2: Market survey results

From the above collation of results it was conctutleat low cavity volume packages
are currently being manufactured and industry ptedhat cavity volumes are likely to
drop further in the near future. Leak detectioressential in industry with 80% of
participants using the helium fine leak test toaththe hermeticity of their packages.
Half of these companies were unaware of the linoitat of the helium leak test. From
this survey it was concluded that there was sigaift interest in hermeticity testing and
substantial evidence to prove that existing metheeise being incorrectly used to test
new generation packages. For these reasons, MCSlddidied to continue with the
project. It was decided a white paper explainirgyliimits of the traditional test methods
should be written and made available on the MCSwatisite. This white paper can be

found in Appendix D.

3.8 Conclusions

A novel expression has been derived in this chaptech allows the applicability of
the helium leak test method to measure the leak ahiow cavity volume packages
depending on the specific test parameters usedhéliwem leak test method is proven
to be effective when used in conjunction with aale gross leak test to measure the

leak rate of packages with a cavity volume gretitan 2.6 mmwhen a dwell time of 3
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minutes is used and greater than 0.053 wimen a dwell time of one hour is required.
Given these volume limitations, the minimum leaterevhich can be measured using
helium leak detection is 1.28x1®atm.cni.s*. These expressions can be used to
establish whether or not the helium leak test netib@ppropriate for the package type
concerned. With typical MEMS cavity volumes of le§®an 1mm and vacuum
packaged MEMS requiring leak rates belovi*a@tm.cni.s it is clear that the helium
leak test is not suitable for many MEMS applicasicand another test technique is

required.

This chapter has also summarised the advantagebnaitations of the other fine leak
test methods described in the standards. No telshitgue is currently able to meet the
hermeticity requirements of typical MEMS and so rtest techniques are required. A
market survey is presented in this chapter whiahwshthat not all manufacturers of
MEMS are aware of the helium leak test limitatioAi. companies who took part in
survey were interested in new hermeticity testiaghhiques, making this project of
interest to MCS Ltd.
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Chapter 4

Fourier Transform Infra-red Spectroscopy and Ramanspectroscopy

techniques

4.1 FTIR spectroscopy

Fourier Transform Infra-red Spectroscopy, FTIR,ais optical technique used to
determine the molecular composition of a samplenfrts infra-red absorption or
transmission spectrum. In FTIR spectroscopy, ambed light containing many
different frequencies is shone firstly through adified Michelson interferometer and
then into the sample [4.1]. In the Michelson ifeesmeter the broadband light from
the source is passed through a collimator ontoambsplitter where 50% of the light is
reflected onto the fixed mirror and 50% is transedtonto the moving mirror. The
light is reflected back to the beam splitter and056f the light reflected from each

mirror passes into the sample compartment as shofigure 4.1.

R“‘x_
Source
\|
Fixed Mirror
Yy . Beam Splitter
| G > \
h \
L [ | Sample
’ Chamber
N/
Movable Mirror
Interferometer

Figure 4.1:  Schematic of the adapted Michelsonrfatemeter for FTIR.
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The difference in the path length of the light cogrifrom the fixed mirror and the

moving mirror is dependent on the position of theving mirror. Some wavelengths
will experience constructive interference as a lteand will pass into the sample

compartment whereas other wavelengths will be l@ddky destructive interference. In
such a configuration only a selected set of waglen can pass into the sample
compartment. By moving the mirror, a second sewaVelengths pass through the
sample to the detector and a collection of datatpoare obtained. The resultant
interferogram shows the amount of light absorbedramsmitted as a function of the
movable position of the mirror. The Fast Fouriearisform of the data collected gives
the results in a more desirable form such as ptagenof light being absorbed or
percentage of transmission for each wavelength.

The resultant FTIR spectrum can be compared to kn@sults allowing thereby the

determination of the chemical composition of theygke under examination.

4.1.1 Application to hermeticity

The application of the FTIR method for the detemtion of hermeticity in low cavity
volume packages requires the bombing of sampleanirappropriate tracer gas for
several hours depending on the minimum leak raté;twis required to be detected. To
obtain a background spectrum before test, the samirstly analysed using the FTIR
spectrometer before being bombed in a tracer gaer bombing, the package is
transferred as quickly as possible to the specttemmehere the amount of tracer gas
held within the package cavity will be measuredngsthe FTIR spectrometer in
transmission mode. This is in contrast to theumelieak test whereby the tracer gas
leaking out of the package is measured. Since thelyracer gas left within the package
is measured using FTIR, the results will not beeed by sorption of tracer gas in
material layers since only tracer gas which hakdéanto the cavity will be measured.
The FTIR measurement is taken in ambient conditiori&e the helium leak test where
the sample chamber must be pumped down to a vadgiare the measurement is
recorded. Therefore, the amount of tracer gasdoshg the dwell time will be reduced
and so the minimum cavity volume package whichlmamccurately hermeticity tested

using the FTIR method should be lower than is sieeasing the helium leak test.
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The FTIR spectrum obtained shows an absorption, pghich is characteristic of the

tracer gas used. Once the initial background spachas been removed, the quantity
of gas held within the cavity can be calculatechgghe Beer Lambert Law, equation
4.1.

—log(transmisson) = % P, (4.2)

wherel is the depth of the cavity is the molar absorption coefficient of the tragas,
Ris the universal gas constaiftis the temperature arR} is the partial pressure of the

tracer gas.

Assuming only molecular flow through a capillarydaknowing the bombing time and
pressure, the leak rate of the package can bentietd using the Howl-Mann equation,

introduced initially in Chapter 2 and reproduceddonvenience in equation 4.2

(4.2)

WhereR is themeasuredeak rate in atm.cis® helium, L is theequivalent standard
leak rate in atm.cris® air, P, is the bomb pressure in ati, is the atmospheric
pressure in atnmyl is the molecular weight of air in grams (28.7¢)js the molecular
weight of tracer gas in grams,is the bomb time in second¢,is the package cavity
volume in cni and ty is the dwell time in seconds. The distinctionwesn the
measuredandequivalent standardeak rates was made in Chapter 2 with reference to
the helium fine leak test. For clarity, thquivalent standarteak rate is the leak rate of
a package with ameasuredeak rate R, under standard conditions, i.e. dry air at 25°C
leaking into a package with a high pressure sidé atm and a low pressure side no
greater than 1 mmHg or 1.3158%%@tm. The measured partial pressiig,can be
used to find the measured leak r&eusing equation 4.3.

_ PRV

R= 4.3
P1, (4.3)
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The dwell time is equal to the time elapsed siheckiombing cycle was completed and
the standard equivalent leak rate can then be lesdcliusing the Howl-Mann equation,
equation 4.2. For confirmation, a second FTIR spet can be obtained after several
minutes and the new transmission rate used to leédcthe partial pressur,, of tracer

gas left inside the cavityR andL are then recalculated using equations 4.3 and 4.2,
respectively.

Fourier Transform Infra-red spectroscopy was fiused to measure the hermeticity of
silicon sensor structure by researchers at SINTHway, and a paper detailing the
test method was published in 1995 [4.2]. In tipaiper, Nese et al. explained that the
minimum detectable leak rate of the helium lealed#n method was not low enough
to ensure their sensor package would remain herroggr the device lifetime. They
proposed using FTIR spectroscopy with a nitrousi®exracer gas as the absorption
peak of such a gas lies within the range of waghenat which the silicon package is
transparent. PO is also non-toxic and has a particle size confppar® that of nitrogen
and air. Nese et al. characterised the method silygucommercially available gas
sensors to control the,® and N seeding gas atmosphere in which the packages were
epoxy sealed. The paper reported that, due tonalteeflection issues, the internal
cavity pressure detection limit for the FTIR methveas 1 mbar [4.2].

The FTIR method can be up to 3 orders of magnitndee sensitive, i.e. the minimum
detectable leak rate is up to 3 orders of magnitodeer, than the traditional helium
leak test method. This corresponds to a minimutectable leak rate of the order*f0
atm.cni.s*.Using FTIR, the minimum detectable leak rate ipef@lant only on the
experimental parameters as the tracer gas accwadutegide the packages is measured.
By increasing the bomb time or pressure, the metisotherefore more sensitive.
Minimising the internal reflection within the cayitan also improve the sensitivity and

result in a lower detection limit [4.2].

This work was continued by Veyrié et al. from theivérsity of Bordeaux who used the
FTIR method to assess the hermeticity of Benzo-&eltene (BCB) sealed silicon
packages [4.3]. Veyrié et al. used the Beer-Lambhaw to determine the partial

pressure of the }D tracer gas within the package after the sampdeble@n bombed.
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The Howl-Mann equation was used to determine tlad late of the package and

converted to an equivalent standard leak rate.

4.1.2 Theoretical limitations

In Chapter 2, section 2.4, the mathematics of tifierdnt leak types possible in a
microelectronic or MEMS package was describedwds explained that a leak rate
caused by permeation through packaging materialsigsificantly different to one
caused by molecular flow through a capillary leakherefore it is not possible to
determine an equivalent air or water leak rate gfofymer sealed package from a
measured D leak rate caused by permeation through packagiaigrials measured
using FTIR. The determination of tlmeasuredeak rate of a permeable package is
accurate however with the FTIR method, unlike teéum leak test method. What is
measured is the tracer gas which has leaked istaahity and not the gas leaking out,
as is the case with the helium leak test methadother words, the FTIR method is not
affected by false negative readings due to suréacption. This test can therefore be
used to assess the hermeticity of polymer sealekiagas but conversion of the nitrous
oxide measured leak rate to an air or water egemtdéak rate is complex and is, as yet,
not possible. For a particular package, it is fpbsgo calibrate the FTIR hermeticity
test method using pressure and humidity sensorsnitihe package to assess the air or
water leak rate, which corresponds to the meashs€dleak rate. As permeation rates
depend not only on the size of the permeating nude@and spaces between the
molecules of the polymer material but on also thenaical affinity between the gas
molecules and the polymer, recalibration of theesyswill be necessary if a change in

the package geometry or in the material is made.

FTIR can be used successfully to determine eheivalent standardeak rate of

packages containing silicon or glass when the ig&laused by molecular flow through
a capillary leak or crack. Nitrous oxide, beinigiaer molecule, cannot diffuse through
glass like helium, hydrogen or neon. Any nitrousgdexmeasured inside the cavity will
therefore be due to micro-cracks in the packageemadtor seal. These can be
approximated to one capillary and assuming a mtdedlow, Graham’s Law is valid

and the Howl-Mann equation can be used to calctieteequivalent standard leak rate

of any gas from the }O measured leak rate.
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The minimum detectable leak rate of the FTIR heititgttest method depends on the
parameters of the test, in particular the bomb tme pressure [4.2]. This is true also
of the radioisotope test method as with both of¢heests, the tracer gas inside the
package cavity is measured and not the gas leaking Unlike the helium leak
detection method, the minimum detectable leak gateth these methods is not limited
by the sensitivity of the detector used [4.2]. Hweer, the bombing pressure and time
cannot be increased indefinitely and so the FTIRhow will have a limit for general
industrial applications. The main advantage of fii¢R method over the radioisotope
leak detection method is that the tracer gas istawic and no special licenses are

required for handling and disposal.
The minimum detectablmeasuredeak rateRnin, is given by:

P PV
Rm' — pmin® 0
" BRb (4.4)

wherePpmin is the minimum partial pressure detectable udnegRTIR spectrometeP,

Is the ambient pressure, 1 atvhis the cavity volume of the packad®,is the bombing
pressure ant is the bombing time. The minimumeasuredletectable leak rate of the
FTIR method is 9.139x1% atm.cni.s* N,O when the minimum measurable change in
partial pressure is assumed to be equal to thég\amhby Nese et al., 1 mbar (9.87%10

atm),Po= 1 atm,V= 1x10°cm’, P, = 5 atm and, = 6 hours.

As the Howl-Mann equation is used to convert theasuredFTIR leak rate to the

equivalent standardeak rate, two leak rates are possible from ary measured leak

rate and so a gross leak test is required as wihelium leak detection method. As
the cavity volume of the sample being tested isuced so too is the minimum

detectable leak rate and the upper possible egqumivatandard leak rate. When testing
low cavity volume packages, it is possible that tipper leak rate drops below the
minimum detectable leak rate of the gross leak testhod and so a gap in the
detectable range develops just as is the case thieenelium leak test method is used.
This gap stems from the finite dwell time necesdaryransfer the package from the
bomb chamber to the FTIR system for detection. ddhantage the FTIR hermeticity
testing method over the helium leak test methdtlas spectra can be collected quickly

in atmospheric conditions. Since it is not necassa pump the external environment
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down to a vacuum and the tracer gas left insideptiekage cavity is quantified, the
FTIR method has a lower volume limitation. If maléar flow through a capillary leak

is assumed to be the only leak type present inpdekage under test, the minimum
acceptable volume for accurate FTIR hermeticityirigscan be calculated. The same
equation used for the helium leak test volume htoin calculation, equation 3.7,

reproduced here and amended to reflect FTIR hecityetesting, equation 4.5, can be
used.

_-[Inz=Ininz] VR

upper 1/2
M N,O

where z=Rty/VP, is described in Chapter 3. In the case of FTéRmeticity testingR

L

(4.5)

iIs not however the minimum detectable leak rateemgiby the sensitivity of the
measurement equipmenR is replaced byRyin, equation 4.4, which is the minimum

detectable leak rate of the FTIR test given byekgerimental parameters, such that:

-t P min Pot
7= anln d —_P : 0-d (46)
VR, P,

with Pomin, V, Po andty as previously definedyla is the molecular weight of air ard

N0 IS the molecular weight of the nitrous oxide trages. Using equation 4.5, the

minimum cavity volume of package for which FTIRtieg can be calculated over the
full leak rate range if a gross leak rate testssdusubsequently. Figure 4.2 shows the
results of this calculation when the parameterskap consistent with typical values
used in the calculation of the helium leak testhodt The bomb timey, is 6 hours,
the bomb pressur®,, is 5 atm and the dwell timess, used are three minutes and one
hour. The only change in the input parameterbesminimum detectable leak rat,

in the case of helium leak testing aRdn in the case of FTIR leak testing. In helium
leak testingR is fixed by the limits of the mass spectrometerFTIR, the leak testing
Rmin is dependent on the input parameters. In figué the input parameters to
calculateRmin, sShown in equation 4.3, aRymin = 1 mbar (9.87xI0 atm),P, = 1atm,P,

= batm t%=6 hours. In the case of FTIR testing, the minimdetectable leak rate

reduces as the cavity volume of the packages dezseaAssuming a dwell time of 3
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minutes, figure 4.2 shows that, the minimum cavdjume for which the FTIR leak te
is valid is 7.36x18 cnt compared to 2.6xIDcm’ for the helium leak test. Th
minimum value can be further lowered by changing thput parameters or |
improving the signal to noise ratio resulting framernal reflections within the packa
being tested [£2]. Lowering this parameter lowers the minimunvigavolume of
package whose leak rate can be determined by tHe I€&@k test used in conjunctis
with a suitable gross test, without the developn@n& gap in the detectable rancg

Increasing the bompressure and bomb time will have the same e

oy

-1

)

(et orm’ s

P pEr

Figure 4.2: Lypperas a function of volume 1 Pi=9.87x10* atrr, P,=5 atm, t= 6

hours For comparison, ypperfor the fine helium leak test is indicat
The equivalent standar minimum detectable leak rate is calculated using

approximation described in chapter 3 in equati®) &produced here and amende:
reflect FTIR hermeticity testing, equation «
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Substituting equation 4.4 into 4gives:
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Equation 4.8 shows thatoleris reduced when th&, andt, are increased.
4.1.3 Practical considerations

As with the helium leak test, the input parametdrthe FTIR leak test method cannot
be increased or decreased indefinitely to decréaseminimum measureable cavity
volume or reduce the minimum detectable leak rapectively. Practically, reducing
the dwell time much below 3 minutes is challengafiyough it is not necessary to draw
a vacuum in a chamber to test using FTIR as isése for helium leak detection. For
special cases it may be possible to reduce thel dive¢ to around 60 seconds and
decrease therefore the minimum volume for which HT@R leak test is valid to

2.46x10" cn?® assuming the other test parameters are equivabetihose used to

produce figure 4.2. This however would not be able method of test in industry
where all packages must be hermeticity tested atchliesting is preferred. Conducting
the FTIR test method with a dwell time of only anotie would mean that packages

would have to be bombed individually resultingnefficient testing.

Decreasing the cavity volume of the package beesged and the minimum partial
pressure, which can be detected using the FTIRtrgpeeter, would reduce the
minimum detectable leak rate. The minimum detdetadartial pressure of nitrous
oxide which can be detected is dependent on; (@)ptckage dimensions; (b) the
internal layers present responsible for interniécgions which reduce the sensitivity of
the detection method; (c) the transparency of tekg@ge material to the probing light

and; (d) the specifications of the spectrometeduse

As with the helium leak test method, the bomb toaanot be increased indefinitely as
‘one-way leaks’ will be introduced by the stressluined on the packaging while
exposed to such high pressures. Although with Rl&R method it is possible to
observe when a ‘one-way leak’ has occurred, theisesot effective when they are
present. A ‘one-way leak’ can be detected whenttheer gas is measured in the
package cavity after exposure but the intensittheftransmission peak corresponding
to the tracer gas partial pressure does not dexredls time. This means that a leak
path has been created under the high pressuretiomsdof the bombing cycle which

has closed afterwards. “One way” leaks are avoidete helium leak test by keeping
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the bomb pressure below 5 atm. As the bombingecg€ithe FTIR test method is
equivalent to the helium leak test method, the maxn bomb pressure used in the
following calculations will be 5 atm. Assuming tldetectable partial pressure limit
found by Nese et al, 9.87x%tatm, and taking the minimum cavity volume when a
dwell time of three minutes is used, 7.36%X0n° and a bomb pressure of 5 atm, figure
4.3 shows the effect of increasing the bomb timé¢henequivalent minimum detectable
leak rate of the FTIR method. Figure 4.3 shows ithereasing the bomb time beyond

12 hours has a minimal effect in lowering the miamequivalent standarteak rate.

16«].
14 4
12
”
510-
£
D[‘j 1m
E 4
= 64
: 4
2
2 \
l;.
j ‘\-\_\_\_.\. .
] -—————r 77—
0 10 20 30 40 50 60 70

Bomb time (hours)

Figure 4.3: Lower as a function of the bomb time fos2=9.87x10* atm, R=5.103 atm
and V=7.36x10" cn?

This FTIR method is only valid when the leak typeiny measured is molecular;
packages containing permeable materials cannogftirer be tested accurately in this
way using the FTIR test method. However, qualimatiests can be performed on
permeable materials since the pressure of gaseiised cavity is measured. No matter
whether a qualitative test is sufficient or theklea molecular and the Howl-Mann

equation is applicable, the package material mastransparent to the wavelength of
the probing light.

The absorption peak of nitrous oxide tracer gasuitable for use with infra-red light,
which is transparent to silicon. The FTIR spectrtanemay be used in both
transmission and reflectance modes. In transmmssiode, both the top cap and the
lower substrate must be transparent to the proimhty If a suitably reflective surface

is available within the package, reflectance mode t©e used, however, highly
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reflective materials in the infra-red are not commhgo found in MEMS and
microelectronic packages. It is also possiblede a probing light with an alternative
wavelength to allow transmission through a paréicylackage although a tracer gas

with a suitable absorption peak must be identified.

In the case of FTIR leak testing using infraredhiignd nitrous oxide tracer gas, it may
not be possible to measure the leak rate of Migote¢Electo-Mechanical Systems
(MOEMS) depending on the size and type of glassl tigecreate an optical window.

Many types of glass are strong infrared absorbedsh&nce the probing light cannot be
transmitted through the optical window. This mdgoabe the case for metal and

ceramic packages.

The test packages used in experiments conducttt atponsor Company, MCS Ltd,
have a silicon substrate and cap and were fabddayeMr. Norbert Lorenz and Mr.
Martin Smith, of Prof. Duncan Hand’s Applied Optiaad Photonics group at Heriot-
Watt University, figure 4.4. The samples compriséda triple stack layer of silicon
with the centre layer containing a 5 mm diametéde o create a cavity. The lower and
upper silicon layers were bonded to the centrerlayigh BCB using a direct laser
bonding method to minimise heating effects in tleatee of the package where the
microsystem is most often located [4.4]. The vaduof the packages is 9,807 cn?
and the packages were bombed for 24 hours. Thie Bpéctrometer used is a Thermo
Nicolet IN10 FT-IR, figure 4.5.

- @

(a) (b)
Figure 4.4: FTIR test packages: (a) LHS: Silicohstuate BCB sealed to centre silicon

layer with 5mm diameter hole to create the packzmaty, RHS: silicon cap with BCB
seal ring. (b) Sealed silicon sample for FTIRitegt

98



Figure 4.5: Thermo Nicolet IN10 FT-IR

Some initial tests showed that the FTIR spectrometed was able to detect the tracer
gas, which had leaked into the packages during bagnds shown in figure 4.6. As
these packages were sealed with BCB, a permealikriadano quantification of the
equivalent standardeak rate was possible although using the Beer heatmlaw,
equation 4.1, re-arranged and written back heexjaation 4.9; it is possible to estimate
ameasureditrous oxide leak rate using the interferogamwshn figure 4.6.

P, = —%Iog(transmissbn) (4.9)
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Figure 4.6: Initial FTIR spectrum showingO absorption peak

As silicon is transparent over the wavelength rac@esidered here, 4 toum, 60 % of
the incident light is transmitted through the pagkaintil, at 4.4€um, the absorption
peaks of the nitrous oxide tracer gas are obserié. nitrous oxide partial pressure
calculated using the following parametetl, the depth of theavity is equal to 500un
A, the molar absorption coefficient of nitrous oxige250 L.ma'cm® [4.3], R, the
universal gas constant is 8.31T, temperature is 293K arichnsmissio is taken from
the absorption peaks in figure 4.6. These pergestae normalised to the percente
of transmission through the package and the pressside the cavity is calculat
using the Beer Lambert Law, equation 4.9, at eaaflldime. The difference in parti
pressure over the 58 minutes test time is calcd to be 0.01056 atm. Since 1
package contains a polymer seal material, it ippnapriate to use the molecular le
equation, equation 4.3, to calculate the permedtiak. Instead the permeation leal
calculated using the literal definition of k rates, change in partial pressure multip
by cavity volume divided by the change in time.eTheasured nitrous oxide leak r
under the bomb test conditions of the test packafmilated using the literal definitic
of leak rate, under standard ditions of pressure and temperature, is x10®
atm.cni.s®. Figure 4.7 shows a plot of the change in nitroxisle partial pressure

the package cavity over time
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Figure 4.7: Measured O partial pressure over time.

Figure 4.7 shows a linear change in pressure aver $o it is likely that the dominant
leak measured here is in fact a molecular leak ezhyserhaps by an imperfection
leading to a crack in the BCB seal. Permeatiokdd¢and show a change in pressure
over time which is slow at first, increasing ovemé as the gas sorbs onto the
permeable package material and diffuses throughth® external environment
resembling an exponential curve. As this leak iatikely to be caused by a molecular
leak, determination of thequivalentieak rate would be correct for this example. dsin
equation 4.3 and considering the bomb pressurebantb time, the measured nitrous
oxide leak rate independent of the test conditists39%10*°atm.cni.s*. The upper
and lowerequivalentleak rate calculated using equations 4.5 and éspectively are
1.6x10° atm.cni.s* and 4.0810° atm.cni.s?, respectively. If the upper leak rate
calculated here was apparent then the tracer gadeirthe package would leak out
completely within a second. Since we know from BTER interferogram that this is
not the case, the test package must have a lealegal to the lower equivalent leak

rate.

The FTIR spectrometer used was available througtfsNI@ and was not delivered to
the company until November 2010. As this was oitih Whe project completion date,
further tests to establish the accuracy and seitgitf this method were not possible.
However, using an in-situ test structure withinesttpackage cavity, it would be
possible to determine the accuracy and sensitofitthe FTIR set-up at MCS Ltd for

leak detection applications.
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4.1.4 Summary

In summary the FTIR leak test can be used to medkermolecular leak rates of lower
cavity volume of MEMS and microelectronics packagesn is possible using the
helium leak test method. A gross leak test i$ tdjuired and a volume limitation is
apparent and must be considered when applyingebtsmethod with a dwell time of
more than one hour to packages below 3.1%d®®, an order of magnitude lower than

the minimum volume which can be accurately testisigg the helium leak test.

The minimum detectable leak rate of this test methdhen applied to measure
molecular leak rates depends on the test parametets The lower the cavity volume
and detectable partial pressure of tracer gas|ater the detectable leak rate. The
higher the bomb time and bomb pressure, the lohedetectable leak rate, however,
the bomb pressure cannot be increased indefiraelpne way’ leaks will occur. The
lower limit of the FTIR method does not only depemdthe sensitivity of the detection

equipment as is the case for the helium leak deteatethod.

This test can be used to determine whether or npackage containing permeable
materials is leaking but the mathematics involeddnvert the nitrous oxide measured
leak rate to an equivalent standard air leak momplex. It is not as yet possible to
convert the permeation rate of one gas type threugackage material to another as the
rate is not dependent only on the molecular weggiat size of the permeating particles

but also on their chemical affinity with the magdiihrough which it is permeating.

4.2 Raman Spectroscopy

Raman spectroscopy is an optical technique, whsgs @ monochromatic light source
to interact with phonons and other molecular vibreg of an unknown molecule. The
light source used is usually a laser source andbeamn the visible, ultraviolet or
infrared range. The incident light interacts wiitle phonons or molecule vibrations and
excites the molecule from the ground state to wairenergy state. Upon relaxation, a
photon is released which shifts the energy of thetation photon [4.5]. The energy

difference between the incident light and the scatt light corresponds to the unique
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energy difference between the vibrational modesthaef molecule. After passing
through the sample, the light is collected by & lend passed through a monochromator
which filters the wavelengths close to the incidkgiht, usually caused by Rayleigh
scattering and the rest passes through to thetdetedkaman spectra can be produced
from the detector results and are expressed inmawmbers, cil. The peaks in Raman
shift can be compared to known samples and theaulele present can be identified.
As with FTIR, the Beer Lambert Law, equation 4.4n ¢heoretically be used to relate
the intensity of the peaks to the concentrationmmfiecules present and hence the

pressure of the foreign gas can be determined.

4.2.1 Application to the hermeticity test

Weber et al. used Raman spectroscopy to deterrhiménérmeticity of hermetically
sealed micromachined accelerometers packagedigorsiwith a Pyrex window [4.6].
The device was packaged in an inert gas atmosphEre. inertial devices such as
accelerometers, Q-factor testing is often used daitor hermeticity. However, when
devices are packaged in an inert atmosphere, paméssure gradients mean that
contaminants can leak into the package as thegasrteaks out without a change in the
overall pressure; as a result the Q-factor might lb® changing. Weber et al.
recognised this limitation and used Raman speatmpsto detect contaminant gases.
The contaminant gas of interest in their study @&@&sor more accurately the oxygen
present in air [4.6]. Degradation occurs slowlyhia presence of oxygen and reliability
of the device is then compromised, hence the nepddkage the device in inert gas.

4.2.2 Theoretical limitations

The minimum detectable leak rate of the Raman spsaxipy method is directly related
to the number of counts, corresponding to a cdkioraumber of photoelectrons, which
can be successfully resolved. Raman scatteringgeigak and one of the biggest
challenges for Weber et al. was to determine ttength of the oxygen signal from the
noisy background. This was essential to be ables&the technique as a quantitative
test method. Weber et al used complex line shaplysis described fully in their paper
to determine the leak rate of their packages viéhléast uncertainty [4.6]. Weber et al
used the ratio of the oxygen and nitrogen peakdetermine whether the packages
concerned have large or small leak rates by comgdhis ratio to the ratio apparent in
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air. The experiment was successful in indicatingsg and fine leaks but the errors
involved and the difficulty in extracting the oxygesignal from such a noisy
background meant that it was not possible to deterra meaningful quantitative leak

rate of the packages.

Weber et al. concluded that this method was cugrerat useful as an end-of-line test
method because of the long integration time reduinecollect the data with a sufficient
signal to noise ratio [4.6]. However, this techuggs able to determine, without the
need for sample preparation, whether or not thermal cavity environment has
changed since packaging. Although the methodme ttonsuming and the signal to
noise ratio too small to derive accurate figureseak rate, it may be very useful as a
failure analysis technique. One of the most chaileg problems when conducting
failure analysis is to ensure that the analysislfitsloes not perturb the original
condition of the device. As this is a non-destugti non-invasive method of
determining whether the internal cavity environméas changed, it can be used to
assess before any package preparation, whether ilarefacould have been
environmentally induced. As the method does netaisracer gas, it is able to detect
leaks caused by any type of capillary leak (molacukransitional or viscous),
permeation leaks and, depending on the signaligematio, outgassing. This could be
a powerful addition to the portfolio of test metkoclurrently available for hermeticity

testing.

4.2.3 Practical considerations

A practical limitation of using Raman spectroscapy determine the leak rate of
packages is the time taken to conduct the tesardar to achieve a signal to noise ratio
that is large enough to ensure that the weak Rawatering can be extracted from the
background, the time to acquire the Raman spestiacreased. Weber et al. reported
that this would be a problem that would limit theewf Raman spectroscopy as an end-
of-line testing method unless the confocal rejectiould be improved by using a higher
power laser [4.6].

Another way to decrease the time to test woulddoese a tracer gas and a sample
bombing procedure as used in the FTIR hermetigsy method and the helium fine

leak test method. However, if this procedure wemgployed, the advantages of the
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Raman spectroscopy method would be compromisedolame limitation would
become apparent due to the time elapsed betweehibgrand testing; the test could
not be applied quantitatively to packages contgimparmeable materials as is the case
for the FTIR hermeticity test method and outgassimgd not be detected.

When considering the use of Raman spectroscoppdbkage must have a transparent
cap and a reflective lower surface. If visiblehligs used, the cap material could be
glass and the substrate silicon, which makes #gfrique ideal for many MEMS
packages including MOEMS, which are often packagedert gas to minimise fogging
of optical components. Raman spectroscopy cankmsoconducted using ultra-violet
and infra-red incident light.

During testing it is necessary for the interfacéMeen the microscope and the probe-
head to be purged with argon to eliminate the bamtkgd oxygen and nitrogen in air
from the measured spectra. During planning of phigect it was decided that the
experiments of Weber et al. should be conductengusiRaman spectrometer available
at Heriot-Watt University and shown in figure 4.8 was thought that the Renishaw
inVia Raman Microscope with high sensitivity andraillow noise CCD detector may
allow the oxygen signal to be extracted with lessantainty from the background
making this method quantitative. It would thenpmessible to determine the minimum
leak rate of the Raman spectroscopy method. Tdutdcbe added to the portfolio of
hermeticity test methods for MEMS and low cavitywroe microelectronic packages.
The result would also be indicative of whether ot the method could be used as a
non-destructive technique to determine the levauifassing from the internal device

and packaging materials.

Figure 4.8: Renishaw inVia Raman Microscope
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Initial experiments were conducted on sample paskafgbricated by Mr. Norbert
Lorenz and Mr. Martin Smith. The samples have elosilicon substrate with a
borosilicate glass cap bonded using BCB with a di@mof 13 mm and thickness of 16
um. The height of the BCB seal creates the packagiy, figure 4.9. During these
experiments it became clear that the working dec#amas not large enough to allow the
probing light to be focussed through the cap malténto the sample cavity. The cost
of purchasing a lens, which would allow us to use dvailable Raman microscope for
this purpose was prohibitive and the experimeniccoot be completed. Lenses with
greater working distances could be borrowed from Rhysics department of Heriot-
Watt University but, due to the metric fittings thle Renishaw Raman microscope, an
adaptor was required. The addition of this adaptef lens to the Raman microscope
meant there was insufficient space for the testpéano be inserted between the lens

and microscope stage.

Figure 4.9: Samples intended for testing using Rasgectroscopy

4.2.4 Summary

Raman spectroscopy cannot currently be used asreeheity test method to determine
the leak rate of low cavity volume packages as weak Raman scattering from
contaminant gases is lost in the background ndigeh better confocal rejection it may
be possible to use this technique. The Ramanrspeeters available today have higher
specification detectors and higher power laserssantimay now be possible to use this
technique to conduct quantitative tests. Due tojegot funding limitations this

investigation could not be conducted and repometiis thesis.
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It is possible to use tracer gas sample bombing Raman spectroscopy but doing so
brings the volume, minimum detection and leak tiypstations, which are applicable
to the FTIR hermeticity test. The unique advardagé the Raman spectroscopy

technique are then lost.

Raman spectroscopy without the use of a tracecgade used to determine whether a
package initially filled with an inert gas or vaeauhas a gross or fine leak. The
packages to be tested using Raman spectroscopydshave a transparent cap and
reflective lower surface according to the wavelaraftprobing light used. It is possible
to use ultra-violet, visible or infra-red light. eBause this method does not use a tracer
gas, any type of leak can be detected includingllanp leaks, permeation and
potentially outgassing, depending on the signahagse ratio and the extent of the

outgassing.

This technique is not suited to end-of-line testilug to the long test time required but
is ideal for use as a failure analysis method. &arspectroscopy could be used to
indicate device failure due to changes in enviromaeconditions non-destructively
and with no need for device preparation. Curretily only way to determine the
internal gas composition of a failed package camtio conduct residual gas analysis
which, however effective, completely destroys thekage meaning no further tests can

be conducted. Raman spectroscopy is also conbigieacaper than RGA.

4.3 Conclusions

FTIR hermeticity testing and Raman spectroscop limeen investigated in this chapter
and their advantages and limitations have beerrideskcin detail. Table 4.1 is carried

forward from Chapter 2. The results of the newlaracterised FTIR and Raman test
methods have been added and are highlighted in blins table should be used as a
living document and updated as the current teshoalst are improved and new test
methods are discovered.
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Radioisotope | detectable leak  handling and . Metals Polymers
: . 1012 ; viscous ) )
fine leak rate: 10" disposal of oo Ceramics Epoxies
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atm.cni.s radioisotopes Glass
test)
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material as
Min. I long as cap|
Optical leak | detectable leak Calibration of Leak chf_;mnels thickness Rigid cap
. A0 every package | Permeation (of )
detection rate: 10" tvoe required tracer gas) and materials.
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is
appropriate
Min. Calibratin
Cumulative | detectable leak 9 Silicon Polymers
. .| system to ensure
helium leak rate unclear: lowest possible Leak channels Metals Glass
detection 10%°- 10" [POSSID Ceramics | Epoxies
1 detection limit
atm.cni.s
16
Residual gas 10 . Destructive and Leak chan_nels Any
analysis deF’e”d'Ug on very expensive Permeat_|on material na
MS sensitivity Outgassing
Volume Min. detectable IR absorbing
limitation: > leak rate and Leak channel: glass
7.36x10" cn? volume molecular leak CP:onmgrs
Min. limitations (Howl-Mann eramics
method ;
. ! . ) ili on
= Il rate: depends min. partial Permeation — Stiicon t t
detection | d Some glasy transparen
on sample an pressure rate cannot be metals
experimental measurement converted to (for N,O
parameterfé which is sample equivalent tracer gas
typically, 1? dependent and | standard leak Howl-Mann
atm.cni.s must be calibrateq method)
Glass .
- Ceramics
Silicon .
Slow test - IR/visible or
o IR/visible
n/a distinction | procedure can bg Leak channels UV non-
Raman . . . or UV
between fine improved by Permeation transparent
spectroscopy : ) . transparent
and gross only| increased signal Outgassing olvmers polymers
to noise ratio. boly and epoxies
and
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Table 4.1: Summary of hermeticity test methods
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Chapter 5
Piezoresistive cap deflection technique

for in-situ hermeticity testing

5.1 Current in-situ sensors in hermeticity testing

In-situ test structures have been proposed astamaitive to traditional external testing
as such devices have the potential to detect ldtwaleak rate, in a non-destructive

manner.

Copper test patterns have been demonstrated fatetieemination of the hermeticity of
MEMS packages [5.1]. This method involves the meament of the optical
transmission of copper test thin films over timAs the copper oxidises, the optical
transmission coefficient changes and the oxidatete can be determined. As the
oxidation rate is proportional to the amount of gely available in the ambient
environment, this method was used to measure thadtieity of MEMS packages.
Infrared light is used to determine the opticalnsmission of thin copper layers
deposited within the package cavity; like the FfiRthod, silicon capped packages are
suitable [5.1]. The test samples were exposed/iocogtygen and 99% argon and the
temperature of the package was raised to betwe&iCland 150°C to promote
oxidation [5.1]. Depending on the amount of defmukicopper within the cavity, the
test gas pressure can be increased to allow srffioxygen to leak into the package to
show oxidation [5.1]. The method is able to detelgtak rate of 4.935x16 atm.cni.s

! although several days of test time are necessaopserve this leak rate at increased
pressure [5.1]. The test is also limited to paelsagith infrared transparent packaging
and requires optical equipment for detection pugposThis test method could not be
used over the device lifetime since the leaking mast be oxygen and, once oxidised
by the initial test, the copper test pattern carbeiused again. In-situ test structures
that do not rely on optical measurement and canslke throughout the device lifetime
as failure analysis tools would be advantageous.

Q-factor testing has been used to determine thespre, hence the leak rate of packages

by many research groups and as a commercial ehdeofest. The damping of any
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resonating structure can be characterised by ifac@r, a dimensionless parameter
which describes the damping experienced by anlated structure. A high Q-factor
indicates that the resonator experiences low dagnpinThe Q-factor of MEMS
resonating structures is highly dependent on thatyca@&nvironment in which it is
packaged. Most resonant MEMS structures are packimgvacuum to ensure a high Q-
factor and optimum performance. These devicestla@emost sensitive to package
leakage; as the cavity pressure increases, damiginmcreased and the device
performance is altered. As resonant structures adten sensors, a change in
performance means a change in sensing output, vehicthave a detrimental effect to

the end application.

The Q-factor of the device is measured before pgingaover a range of ambient
pressures. After packaging in vacuum or inertdggsending on the application, the Q-
factor is measured again to confirm the presentycavessure. This measurement step
can be useful to highlight packaging problems idelg outgassing from packaging and
device material layers into the cavity. The Q-baatf the device can be extracted by
applying an AC or DC voltage to bring the devictiresonance and amplifying. The
Q-factor can be determined from the measure ofitbkectric loss or the conductance
using an impedance analyser or a LCR meter [5.¥hn der Wel et al. of NXP
Semiconductors used this technique successfuljetermine the reliability of an RF
capacitive switch sealed in a nitrogen atmosphsiegugold-tin bonding [5.2]. The Q-
factor test is capable of measuring leak rateefarder 13* atm.cni.s* [5.3]. The
method is non-destructive and can be used at aeyttinoughout the device lifetime to
determine the internal cavity pressure and henak late. This technique would
require acceleration using a bombing techniquetlercstress test if it were to be used

as an end-of-line test method.

The ultra-low neon leak detection method uses me@rgon as a bombing gas in order
to accelerate the Q-factor test method for endnef-kesting. The Q-factor of the

resonant device before and after bombing is medsuseng the ring-down method,

which involves the measurement of the half-ampétwtecay time of the damped
sinusoidal wave [5.4]. The optimum bomb pressard.948 atm and a bomb time of
between 10 and 100 hours [5.4]. Leak rates asa®w.86x13’ atm.cni.s* can be

detected using this method.
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The test is not linked by cavity volume but regsitbke MEMS structure itself to be
resonant. This is not always the case and thec@+f#est is not generally applicable to
microelectronics. As the cavity volumes reducer ygayear in the MEMS industry, the
problems seen in MEMS hermeticity testing are bengnmore pressing. The test
method can be very sensitive but a significant amoficalibration is necessary and the

measurement of Q-factor is not as straightforwardesirable.

The most desirable method of test for high volunamufiacturing is Known Good Die
testing (KGD) whereby all die are tested using e#ted electrical testing to determine
known good die at various stages of fabrication peuticularly after O-level packaging,
before wafer cutting. For this to be possiblesiior test structures, which can give an
electrical response to changing ambient pressueeremuired. These test structures
should be as accurate and sensitive as possieleatale the detection of ultra-low leak
rates. The test structures themselves must havery small footprint to ensure
minimum chip real estate is required. The testcstire fabrication steps should also be
in keeping with the fabrication steps required toduce the device itself to minimise

the cost of manufacture.

Deflecting membranes have been used as presswsarsdor many applications. They
have also been used as a way of monitoring herityesis described in section 2.3.7 of
this thesis. The main issue with this test metisotthe fact that the package cap itself
must be used as the test structure and deflectitmsocap is measured optically. For
optimal sensitivity the cap should be as thin asspae to allow maximum deflection
for detection of small pressure changes. Suitdbtypackage caps are not mechanically
strong enough to serve as outer packaging andcemdary packaging is required and
must be transparent to allow optical access tal#flecting cap. This chapter provides
a novel way to determine electrically the deflectad the membrane, which is related to

the pressure inside the package.

5.2  Theory of the piezoresistive cap deflection testructure

This in-situ test structure uses four piezoressstor a silicon membrane connected on
chip in a Wheatstone bridge configuration to manigdectrically the change in

membrane deflection caused by a pressure chandanwihe package. As the
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measurementsielectrical, the secondary packaging of the clegdmot be transpare
as is the case in the optical measurement of theorsicap deflection. Anothe
advantage is that KGD testing can be performed lbipackages before and aft
secondary packagin¢ To determine a leak rate using this test structtire, wafers
should be bombed in an inert tracer gas as desciibesection 2.3.7 and the c
deflection measured electrically. Electrical meament is also advantageous as
quick and does not Iy on optical equipment, which can be costly anduireg
calibration. After test, the chips can be -hermetically packaged again using
mechanically strong material in ambient conditiassshown in figure 5.1. To enslt
this process has not affectthe hermeticity of the Gevel silicon capped package, 1
electrical test can be performed again. Any changmap deflection from the previo

test in atmospheric conditions indicates packateréa

o 4_Secondary
iezoresistors .
packaging
Primary E/ ; — —
—>
packaging
I < MEMS
I <+— Cavity

Substrate

Figure 5.1: Primary and secondary MEMS packaginggpiezoresistive ca

deflection for hermeticity evaluation.

The theory of pressure sensors based on piezanssisbnnected in a Wheatstc
bridge configuration on a square flexible membrhas been researched consideral
Several papers have shown good correlation betwaanerical calculations ar
simulated esults [5.1, 5.2]. To understand the relationgl@pveen the pressure char
and the deflection of the membranes, the equatiensed by Pang et al. and Elgar
were used [5.5, 5.6] although it was found that sanathematical errors were made
thesearticles. The corrected equations are provided had a note has been sent to
editors of the journals in which the errors weranfd. Two cap deflection structur
with different membrane thicknesses and membramasamwere designed. T
piezoresstors are orientated along the <110> crystallogi@plirection for maximun
sensitivity. The thicknesseh, of the thin and thick membranes are 3.1 um and

um, respectively. The lengthL, of the square membrane of the thin and thick
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structures were 398.4 um and 1468.4 um, respegtivietsuming that the deflection of
the membrane is small compared to the thickneskeoinembrane, as is the case for
both the thin and thick membranes described hkeeeAiry’s stress function, F, is given
by equations 5.1 and 5.2. Equation 5.2 does naiuat for any contribution of the
thermal moment of the membrane thickness due tdhtienal mismatch between the

silicon and dielectric layer [5.5, 5.6].

4 4 4 200 \2 201 A2
O'F ,, O'F ,O°F EKGWM 92w 92w 5

' ooy oyt |loxay) | o oy’

d*'w 0°w . 0°x _12(1-Vv?) 0°F 0°w _ 0°F 0°w , 9°wo°F
7T 22z T a7 = s X Rt oo - Yoz a2 )| ©2)
0x oxoy- oy Eh ox“ ay 0xdy oxdy 0x“ dy

WhereE is Young’'s modulusy is Poisson’s ratioy is the deflection of the membrane,
P, is the applied pressure, arid and h are the previously defined membrane
dimensions. Pang et al. and Elgamel show thatstprare membranes under the
boundary conditionsv=0, ow/ox=0 at x=+/-L/2 andw=0, ow/oy=0 at y=+/- L/2, the

diaphragm deflection, w, is given by equation 5535] 5.6]. This equation is an
approximation of the true expression which is dmite series of cosine terms whose

second and further terms have negligible contrdsutow(x, y)

W(x, y) = hf cosz(ﬁ) cog(ﬂj
. ) (5.3)

Wheref, is a function dependant on &,P,, L andh. In the following equation$ will

be defined a$(P,) to emphasise this functions dependence on pressbudstituting

equation 5.3 into equation 5.1 gives:
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(5.4)
The solution to equation 5.4, equation 5.5, sassfihe boundary conditiong=0,
O*Floxoy=0 atx=+/-L/2 andp=0, 6°F/oxdy=0 aty=+/-L/2 whereq andp are the mid-
plane displacements of a diaphragm with built igesdin the x and y directions
respectively are applied.

37 s o {anj {ZHyJ
—————(x"+y’)-co§ — |-co§ —=
12L2(1— vz)( y) L L
_160{@]_1&{@]_160{@]
2 L ) 16 L) 16 \L (5.5)
—iCO 4—ﬂXjCO{Ziyj—lCO{Zm(jCO{Arﬂyj
25\ L L) 25 \ L L

F(xy)=- 0 [£(P)]

N

Substituting equations 5.3 and 5.5 into equatiéhyields an error function from the

approximation ofv(x,y)described previously, given by [5.5, 5.6]:

4

d'w d'w  d'w 12(1-v?)
X,y) = +2 + -
&(x.Y) ox* oxay® oy’ ER’

0°F 0°w _ 0°F 0°w  0°wOo°F
x| P,+h -2 +
x> 0y*  Oxdy oxdy Ox° dy’

(5.6)

To minimise the error function, the Ritz-Galerkiretimod is employed which requires
[5.5, 5.6]:

” e(X, y)W(x, y)dxdy=0 (5.7)

115



Equations 5.3 and 5.7 can be rewritten as equéatiin

—3774h2(1— I/Z) 3 533 3 2774h 3(
L’ Lza( 1-v?) i 3200J[ (R + (P)] - P =0(5.8)

This expression can be used to deterni{Rg). SettingE = 1.68x10" Nm™, v = 0.0686,
h andL are the parameters for the thin and thick memlsraequation 5.8 becomes

equation 5.9 and 5.10, respectively.

-0.334 f(P,)| *+1.18q f (P,)| -2.936x10°P, =0 (5.9)

-1.364 1(P,)] +4.8211(P,)] - 7.184x10°P, =0 (5.10)
Equations 5.9 and 5.10 have only one real rootclwhs dependent on the input
parameter®,, E, v, L andh. Membrane deflection can be calculated by equodii@,
where,x andy are the position on the membrane at which theadidin is calculated
[5.5]. Whenx =y = 0, the deflection is calculated at the centreh& membrane.
Figure 5.2 shows a plot of the thin and thick meamberdeflection at the centre of the

membrane as a function of applied pressure.

1.E+01 -
1.E+00 -
1.E-01 -
1.E-02 -
1.E-03 -
1.E-04 -
1.E-05 -

Deflection (um)

1.E_06 T T T T T T 1
1.E-07 1.E-06 1EO05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Applied Pressure (atm)

Thin membrane (cubic exp.) = = = Thick membrane (cubic exp.)

= « = Thin membrane (linear approx.) ===== Thick membrane (linear approx.)

Figure 5.2: Theoretical deflection of the desigtieih and thick membranes as a

function of applied pressure.
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Figure 5.2 also shows the theoretical deflectiontlué designed thin and thick
membranes using a linear approximation with ah vlue of 0.998 and 0.999
respectively. The cubic terms in equations 5.9%A40 have a negligible impact on the

deflection of the thin and thick membranes so #uptation 5.8 can be simplified to:

2m'h? [f(Pa)]—MP =0 (5.11)

L? Eh? .

The linear approximations for the thin and thicknmieanes, equations 5.12 and 5.13,

can be used to determine the deflection of the nnaneb

W, = 2.488x10°hP, (5.12)

Wy =1.490x107°hP, (5.13)

To calculate the expected change in resistancéamcke the change in output voltage of
the test structure when the applied pressure igdjawe normalise the dimensions of

the membrane as defined in figure 5.3.

A
v

(0,0)
L x(x/L, 0)

v v
y(0, y/L)

Figure 5.3: Normalised dimensions of the membrane.

The piezoresistors of the thin and thick test $tmas were positioned due to the design
rules of the fabrication process at (L/4, 0) antB(l0) respectively as shown in figure

5.4. The theoretical deflections of the membrandkese positions are therefore given
by equation 5.14 and 5.15, respectively using eou&t 3.
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(@) (b)

Figure 5.4: Piezoresistors position on (a) thin gl thick membrane.

W, = 05 f (P,)] (5.14)
Whick = 0-851[f (F%)] (5.15)

In the case of the designed cap deflection testtstres, the pressure is applied to one
side of the membrane where the holes in the botitess provide access to the
structure. The other side of the membrane is daailder vacuum conditions and so, in
atmospheric conditions, the membrane deflects idsvdaowards the top glass. The
membrane will therefore be in equilibrium, i.e. thredge voltage will equal zero, when
the applied pressure is equal to the pressure ioedtan the cavity sealed by the top
glass. In this case, the applied pressure shailpldited as differential pressure, and
the output voltage will change polarity when thdlatgion of the cap goes through
zero. Figure 5.5 shows the theoretical deflectibthe thin and thick membranes at the
positions of the piezoresistors when the cavityspuee is assumed to be 0.049 atm as
stated by the manufacturers.
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Deflection (um)

O
-0.2 0.2 0.4 0.6 0.8 1 1.2

Differential Pressure (atm)

Thin membrane = = = Thick membrane

Figure 5.5: Theoretical deflection of the desigtiedh and thick membranes in the

location of the piezoresistors as a function ofedéntial pressure.

Following Pang et al., assuming a supply voltage, and a differential output voltage

AV, the dimensionless output voltage of the bridggiven by:

AV 177445 (5.16)

Vref B 2

wherenss = 27 andzyis the longitudinal piezoresistive coefficient aig the effective

mechanical stress of the membrane, given by:

Eh o'W ) (5.17)

Differentiating equation 5.1 with respectydwice and substituting into equation 5.17

gives:

s= 12_E:2 (7{}2 h[ f(a)] co§(%j CO{ZTW](l— V) (5.18)

Substituting into equation 5.18 the correspondimput parameters for the thin and thick
membranes and assuming the piezoresistors areopesitas shown in figure 5.4, the
output voltage can be calculated by then substgugéiquation 5.18 into equation 5.16.
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Figure 5.6 shows the theoretical output voltagéhefthin and thick membranes as the

applied pressure was varied; resulting in a chamgéferential pressure.

Differential Pressure (atm)

Thin membrane = = = Thick membrane

Figure 5.6: Theoretical output voltage of the thimd thick membranes as a function of

differential pressure.

Figure 5.6 shows that the cap deflection test siras should work well when the
differential pressure is between 0 atm and 1 alihe sensitivity of the cap deflection

test structuresxp, can be calculated by [5.5]:

i aVOIJt
V, 0P,

Sep = (5.19)

Where Vy,; is the output voltage recorded over the diffeangiressure range. The
theoretical calculations predict that the sengitioif both the thin and thick membranes
in this pressure range will be 72.2 mV/V.atm and65&V/V.atm, respectively.
Considering that it is possible to accurately meashanges in voltage down iy, the
change in pressure detectable using the cap defietst structure is of the order@0
atm. Considering a standard package with a volafriex10° cn?, leak rates of the
order 10" atm.cnf.s* could be detected in ambient condition within au Using a
bombing technique as described in section 2.3¢ertdst could be accelerated to make it

possible to detect even lower leak rates.
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The theoretical sensitivity of the thick membranasvealculated to be less than that of
the thin membrane, which was expected since tihe satnembrane thickness to length
indicated that the thin membrane would be moreiteas

5.3 Design and fabrication process

The piezoresistive cap deflection structure deslgieegive an electrical response to
changing ambient pressure was fabricated usingMb#i Project Wafer (MPW)
foundry process, MultiMEMS, from the Infineon Techmgies SensoNor AS. The
MultiMEMS foundry process is suitable for piezosgsie detection and thermal
excitation [5.3]. SensoNor's established processeslude sensitive surface
piezoresistors; precise control of diaphragm thédses using an electrochemical etch-
stop; release etching using reactive ion etchimgepitaxial layer for thin diaphragms
and beams; and sealed or vented cavities [5.3].s& hgharacteristics make the
MultiMEMS process an ideal foundry process for ttadrication of in-situ test
structures for hermeticity testing. The manufactgriechniques are based on bulk
silicon and borosilicate glass micromachining aedde the structure designed here is
suited to similar manufacturing processes, whick esmmonplace in the MEMS
industry. The devices are fabricated on a silic@afer which is enclosed by
borosilicate glass forming a 6 mm x 6 mm x 1.45 mlass/silicon/glass triple layer
package as shown in figure 5.7 (a). In order tibiGde the in-situ test structures
effectively, four holes in the bottom glass layétle chips were made to allow access
to the package cavity, figure 5.7 (b).

(&) (b)
Figure 5.7: (a) Glass/silicon/glass MEMS die mamtdiaed by MultiMEMS. (b) Holes

in bottom glass.
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The design rules of the MultiMEMS process gave disienal limits for both thin, 3.1
um, and thick, 23.1 um, square membranes. The ilembrane has maximum
tolerable dimensions of 430 um and the thick memdraas maximum tolerable
dimensions of 3480 um. To test the sensitivity eamje of each membrane thickness,
two membranes, one thick and the other thin wesggded on each chip. The design of

the cap deflection in-situ test structure is shawfigures 5.8 and 5.9.

Figure 5.8: Design of cap deflection test structuréhe thin membrane structure is

shown at the top. The thick membrane structurbasva at the bottom.
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710um

Figure 5.9: Piezoresistor orientation.

The piezoresistors are connected in a Wheatstadgebconfiguration by conduction
lines made up of surface conductor, buried conaduaotetal conductor and contact hole.
The membranes themselves are formed by backsidmegtc

The first mask to be defined was the N-well maske N-well region is generally used
as a substrate for buried conductor and resistarthis design, the region was used as a
substrate for the conductor lines and to creatdiek tmembrane. The N-well was
formed by surface implantation with silicon oxide t#he mask layer combined with
diffusion and re-oxidation processes. As it haaight polarity a positive image was
transferred to the oxide layer and so the regiobetdree of N-well was drawn. In the
thin membrane design, an N-well mask was therettneavn over the area to be
backside etched so that the etching process woeddroanisotropically through the
silicon substrate to the epitaxial layer. The Niweas required to define the thick
membrane and is required for electrical connediiotihe piezoresistors in both designs
so no N-well mask was necessary in the designeofititk membrane.
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Figure 5.10: Mask layout of conduction lines frprazoresistors on the cap deflection

membrane to chip bond pads.

The p-type buried conductor mask was then defimedréate electrical connections

from the piezoresistors to the chip bond pads.ieBuconductor was necessary to make
the electrical connection from inside the anodjcakaled cavity to the bond pads out
with this cavity. Figure 5.10 shows the buried dactor mask as the light blue regions
making connections from the conduction lines tolibad pads. The buried conductor
layer was formed by surface implantation using prestist as the mask, followed by a
diffusion process. The buried conductor mask hegiative polarity and so the mask

was drawn in regions where the buried conductorteé® implanted.

The surface conductor mask was then defined agaircomplete the electrical

connection from the piezoresistors to the bond pafarface conductors are formed
inside the epitaxial layer by implantation throutjle thin oxide using photoresist as a
mask followed by a diffusion process. The surfacmductor mask had negative
polarity so was drawn only where the surface cotafuwas to be implanted. The
surface conductor mask is drawn along the same uotiot lines as the buried

conductor and represented in figure 5.10 by thelpuregion. As all the masks are

stacked along the conduction lines within the gaaitea, the buried conductor, surface
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conductor and metal conductor masks have the sanmendions and are all represented

by the purple region.

The piezoresistors were surface resistors orieshtateng the <110> crystallographic
direction and connected at either end to surfacelwctor regions as shown in figure
5.8. The surface resistor was formed inside theapl layer by implantation through
the thin oxide using photoresist as the mask fadidvby a diffusion process. The
surface resistor mask had negative polarity so drasvn only where the surface

resistors were required, represented by the radmregn figure 5.9.

Contact holes were then defined to allow electramaitact from the silicon through the

thin oxide to the metal conductor, which was todaposited on top of the surface
conductors. The contact holes were opened usimgt &tch process with a photoresist
mask. The mask had negative polarity so was di@viy where the thin oxide was to

be etched and represented by the black regioigumei5.10.

The metal conductors were sputtered and then pattemsing a wet etch process and
photoresist mask. The mask had positive poladtyhe metal conductor mask was
drawn only where the metal should not be etched, along the conduction lines

connecting the piezoresitors to the bond pads. nié®l conductor mask is represented

by the purple region in figure 5.10.

The backside etch mask was defined to create timeathd thick membranes. The
backside etch was done using wet anisotropic bulicos etching and an
electrochemical etch stop technique. The two bgeauds not connected to conduction
lines by the buried conductors in figure 5.10 wesed to perform the electrochemical
etch stop technique. The {111} crystallographiar@d was etched most slowly and
these planes are inclined at 54.74° with respetiteéd100} plane, the nominal surface
plane as shown in figure 5.11. Therefore the niesk to be designed with care to
ensure that the final membrane size was correbe backside etch mask had negative
polarity so the region to be etched was defined.
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Figure 5.11: Backside etch of silicon for (a) tlaind (b) thick membranes

The anodic bonding mask was defined around the @reering the cap deflection test
structures and the conduction lines. This maskwsasl to define the region where the
thin oxide layer will not be removed by a wet eprhcess. Anodic bonding would only
occur where the thin oxide was removed. The maskpositive polarity so was drawn
over the cap deflection test structure to ensuraling would not take place in this area.
During this process, the backside of the silicofewaas also etched so that the bottom
glass could be bonded to the silicon as well. fOpeglass was etched before bonding
to provide a cavity over the cap deflection tesicttire. The bottom glass had through-

holes etched to allow access to the internal cdwitgalibration purposes.

The 23.1um thick membrane includes the N-well layer wheréas 3.1 um thin
membrane design includes a mask layer defined mmve the N-well. Taking the
anisotropic etch into consideration, the backsitbh enask in the design of the thick
membrane was defined as a square with 2084ong sides and the membrane created
had sides of 1468 um in length. The backside etelk in the design of the thin

membrane had 964 um long sides and the membraatedread 398 pum long sides.
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The area of the membranes were therefore well withé limits of the MultiMEMS

design rules.

In order to ensure the design meets the rulesysttebfabrication processes, the design
was checked using a design rule checker. Oncealésgn had passed the check, a
simulation of the most stress sensitive areas ef gtiucture was required. The

maximum tolerable stress was 500%N/m? [5.7]. Figures 5.12 and 5.13 show the
maximum stress in the thin and thick cap deflectiest structures were 508.792 MPa
and 449.859 MPa, respectively. The stress in ek tmembrane did not exceed the
maximum tolerance given by MultiMEMS and maximumess$ in the thin membrane

was less than 10% over the tolerance and localiSdwe designs therefore passed the

design rule checker and so were accepted for it

Noncommercial Use Only

Figure 5.12: ANSYS simulation of stress in desighia cap deflection in situ test

structure.
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Figure 5.13: ANSYS simulation of stress in desighiok cap deflection in-situ test

structure.

810pum

6mm

Figure 5.14: Microscope photographs of fabricategh deflection test structure.
Figure 5.14 shows the deflection of the cap undenospheric conditions. The

membrane is deflected into the vacuum packagedycaantained in the top glass
through which the photographs in figure 5.14 haserbtaken.
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5.4  Experimental design for calibration

In order to calibrate the in-situ test structurdesles in the bottom glass layer of the
chips were made to allow access to the packagéycaveventing thereby the die to be
wirebonded onto conventional ceramic chip carrierk order to allow electrical
connection to the die, a flexible polyimide subtgreoated with a 17.5 um thick layer
of copper was used. The flexible copper clad satestwas patterned by printing an
electrode design directly onto the copper usingraventional 1200 dpi laser jet printer,
figure 5.15.

Figure 5.15: Electrode pattern printed onto copptadded polyimide; large pads: 2 x

4 mm; central lines: 15Qm x 5 cm; central line spacing: 1p0n.

After etching in ferric chloride, the ink was rensalvusing solvent and the structure cut
from the polyimide substrate. The flexible sultstravas then glued using high
temperature epoxy onto the top glass of the dierbefirebond connections were made
from the aluminium die pads to each electrodes Yery challenging to achieve strong
gold bonds on copper because copper oxidises guitkis extremely difficult to break
through the oxide layer using the full ultrasonmwer of the wire bonder. For this
reason, a few nanometers of gold were electroplated the tips of the copper where

the wirebonds were to be placed, as shown in fi§uké.
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Figure 5.16: Electroplated gold on copper tracksarebonding purposes

Nickel is usually plated onto copper prior to tHating of gold onto nickel to prevent
an alloy of gold and copper being formed as comjkuses into the gold. This step
was neglected here as this process was simply tosednimise copper oxidation to
achieve strong wirebonds onto the electrode tradiesminimise costs, a small amount
of gold plating solution was purchased and the guis electro-deposited using the
following painting technique. All tracks were stemt together using a sheet of copper
film and a clamp. The tracks were then conneatethé cathode and a graphite stick
connected to the anode. The graphite stick wagdpvith cotton to absorb the plating
solution, which was ‘painted’ onto the end of thepper tracks which had been

thoroughly cleaned to remove the oxide layer, asvehin figure 5.17.

Figure 5.17: Electroplating set-up.
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When wirebonding, it is standard practise to créaefirst bond, a ball bond, on the die
pad, then to create the second bond, a wedge batwthe chip carrier, PCB or in this
case, the copper electrodes. As the electrodkstige on top of a polyimide flexible
substrate, it was difficult to wirebond onto themthe substrate absorbs the ultrasonic
power from the wirebonder. Creating a wedge bamthe electrodes was therefore not
possible. The thin layer of gold electroplatedootite copper electrodes was enough to
stop the copper oxidising and to allow gold balhté® to be deposited onto the tracks.
Once these balls were created, the wire was brakery from the ball leaving a gold
ball on the gold electroplated copper track. Aeothall bond was then made on the
corresponding die pad then the second wedge bosdnweale on top of the gold ball

previously placed on the electrode as shown inréicul8.

Figure 5.18: Wedge bond on top of gold ball pregiglbonded to the gold

electroplated copper electrode.

After wirebonding the bonds were encapsulated usimgepoxy resin to prevent the
wirebonds being broken during handling. Once tketacal connection was made the
test structures were then calibrated. The die @edtrodes were placed inside a
chamber to be pumped down to the lowest vacuumilpes®.87x10 atm, using the
Leybold PT50 Turbotronik NT10 pump. The chambexdufor this purpose was made
by modifying a standard vacuum pump adaptor. Hedexe drilled into a standard cap
and electrical wires sealed into these holes awrsho figure 5.19. The wires were
soldered to the copper tracks on the polyimide tsatess shown in figure 5.19,
completing the electrical connection from the srdalto the large scale. The modified

cap was fixed to the vacuum pump using a standaiddd
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Figure 5.19: Large scale electrical connection te.d

Figure 5.20 shows the calibration set-up. On ttieeroside of the modified cap, the
electrical wires were connected to the test cirguivhich monitored the change in the
test structures electrical output with pressure. pr@ssure sensor, either a Penning
Gauge or a Pirani Gauge, was used to monitor #espre inside the test chamber. The
leak valve was used both to increase the pressomeifitial vacuum conditions inside
the chamber during calibration and to ensure tlesgure was kept constant during

measurements since the vacuum pump was contimalyuating the chamber.

Modified cap with feed-
4/ through electrical wires.

Leak - L Pressure
Valve Sensor
— Polyimide substrate
electrically connected to
Vacuum pump test chip

@)
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Figure 5.20: (a) Schematic, (b) experimental sefargn situ test structure calibration.

5.5  Calibration procedure

The calibration procedure for the cap deflectist sructures was straightforward. As
the piezoresistors were connected in a Wheatstodgebon chip, all that was required
was a supply voltage and the change in bridge geltaas recorded as the pressure
surrounding the chip was changed. The pressuraedased to below 1x10atm and
the bridge voltage recorded. The pressure wasdloevly increased using a leak valve
and the change in bridge voltage was recordecanPand Penning gauges were used to
monitor the vacuum chamber pressure. The cap dieflestructures were sensitive at
near atmosphere where the Pirani gauge used taandimé vacuum chamber pressure
was reaching the end of its operating range. Tidbreée the structures at near
atmosphere, small pressure sensors giving an ielctesponse to changing pressure

were incorporated inside the vacuum chamber.

The measured data was used to plot graphs of diordess output, differential output
pressure divided by the reference supply voltagea &nction of differential pressure
defined as the difference of pressure betweenhbenber and the internal cavity. The
internal cavity pressure should have been appraeim®.049 atm according to the
design rules. The internal pressure however wésrdened by varying the chamber
pressure until the output bridge voltage reached.zét this pressure, the membrane

was flat and the pressure inside the cavity eqdide pressure in the chamber. This
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value was subtracted from the chamber pressurebtaino an accurate value of

differential pressure.

5.6 Results

Figures 5.21 and 5.22 show the average resultetbfthe thin and thick membranes on
two cap deflection test chips. The errors bargecefthe maximum and minimum

results of three test runs conducted for each manebon each chip.

The figures show that the response of the thin nmangbis linear when the differential
pressure is greater than 0.1 atmosphere. The théskbranes response is linear when
the differential pressure is greater than 0.45 aharefore the operating range of the
thick membrane is narrower. The plots also shat/tiie chip-to-chip output variations
of both the thin and thick membrane were smalle Tap deflection design is therefore

ideal for use as a test structure.

0.08 ~ —p Domain of
validity for
0.07 1 theoretical
0.06 - curve
0.05 -
0.04 -
2 o003 - —Chip1
* o2 | A T Chip 2
001 - Theory
0 -
-0.01 - /
17002 “55 0 0.5 1 15
Differential Pressure (atm)

Figure 5.21: Thin membrane average differentialputtvoltage as a function of

differential pressure.
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Figure 5.22: Thick membrane average differentiatipot voltage as a function of

differential pressure.

The sensitivities of the average results of tha #nd thick membrane were calculated
in the region where output is linear. It was fouhdt the average sensitivity of the thin
and thick membranes were 65.2 mV/V.atm and 47.5\natim, respectively. These

results show that, as expected from the ratio ombrane thickness to membrane
length, the thin membrane was most sensitive. tlheretical calculations agree with

this result although the calculated sensitivityueasl are slightly higher, 72.2 mV/V.atm

and 58.6 mV/V.atm, respectively.

The thin membrane experimental results are in ageeéwith the theoretical results as
shown in figure 5.21, showing that output is linedren the differential pressure is

greater than zero. However, the dimensionlegsubwidltage values of the theoretical
results are slightly displaced from those obtaiegerimentally. This could be caused
by inaccurate piezoresistor placement. The manufact process is however well

established and it is unlikely that a significarbe in piezoresisor positioning could be

made. Another possible reason for this inconstst@ould be inaccurate measurement
of the differential pressure during experimentabmeements. Since the calibration of
the thick membrane was done in the same way arse tlesults are not displaced from
the theoretical values in the same way, it is whikhat this caused the difference in
theoretical and experimental results. Howevers ipossible that the cavity pressure
which was quoted by the manufacturer to be 0.049 @tes not precisely match the
actual cavity pressure. The use of the given cawiggsure in the theoretical results to
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calculate the differential pressure is therefor@inect and causes the offset from the

experimental results of the thin membrane.

The experimental results of the thick membrane stlsmme deviation from the
theoretical curve as the differential pressurenicrdased. The analytic expressions
given in the theory here are only accurate foregitbns, which satisfw < 0.2h,where

w is deflection andh is the thickness of the membrane. The theoryldhiberefore be
accurate for deflection at the centre of the memdnap to 4.62um [5.6]. Above 0.6
atm, 2um deflection at the piezoresistor location, (0,)L&ccording to figure 5.5, the
experimental curve begins to deviate from the tbgwoal curve at this pressure. The
central deflection of the membrane is there greiduan 4.62um and so it is expected

that the experimental curve will deviate from thedretical curve.

Given a typical cavity size of 1xfnt and assuming that the package will be stored
in ambient conditions, it is possible for this tesucture to measure a leak rate as low
as 6.94x10° atm.cni.s® over an hour without a bombing procedure. Usimg a
accelerated testing technique, it would be posdibleneasure this leak rate over a
shorter time or indeed to measure a lower leak raitee value of this lower leak rate is
dependent on the bomb pressure and time used. ré seasitive cap deflection design
would allow lower leak rates to be measured im@tsuitable for use in industry for
ultra high vacuum packaging applications. It rbaypossible to increase the sensitivity
of the cap deflection test structure by placing fhezoresistors on an area of the
membrane which is more stressed, for example adiges on the membrane as shown
in the ANSYS plots given in figures 5.12 and 5.13.

5.7 Conclusions and Future work

The results of the piezoresistive cap deflecti@ s¢ructure have proved that for some
low volume applications this type of test wouldesfla cheap hermeticity test method
provided that double cap packaging can be carngd oThe test structure itself does
not occupy any real estate and requires only feezqoesistors to be fabricated on the
silicon cap. In a device where silicon fusion biogdor anodic bonding are used to
hermetically seal packages, this test structures do¢ add to the fabrication steps of the

device or change of the packaging method.
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Future work concerning this in situ test structumgudes testing and pushing both the
detection range and detection sensitivity. At en¢sthis method is not sensitive
enough for some ultra low vacuum packages withioeitnieed for a long bomb time or
high pressures which could potentially interferahwihe test results. Future work
would also include incorporating this in-situ testucture into a suitable prototype
package to determine the ease and speed of uselmtrial applications.
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Chapter 6
Other in-situ test structures for the electrical mesurement

of the internal cavity pressure

6.1 Introduction

This chapter describes the theory, design andra#lim of two in-situ test structures: a
micro-Pirani test structure and a thermal van darWPtest structure. The Pirani gauge
is a well known pressure sensor and the devicephasously been miniaturised and
used to assess the hermeticity of low cavity vollMiMS [6.1, 6.2, 6.3]. The thermal
van der Pauw structure is the thermal equivalenthef electrical Greek cross test
structure and is used to measure the thermal sbadtictivities of thin films [6.4]. The
thermal van der Pauw structure must be used incauwa to ensure thermal isolation
[6.4]. For this reason it was thought that thist tstructure could also be used as a
pressure sensor for sensitive hermeticity testi@@pmparison of the performance of

these sensors is also provided with other in-sisti $tructures.

6.2 Micro-Pirani test structure

6.2.1 Theory

The micro-Pirani gauge provides a measurement efptiessure inside a cavity for
pressure values ranging from high vacuum to atmersplpressure. The sensor is
usually made of a free-standing metallic flamenbeam surrounded by a cavity, the
pressure of which is to be measured. The freedstgrstructure is heated through the
application of a current passing through it. Adrthal equilibrium, the power provided
by the Joule effect is equal to the power losseseax by radiation, conduction through
anchors of the beam, or by convection through #® gpntained in the cavity. The
micro-Pirani gauge is designed to monitor heat pdegs through convection. Since
this power loss is dependent on the pressure ddititgent gas, the micro-Pirani gauge

can be used to determine the cavity pressure. mwamtoring strategies are possible:
(1) Constant current supply: when equilibrium is essdlgld, the beam or filament
will reach an equilibrium temperature and, therefoa constant resistance,

which is a function of the pressure within the tavi
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(2) Constant temperature monitoring: power is supptedhe beam to keep the
temperature hence resistance of the beam constarg feedback control. At
equilibrium, the power supplied to the gauge tontaan the beam temperature

constant is a function of the cavity pressure.

To derive the physical relations between pressesstance and temperature behind the
operation of the micro-Pirani, the first mode ofeogtion is described. At thermal
equilibrium, consider the temperature of the be@nto be uniform and the gas, cavity
and anchors to be at the same temperaligreThe power exchanged by the convection,

P,, from the beam to the gas present in the cavigyven by:
P =bp,(T, - T,) (6.1)
wherep. is the pressure of the gas in the cavity brnsl a constant that depends on the

beam geometry and material. The power exchangedohgluction,P,, between the
beam and anchors is given by:

P, =a, -T.) (6.2)

wherea is a constant depending on the beam and anchoneggpand material. The
power radiated initially by the beais, is given by:

P, =colg T -eT) (6.3)
where c is a constant dependant on the beam geoar&rmaterialg is the Stefan’s

constant,e, and e; are the emissivity of the beam and cavity, respelgt The

resistance of the beam, in the first order, is mibg:

R, = R(t+a(T, -T,)) (6.4)
whereR, is the resistance of the beaRy, is the initial resistance of the beam before
current is applieda is the temperature coefficient of resistivity afglis the initial

temperature of the beam. Neglected here is thetdat the temperature coefficient of
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resistivity is itself temperature dependent and tha resistivity will change with the

distance from the anchor. At thermal equilibrivminen a constant curremt,is applied:
P+P,+P, =I2R, (6.5)

But:
R, = R0(1+a(Tb _To)) - Ro(l"' a(Tc _To))"' Roa(Tb _Tc) (6.6)
and,

R =R +Ra(T, -T,)= Rc(1+ % a(T, —TC)) 6

whereR. is the resistance of the cavity defined as thistasce when the temperature of

the beam equals the temperature of the cavity emvient. Setting' = aRy/R: gives:
R, =R[+a'(T,-T.)) (6.8)

Substituting in equations 6.1, 6.2, 6.3 and 6.&gjiv
(a+bp, )T, -T.)+coleTy -eT)= 1°R 1+ a (T, - T.) (6.9)

Micro-Pirani gauges work in the molecular regimeeveh the Knudsen number is
greater than 0.01 and heat convection is pressependient [6.1, 6.2]. The Knudsen
number is calculated by dividing the mean free paththe gas by the smallest
dimension through which the gas flows [6.1, 6.Zhermal impedance is a measure of
how much a materials temperature will change whéreat power is applied. Figure
6.1 shows the pressure dependence of the thermaédamce in the molecular,

transitional and continuum regimes, defined by #weudsen number [6.1, 6.2].

Thermal impedance is pressure dependent in thecodateregime.
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Figure 6.1 Thermal impedance as a function of press

In the molecular regime, radiation losses can lggeisted when compared to convect

losses. So equation 6.9 becor

(a+bp.)(T, - T.) = I’"R(1+ (T, - T))

Rearranging gives:

_ I’R _ I’R,
T, -T. = D12 2
a+bp, —aR.I a+bp, —aR,l

Therefore equation 6.8 becorr

)

i R{“ a+bp, —aRyl*

Substitutinge = aRol? gives:

R, = R{HLJ

a+bp, —«

(6.10)

(6.11)

(6.12)

(6.13)

When a constant current is applied, the voltagesomea across the beaVmeasured Will

be:
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Vmeasured: le = IRC{1+LJ (614)

a+bp, -«

Using a Wheatstone bridge arrangement to extractlitange in beam resistance means
the constant termlR., in equation 6.14 can be neglected as the elattdiccuitry
measures the change of voltage. The voltage satysdf the micro-Pirani Syp, can be
determined by dividing the change in the measum@thge by the change in cavity

pressure as shown in equation 6.15.

v -bIRk
Swpe = = 6.15

As the cavity pressur@., approaches ambient atmosphere, the sensitivittyeofmicro-
Pirani gauge decreases. This indicates that tlbeorRiirani test structure is best suited
to monitor the hermeticity of vacuum packaged MEM&vices. However, when is
small and the ternbp. no longer dominates the denominator of equatidb,6the
micro-Pirani will not be operating in the molecutagime and heat transfer is pressure

independent so the test structure is outside nge@f operation.

When the second monitoring strategy is used, thasared voltage change will reflect
the change in power, hence current, required totaiai the constant resistance of the
beam. A balanced Wheatstone bridge is used taetisat the micro-Pirani resistance,

hence temperature, is kept constant.

Now considering equation 6.5 under the constanpégature monitoring strategh, is

constant andlis variable so that:
(a+bp, )T, -T.)=1°R, (6.16)

neglecting any contribution of radiation. Since theam resistance is constant so too is
the temperature difference of the beam and thetyai, — T.). Renaming the
temperature difference of the beam and the ca#tyto avoid confusion, equation 6.16

becomes:
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(a+bp,) AT =R, (6.17)

Rearranging gives:

The current supplied to the beam will thereforerelase to keep the beam resistance
hence temperature constant as the pressure iratity s reduced and heat convection

from the beam to the surrounding gas in the casitgduced.

The voltage measured is related to this currer®@bm’s law such that:

Vmeasured = \/Rb (a + bpc )AT (6 19)

The voltage sensitivity of the micro-Pirargy,p, can be determined by dividing the
change in the measured voltage by the change itygaressure as shown in equation
6.20.

dv _ -RpAT

R 2. /R (a+bp,)AT

(6.20)

As the cavity pressur@., approaches ambient atmosphere, the sensitivitlyeofmicro-
Pirani gauge decreases. This indicates that tleeorRiirani test structure is best suited
to monitor the hermeticity of vacuum packaged MEM&sice. However, as with
constant current strategy, whegnis small and the terrbp. no longer dominates the
denominator of equation 6.20, the micro-Pirani widit be operating in the molecular
regime and heat transfer is pressure independahesest structure is outside its range
of operation.

6.2.2 Design

In order to increase its sensitivity, the microairwas designed with a long resistive

meander. The design of this structure is showigure 6.2.
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Figure 6.2: Design of the micro-Pirani in-situ tegtucture on chip.

Figure 6.2 shows the layout of the 6 mm x 6 mm chipich has one micro-Pirani
located in the top right hand corner. The micr@afi was fabricated on the silicon
layer between the top glass and the bottom glaedatter of which contained the holes
giving access to the internal cavity for calibratiaf the test structure. Figure 6.3 shows

the more detailed design of the micro-Pirani sensor

Figure 6.3: Design of the micro-Pirani gauge
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The first step was to define the regions whereNtheell should not be implanted. The
N-well region was necessary for most of the desgyrept the areas, which were to be
released from the substrate. As it has straiglaripp a positive image was transferred
to the oxide layer and so the region to be freBl-efell was drawn. Figure 6.4 shows
the regions where the N-well mask were defined arel represented by the darker
colour which forms the outline of a square on whicé brighter blue release mask is

drawn.

Figure 6.4: N-well and release etch regions of mi&irani design.

Next, the mask for the p-type buried conductors defined. Buried conductors were
used in this design to ensure that any spikesamtbtal layer would not penetrate the
underlying pn-junction. Also, by using the burieanhductor, any breaks in the metal
line would not result in device failure. The bufrieonductor mask had negative polarity
and so the mask was drawn in regions where thedwonductor was to be implanted.
The buried conductor mask was the same size asutfece resistor and metal mask so
cannot be seen in figure 6.5 but is representeatidpurple regions.

Surface conductors were used in the micro-Pirasigieto electrically connect the
micro-Pirani device to the bond pads. The use etiahconductors in the top left hand
corner and bottom right hand corner, shown in #g6&r3, at 45° would have made the
structure very fragile and would have compromidesl MultiMEMS design rules. For
these reasons surface conductors were used. Taeewgonductor mask had negative
polarity so was drawn only where the surface cotataovere required. This mask is
represented by the red regions in figure 6.5.
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Surface resistors were defined along the lengthleoficro-Pirani meander to increase
the resistance of the meander to achieve maximwangeghin resistance, which would
increase the sensitivity of the test structurehanging ambient pressure. The surface
resistor mask had negative polarity so was drawnm where the surface resistors were
required. In figure 6.5, the surface resistor méskhe same size as the buried
conductor mask and the metal mask on the micraiPimeander. For this reason the
surface resistor mask cannot be seen but is repgeeséy the purple region in figure
6.5.

Figure 6.5: Buried conductor, surface resistof, Bontact hole, metal layer and anodic

bonding masks.

The N layer was used to provide ohmic contact to théazl layer and was defined
over the full membrane on which the micro-Piraniamger was designed. The N
regions were formed inside the epitaxial layer implantation through the thin oxide
using photoresist as the mask. Themask was drawn over the area of the membrane

on which the micro-Pirani meander was drawn.
Contact holes were then defined to allow electromaitact from the silicon through the

thin oxide to the metal conductor. The mask haghtiee polarity so was drawn only

where the thin oxide was to be etched, represdntedblack region in figure 6.5.
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The metal conductors were sputtered and then pattemsing a wet etch process and
photoresist mask. The mask had positive poladtyhe metal conductor mask was
drawn only where the metal was to be present, septed in figure 6.5 by the purple

regions.

Next the mask for backside silicon etch was defindithe backside etch mask was
defined around the full structure so that the mien@ni meander would be on a thick
membrane, 23.1 um, as shown in figure 6.6. Th&dide etch was carried out using
wet anisotropic bulk silicon etching and an elecimical etch stop technique. The
mask had to be designed with care to ensure tedfirthl membrane size was correct.

The backside etch mask had negative polarity soethien to be etched was defined.

Thin oxide

P-substrate 57.74°

Thick oxide

Figure 6.6: Backside etch of silicon for the mi®oani design.

The anodic bonding mask was defined around theeljion, which covers the micro-
Pirani. The mask has positive polarity so was drawer the test structure to ensure
bonding would not take place in this area. The tixide on the backside of the silicon
wafer was also etched during this step so thabtiteom glass was prepared for anodic
bonding. The top glass was etched before bondingrdvide a cavity over the test
structure. The bottom glass had through-holeseeltdh allow access to the internal

cavity for calibration purposes.

Lastly, the release etch mask was defined. Becafuge MultiMEMS design rules, it

was not possible to release between the arms ofméender structure so the thick

membrane on which the micro-Pirani was fabricateds weleased to minimise
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conduction effects through the bulk silicon. ltlvide explained later that this lack of
thermal isolation has provided experimental restiitg do not follow the theoretical
behaviour of the sensor as described above. Tkaseletch process was done using
reactive ion etching from the front silicon surfaceng a photoresist mask. In previous
steps, the N-well region, which covers the arethefmicro-Pirani had been removed in
the region to be released so that the thicknedheoinembrane in these regions was
reduced to the thin membrane thickness of 3.1 punnglihe backside etching step.
The release etch mask had negative polarity soetjiens to be released were drawn,

represented in figure 6.4 by the blue region.

Figure 6.7 shows that the maximum stress in thea¥erani structures designed was
in the connection from the released membrane tcstifostrate. The maximum stress
was 547.437 MPa, which exceeded the maximum alllavastress of the
manufacturers, 500x20N/m” The design was checked by the manufacturers and
accepted since the maximum stress was less thanoi@?the limit and in a very

localised area.

Figure 6.7: ANSYS simulation of stress in desigmicfo-Pirani in situ test structure.

The micro-Pirani resistive meander was fabricated aeleased thick membrane. The

fabricated device is shown in figure 6.8. Althoubk design passed the MultiMEMS
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design rule checker, there were yield issues whth particular design due to the high
stress areas shown in figure 6.7. Many of the eARirani test structures were broken
during dicing. All the failures were caused by dk® in the arms connecting the
membrane to the substrate. The fragility of the @gle of the designed connection to
the released membrane was the most probable rdasotiis. Ten successfully
fabricated devices were however delivered by MUEMS and were calibrated to
determine the structures electrical response tagihg ambient pressures for use as an
in-situ hermeticity test structure.
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Figure 6.8: (a) and (b) Fabricated micro-Pirani tegtructure, (c) Connection from

substrate to membrane, (d) broken connection onbrem, (e) broken connection on
substrate.

6.2.3 Calibration procedure

The resistance of the first micro-Pirani test dtice at room temperature in ambient
conditions was measured to be A8 To calibrate the micro-Pirani test structure the
bond pads of the chip were wirebonded to coppark$raon a flexible substrate as

described in chapter 5. Electrical wires were tls@fdered to macro scale pads
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connected by copper lines on the flexible substaatk via wirebonds to the chip pac
The chip and the flexible substrate were then eeclowithin a test chamber

descrbed in Chapter 5. The wirccoming fom the chamber were used to comf a
Wheatstone bridge on a test b¢. The test board was designed to keep
temperature, hence resistance, of the r-Pirani constant using a feedback loop,

following the £cond monitoring strategy. The mi-Pirani gauge was used as one
the resistors in the Wheatstone bridge on thediestiit. Two of the other resisto
were fixed and their values are shown in figure 6/ variable resistor was used
balance thdéridge in atmospheric pressure at room temperatilites resistance of tf
micro-Pirani at room temperature and pressure variesfisgmtly from chip to chip. Tc
eliminate this error from the calibration resultse three chips chosen for calibrat
were of similar resistances ranging from Qo 720Q, in ambient conditions. Tt
micro-Pirani was supplied with 4.9 V so the current sigapinitially to the resistivi
meander was 7 mA. Figure shows the circuit used to ensure the n-Pirani was

kept at a constant resistance and the Wheatstatgeldralance.
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Figure 6.9: Micro-Pirani test circuitry.
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The test circuit was designed so that when thestaste, hence temperature, of the
micro-Pirani changes, the induced bridge voltagesea a potential difference across
the input of the op-amp used as a comparator. |dda draws a current from the op-

amp, which is proportional to the change in bridgétage, hence the change in the
micro-Pirani resistance. This current is thenlfadk to balance the Wheatstone bridge
and converted to a proportional voltage which cammeasured using a voltmeter. This
is the output voltage, which is measured for calion purposes as the pressure
surrounding the micro-Pirani is reduced. This &Q#, Vimeasures IS related to the

constant resistance of the micro-Pirani and thegimg supply current by Ohm’s law:

Vmeasured: I Ro (621)

wherel is the current fed back into the test circuit taimain the resistance, hence
temperature, of the micro-Pirani and to balance \igeatstone bridge.R, is the
constant micro-Pirani beam resistance when the taohgemperature monitoring

strategy is employed. Writing back equation &l&€éived in section 6.1.1,

Vmeasured: \/Rb(a+ pr)AT (619)

gives an analytical expression for the measurethge] Veasures Wherea andb are the
geometry and material constants as described troseg.1.1,p; is the cavity pressure
and AT is the difference in the beam and cavity tempeeata constant using the

constant temperature monitoring strategy.

In the calibration experiment the ambient pressuneounding the micro-Pirani was
reduced to 18 mbar (9.869x18 atm) then increased steadily to atmosphere usiag t
leak valve. The vacuum pump was continually evaegathe chamber so the leak

valve was used to maintain the vacuum level dumegsurement.
6.2.4 Results

Figures 6.10 to 6.12 show the results of threeebfit test chips. Measurements were

carried out 3 times showing average results ancd@mgpared to the theoretical results
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calculated using equation 6.17 where curve fittieg been used to determine the

variablesa, bandA4T.
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Figure 6.10: Chip 1, measured voltage as a functiboavity pressure. Error bars are

shown in figure 6.13.
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Figure 6.11: Chip 2, measured voltage as a functiboavity pressure. Error bars are
shown in figure 6.13.
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Figure 6.12: Chip 3, measured voltage as a functiboavity pressure. Error bars are

shown in figure 6.13.

The predicted measured voltage indicated in figul® to 6.12 by the dashed red line
was obtained using the theory given in sectionl6.XComparing equation 6.2, written
back here for clarity, to Fourier's Law, shown he® equation 6.22, constaatis

equivalent to the thermal conductivitik, of the structure multiplied by the cross-

sectional ared), through which conduction is possible.

PZ = a(Tb _Tc) (62)

AP = KAAT (6.22)

Multiplying the appropriate cross sectional areattd designed micro-Pirani by the
thermal conductivity of the substrate given by thanufacturers to be 156 W™
gives constand equal to 2.01xI®WmK™. Comparing equation 6.1, written back here
for clarity, to Newton’s law of cooling, shown hees equation 6.23, constalntis
equivalent to heat transfer coefficiehf,multiplied by the surface area exposed to the

ambient environmen#, per Pascal of pressur,

Pl :bpc(Tb _Tc) (61)

AP = —hAAT (6.23)
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The heat transfer coefficient of air is known to Bpproximately 10 WAK™.
Multiplying this by the surface area of the micrivaldi meander and dividing by
atmospheric pressure gives constargual to 5.95xI8" Wmskg'K™. The calculated
values of constani andb were used as the initial valués, was initially set at 20°C,
293K, and the data was then fitted to equation.6 @8nstants, b and4T were found

to be 2.610° WmK™?, 1x10** wmskg'K™ and 300K respectively using least squares

fitting set around the calculated valueacdndb and the estimated value 4T.

Figures 6.10 to 6.12 show that according to therhef the micro-Pirani, the designed
test structure should be far more sensitive in thege 1x10 atm to ambient
atmosphere. The lack of sensitivity of the tesicgtire in this range is thought to be
due to the fact that the metal meander of thisgiesould not be released from the
membrane due to the design rules of the fabricadfoness. In this design the meander
is fabricated on a 23.im thick membrane, which will conduct some heat frthra
metal meander, reducing heat convection and hdmedeist structures sensitivity to

changing ambient pressure.

Substituting the values of the constants and teesurre range (in Pascals) into equation
6.19, the micro-Pirani gauge designed here is sahsitive to change of pressure in the
range of 1 atm tox1l0* atm. Since the constahtis of the order 18", the term in
which it appears in equation 6.15 becomes insicgmii when the pressure by which it is
multiplied drops below 10 Pa ox10* atm. Therefore, below this pressure, one is
outside the molecular regime and the output of mhiero-Pirani is not pressure
dependant. From figures 6.10 to 6.12 a changleemteasured voltage can however be
observed at pressure belowlD”* atm. Assuming that the stress in the region
connecting the membrane to the bulk silicon is @ampression, the membrane itself
may not be perfectly parallel to the substrate.sédace resistors are used in the design
and these have some piezoresistive qualities, possible that deflections of the
membrane throughout the calibration procedure hzaugsed changes in resistance,
which are not due to heat convection at lower pness Measurements of the pressure

using this test structure at pressure below T>dtén should therefore not be trusted.
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Considering the valid range of pressures only,régb.13 shows the average response
of three micro-Pirani test chips to changing ambpessure. The error bars reflect the
error calculated from the measurements of thréeat@s made for each chip. The error
in the measurement is small, an average of 0.028%gsponding to a change00.6
mV. Since the change in measured voltage acres®tin orders of magnitude pressure
range is only 2 mV this error is however significaThis error could be reduced by
improving the calibration method. The pressureéhie chamber was reduced using a
vacuum pump, which was constantly running. A leakve was used to hold the
pressure of the test chamber to allow the measuretoebe taken. To improve the
calibration the test chamber should be evacuatédetappropriate level of vacuum and
sealed before the measurements from the test ohiggeorded. This would ensure that
the environment in which the calibration is coneucts at a constant known pressure.
The current calibration technique may be introdgcntransient pressure around the
micro-Pirani caused by the leak valve. The chhgtip variation in the results #9.03

V, an error of 1.3 %, individual chip calibratiorould therefore be required.

2.365 -
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£ 2355 - ®
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Figure 6.13: Average measured voltage as a funatforavity pressure.

The average sensitivity of the three test strustwa@ibrated is 2.25 mV/atm. This

structure is an order of magnitude less sensitnam tthe cap deflection test structure

described in Chapter 5. The theory indicates #hsimilar micro-Pirani test structure

with the meander released from the membrane caud b sensitivity of 45.1 mV/atm.

To try to increase the change in voltage requikedntintain the temperature hence

resistance of the micro-Pirani, the initial tempera of the micro-Pirani structure was
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increased by increasing the supply voltage. Wiensiupply voltage was increased
beyond 5 V, the micro-Pirani test structure failedlhe increase in temperature
increased the stress in the structure causingak laethe joint between the membrane
on which the meander was fabricated and the substrAs previously discussed this
was the area of greatest stress in the design. d&bign of this test structure should

therefore be modified in order to achieve a gresgesitivity.

Other groups have fabricated micro-Pirani gaugeistwhave been used as hermeticity
test structures with sensitivities great enougmeasure leak rates of packages with
cavity volumes of 1x18 cm® of the order 18* atm.cni.s* when tested in ambient
conditions over an hour [6.2]. This is comparébléhe sensitivity of the cap deflection
test structure described in Chapter 5. Desigatitans to improve sensitivity of this test
structure are therefore required. The design rofdbe MulitiMEMS process made it
difficult however to fabricate the micro-Pirani wtture in the most sensitive manner

but improvements could still be made using thisdgfoundry process.

6.2.5 Futurework

The use of a micro-Pirani gauge for hermeticityitgshas been actively researched by
several research groups [6.1, 6.2, 6.3]. Futurgkwall include optimisation of the
structure for greater sensitivity and improvemeithe calibration method. The most
important property of the micro-Pirani when used nonitor hermeticity of such
packages is the sensitivity of the device at loaspure. Figure 6.14 shows a schematic
of a second design of the micro-Pirani, which wounlckease the sensitivity of the test
structure. The MultiMEMS design rules have bedeemainto consideration and less
than 30% of the overall area would be release dtchige overall length of the meander
of the micro-Pirani is less but this allows theeesde of the space between the arms of
the meander minimising heat conduction loses. cdmmection to the substrate has also
been changed from a 45° angle to a 90° angle whiohld provide a stronger
connection allowing for a better yield and makihg tlevice more reliable. The N-well
region should be left beneath the surface condusttris area so that the thickness in
this join is 23.1um after backside etching rather than gri. Removing the surface
resistors and replacing this with surface conducreath the metal conductor meander
as stipulated by the design rules will remove amgre in measurement caused by the

piezoresistive effects of the surface resistors.
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Figure 6.14: Schematic of a new micro-Pirani design

Future work will also include reducing the footgriof the device to ensure that less
chip real estate is used by the in situ test sirect As the trend towards smaller devices
continues, the market will not accept a significawtease in chip size to accommodate
a test structure unless this test structure coeldadcommodated into the lid of the

package itself, which, at the moment, does not lhawvetional structures.

6.3 Thermal van der Pauw in situ test structure
6.3.1 Theory

The principle is similar to that of the micro-Piraest structure whereby the structure is
heated and the difference in the temperature isereacorded is dependent on the
ambient pressure surrounding the structure. Tdaexghe thermal van der Pauw
operation, the electrical Greek cross test strectarfirstly considered. Figure 6.15
shows a schematic of both the electrical Greeksceosl the thermal van der Pauw

operating principles.
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Figure 6.15: (a) Operating principle of the electai Greek cross (b) Operating

principle of the thermal van der Pauw

A current is applied across two adjacent arms efdlectrical Greek cross structure and
the potential difference across the opposite adjaeems is measured [6.4]. The
electrical sheet resistance is then extractedhdrthermal case a heat power or current
Is applied across two adjacent arms and the termyperar resistance change across the
two opposite adjacent arms is measured [6.4]. rardy the thermal sheet conductivity
is then extracted but, when used as a hermetesystructure, the change in resistance
should be maximised to ensure that the structurseissitive to changing ambient
pressure. As in the case with the micro-Piranicstire, this structure will only work in
the molecular regime of gaseous convection wheeental conductance is pressure
dependent [6.1].

6.3.2 Design

Figure 6.16 shows the design of the thermal vanR#arw hermeticity test structure.
One thermal van der Pauw test structure was fabdda the bottom left hand corner of
the 6 mm x 6 mm chip. The masks for the diffetagers contained in the thermal van
der Pauw structure were drawn according to thegdesiles and in the order described
in section 6.2.2. The outermost square defindiyure 6.16 (b) was the backside etch
mask, which was used to form the thin membrane loiciwthe van der Pauw structure

is fabricated.
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(a) (b)
Figure 6.16: Thermal van der Pauw Design (a) fud (b) Greek cross.

The 690 um x 690 um N-well mask was set insidebhekside etch mask and was
drawn in the region where the N-well was not regghito enable the fabrication of the
thin membrane. The squares in the corners of ltkental van der Pauw structure
represent the release mask which, as describedctios 6.2.2, had negative polarity
and was therefore drawn where the release etclioMage place. The arms leading to
the central cross consist of four independent linesurface conductor and metal
conductor with a defined contact hole for electricannection. The independent
conductor lines on each arm of the structure pe¥air-point connection to a surface
resistor at the intersection of the cross. Figule shows the meandering layout of the
surface resistors. A rectangular metal plate wedged over the surface resistor with
contact hole for electrical connection to ensurat tithe heat was dissipated

homogenously.

Figure 6.17: Surface resistor and metal cap masigie
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As with the micro-Pirani test structure an anodomding mask was defined over the
thermal van der Pauw structure to ensure the thishedayer remained and no bonding
would take place over the test structure. Theglaps has an etched cavity to allow the
test structure freedom to move. The bottom glagsnded with holes to allow access

to the internal cavity.

Figure 6.18 shows the maximum stress in the thewaal der Pauw test structure
designed was 157.45 MPa. The stress did not exbeeshaximum tolerance given by
MultiMEMS, 500x16 N/m? and the design passed the design rule checkevaso
accepted for fabrication.

T 7NANSYS

__ Honcommercial Use only

Figure 6.18: ANSYS simulation of stress in desigh@rmal van der Pauw in situ test

structure.
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Figure 6.19: Microscope photograph of fabricateérimal van der Pauw test structure.

6.3.3 Results

It was not possible to direct heat power into arafitthe Greek cross at the centre of the
thermal van der Pauw test structure. It was howpessible to use one resistor as a
heater and measure the change in resistance, temperature, across the other three
resistors as well as the heated resistor itsekfesih was connected in a four point
configuration. Each test structure could therefoeetested four times increasing the
reliability of the extracted data.

Before a test circuit for calibration of the theinvan der Pauw structure could be
designed, it was necessary to measure the resstahceach resistor at room
temperature in ambient pressure. When this testesaducted it was found that the
resistance in each arm of all three wirebonded eledtrically connected test chips
varied over time significantly by as much as 40 %.

After examining the design and the MultiMEMS handkoit was found that surface
resistors and piezoresistors are formed in the same The only difference in the
layout of surface resistors designed for use aseleand those designed for use as
piezoresistors is the orientation [6.5]. Piezatess should be oriented along the <110>
crystallographic direction as the coefficients afzoresistivity exhibit their maximum
values in this direction. Surface resistors inagehtbr use as heaters could be oriented
any way [6.5]. It was therefore clear that thefaue resistors used in the thermal Van

der Pauw structure were acting as piezoresistalssairce the cavity was open to the
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ambient environment, the cross was moving freelysicey the values of resistance to

change dramatically.

It was not possible to test the thermal van demPagia hermeticity test structure due to
the fact that the resistance change was varyingalpeezoresistive effects and not due

to temperature change.

6.3.4 Futurework

Future work includes research to determine whettremot redesigning this test
structure using the MultiMEMS design rules is pbksi It would be advantageous to
find another way to create the heater in the themnaa der Pauw structure so that
deflection of the cross under varying pressurestaraligh handling of the device itself

are not an issue.

6.4  Summary of in-situ test structures

Two in-situ test structures were designed to monitiernal cavity package pressure for

hermeticity testing purposes.

The micro-Pirani test structure fabricated suffefiredn a design fault which caused the
membrane on which the micro-Pirani was fabricatedreak from the substrate during
dicing, causing yield issues. The results of threps were collated and it was found
that the design was not as sensitive as the cdgctieh test structure. However, with
some design iterations to improve yield and releasemeander from the membrane,
this type of test structure could be more sensging prove to be a beneficial addition

to the portfolio of test techniques for low cawtyiume packages.

The thermal van der Pauw test structure could eatahibrated since the resistors used
as heating elements had piezoresistive propemieghen the pressure inside the cavity
was changed, the membrane on which the resistore placed deflected and the

change in resistance due to heat convection catlthen extracted independently of the
change due to mechanical movement. The thermaldearPauw test structure does

theoretically offer the advantage of multiple tegtifrom one structure making it an
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attractive design for use as an in situ test arect Future work to determine the range
and sensitivity of the thermal van der Pauw tesicsiire includes design iterations and
a change in fabrication process.

One of the advantages of using in-situ test strastdor leak detection is that the
structure is inside the package so no false pesdnfalse negative testing is possible as
can be the case with some external test methodisasuthe helium fine leak test. They
will measure leak rates caused by gas flow throlegtk channels, permeation or
outgassing although it is not always possible tstimuish between these initially.
However, if a leak is present, monitoring the Ileate over time will indicate the leak
mechanism; a leak caused by gas flow through a d¢eaknel will continue until the
pressure inside the package equals the pressusa®diut this rate will slow as the
pressure difference is reduced. A permeation\gHikake some time to show since the
gas must first be absorbed onto the package mlasewitace, then diffuse through the
material and finally desorbs inside the packagereeit will affect the test structure;
and a leak rate caused by outgassing will genenaltybe apparent until during or after
high temperature bonding. The curve of cavity gues change over time for each type
of leak is different so the leak type present cardeéduced from the output data of the

test structure over time.

All of the designed in-situ test structures desadtibn this thesis give an electrical
response to changing ambient pressure. This iandgeous in industry as electrical
tests can be conducted on wafer making them quidkcheap. These test structures
can be used to monitor internal cavity pressurenduaccelerated testing and at any
stage throughout the device lifetime for health rwing purposes or as a failure
analysis technique. Further iterations of thessitun test structures should not only
reduce the footprint required but lead to improweshsitivity and a wider operating

range.

Table 6.1 is carried forward from Chapter 4 andrémults of the newly characterised
in-situ test methods included in this chapter dreldap deflection technique described
in Chapter 5 are highlighted in blue. In-situ testtuctures designed by other
researchers have also been added. This tabledsheulsed as a living document and

updated as the current test methods are improveden test methods are discovered.
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Detectable . Suitable Unsuitable
Practical Leak types
Test Method range Lo package package
L limitations detected ; .
limitations materials materials
Volume
LT Increased dwell
limitation: > time required
L 2.6x10%cnt q | Silicon Polymers
Helium fine : when surface Leak channels:
Min. . Metals Glass
leak sorption present| molecular leaks . :
detectable leak causing larger Ceramics Epoxies
rate: 1.28x10 volumg Iimgi]t
Yatm.cnd.s?
Min. Licensing, I&/TSEEJZ?Z%E: Silicon
Radioisotope | detectable leak  handling and . Metals Polymers
: T ; viscous ) )
fine leak rate: 10" disposal of S Ceramics Epoxies
1 e (combinational
atm.cni.s radioisotopes Glass
test)
Any
material as
Min. I long as cap|
Optical leak | detectable leak Calibration of Leak chgnnels thickness Rigid cap
. A0 every package | Permeation (of )
detection rate: 10" tvpe required tracer gas) and materials.
atm.cni.s® ypereq 9 flexibility
is
appropriate
Min. Calibratin
Cumulative | detectable leak 9 Silicon Polymers
. ~| system to ensure
helium leak rate unclear: lowest possible Leak channels Metals Glass
detection 101°- 10™ [POSSID Ceramics | Epoxies
1 detection limit
atm.cni.s
16
Residual gas d 10d' Destructive and Leak channels Any /
analysis €pending on very expensive Permeat!on material na
MS sensitivity Outgassing
Volume Min. detectable IR ati;c;;bmg
limitation: > leak rate and Leak channel: Pc?l mers
7.36x10" cn?? volume molecular leak yme
. L Ceramics
Min. limitations (Howl-Mann Epoxies
FTIR leak dete(.:table leak de_penden_t on metho_d) Silicon Non IR
: rate: depends min. partial Permeation —
detection Some glasg transparent
on sample and pressure rate cannot be metals
experimental measurement converted to (for N,O
parameters, | which is sample equivalent tracer2 as
typically, 10" | dependentand | standard leak 9
a ) Howl-Mann
atm.cni.s must be calibrated
method)
Glass .
Silicon Ceya_mmms
Slow test o IRNisible or
o IRNisible
n/a distinction | procedure can be Leak channels UV non-
Raman X . . or Uv
between fine improved by Permeation transparent
spectroscopy . . . transparent
and gross only| increased signal Outgassing olvmers polymers
to noise ratio. poly and epoxies
and
epoxies
Requires Any
14 calibration _before Leak channels packa_ge All packing
Q-factor 10 packaging : material .
) A L Permeation . materials are|
testing atm.cni.s using impedance : but device .
Outgassing suitable
analyser or LCR must be
meter resonant
Requires Any
Neon Ultra- 9.86x107 | calibration beforel - oo nerg | PACKage | All packing
) 1 packaging using . material | materials are|
fine leak test | atm.cni.s : Permeation .
ring-down but must suitable
method be resonan
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Detectable . Suitable Unsuitable
Practical Leak types
Test Method range Lo package package
L limitations detected ; .
limitations materials materials
Slow test
procedure can be IR absorbing
accelerated using Optically glass
bombing Leak channels | transparent Polymers
Copper test 4.935x10'° technique and | Permeation (of cap Ceramics
patterns atm.cni.s* increasing 0O,) material — Epoxies
temperature. silicon, Non IR
Bombing gas some glass| transparent
must contain metals
oxygen
Flexible cap with
piezoresistors
connected in
br\i/ghzit:t%?éd Gy Al
Cap deflection 15 ge req Leak channels | subsequeni subsequent
L 10 but no chip real . X .
in situ test 1 Permeation packaging packing
atm.cni.s estate needed. . . )
structure Subsequent Outgassing material | materials are
at suitable suitable
packaging
required for
mechanical
protection.

Micro-Pirani 1014 Space on chip | Leak channels Any All packing
in situ test atm.cm.s? required for test Permeation package | materials are
structure T structure QOutgassing material suitable

LZ?S:‘JV\J?: To be Space on chip | Leak channels Any All packing

situ test determined required for test Permeation package | materials are
structure structure Outgassing material suitable

Table 6.1: Summary of hermeticity test methods
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Chapter 7

Conclusions and Future Work

7.1  Summary and Conclusions

The research and development work undertaken aesepted in this Engineering
Doctorate thesis was conducted for use by the @stbponsoring company MCS Ltd.
MCS Ltd offer failure and materials analysis, moften but not exclusively to the
electronics and microelectronics industries. MQ®& had a desire to work also in the
MEMS industry. For this reason, before work comaoseh it was essential to establish
that there was a demand for a hermeticity servickhé MEMS and Microelectronics
industries. The market survey, available in Apper@@ shows that hermeticity testing
was indeed of interest to potential customers ofM@d and so research commenced.
The aim of this research was multifold: (1) to gairdficient knowledge of the theory of
hermeticity testing to sell this knowledge in tloeni of consultancy through MCS Ltd,
(2) to develop further several currently availabdiermeticity test methods for
application to MEMS and small cavity volume packagdevices and (3) to develop
novel ex-situ and in-situ test structures. Th@kvhas been conducted as a series of
small projects with a common theme, hermeticity MEMS and microelectronic
packages, within the scope of the Engineering Dattoto address the business needs

of the sponsoring company, MCS Ltd.

7.1.1 Research findings

To better understand the complex nature of hermetiesting of packages with ultra
low internal cavity volumes, the leak types typigalpresent in MEMS and
microelectronic packaging have been described amad@nsidered when assessing the
applicability of each hermeticity test method. Tdyasting leak detection techniques
have been scrutinised to establish their limits niag@plied to low cavity volume
packages and packages made using new types ofiaigafer various applications. Itis
the first time that a comprehensive table of tHeent technologies has been drawn up
with their potential detection sensitivities inrex of minimum detectable leak rate.
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Moreover, through the use of the Lambert-W functibihas been possible to provide a
closed form expression of the upper limit of valrdof the Helium fine leak test, which
Is intended to help practitioners in pushing thesneercial hermeticity test method to

acceptable limits.

Two optical test techniques, FTIR and Raman spsctyoy have been investigated with
regards to their applicability to replace the ttithal leak test methods for some
MEMS and microelectronic applications for which diteonal test techniques are
unsuitable. The FTIR method has proven to be d@uuseethod to determine the
molecular leak rate of packages containing gld®aman spectroscopy can be used to
gualitatively determine any leak type; molecularrpeation or outgassing. No external
test method has been proven to have the sensitiefiuired to detect, in a non-

destructive manner, the ultra low leak rates thakesely affect some MEMS devices.

Three different in-situ test structures were themefconsidered: a micro-Pirani, a
thermal Van der Pauw and a piezoresistive cap deftetest structure were designed to
give an electrical response to changing ambiergspire. The cap deflection technique
proved to be the most sensitive test structureidated although it is expected that
design iterations would improve the sensitivitytoé micro-Pirani test structure. The
thermal van der Pauw test structure requires sogmf further work to determine

practically the applicability of this structure ashermeticity test structure. A table
providing a complete summary of new and existingmuticity test methods was

provided in chapter 6 and therefore not reproduwzeé. Table 7.1 however, is a more
user-centric table and shows a summary of all comialgy available and researched

hermeticity tests methods according to packagenatgend leak types.

7.1.2 SEMI standards

The standards currently used have proven to be wbateout-of-date particularly
where sample cavity volumes are concerned. Thmutgthis study, the author has
contributed as part of an international task foit@eards a set of new standards for
hermeticity testing of MEMS packages. A draft cafyhe SEMI permeation standard
due for publication in late 2011 can be found irpApdix E.
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The author will continue to work with the Task Ferto complete the permeation

standard and write a further hermeticity testirajdard focussed on outgassing.

7.1.3 Hermelicity testing at MCS Ltd.

As part of the Engineering Doctorate, it was neagsto transfer the knowledge gained
through conducting this work to the sponsoring canyy MCS Ltd. The information
contained within this thesis has been dissemin@t¢lde company on several occasions.
Two journal papers and two peer reviewed confergragers have been written with
MCS Ltd and published. A white paper has beetttevriand posted on the company’s
website to describe the issues concerning thetiwadl test methods and details of the
expertise and test technique offered by MCS Ltchis Twhite paper is available in
Appendix D.

The author will continue to work with MCS Ltd orcansultancy basis for hermeticity
testing and other MEMS relating failure analysisht@ques.
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0Ll

Package Material
Seal Type
Leak Type

Package/Test Requirements

Hermeticity test

Metal/ceramic
package
‘Hermetic seal’
Molecular leak

Lyin>1.28%x10" atm.cni.s?t
V >0.052 cm

Helium fine leak with gross test, Radioisotope lezdt, CHLD,
Optical leak test, FTIR, In-situ

Lin<1.28x10" atm.cni.s?!

Radioisotope, CHLD, FTIR, In-situ

. o} 1
2.6x10%cn’<V < Lmin>1.28x10" atm.cni.s

Helium fine leak with gross test (dwell < 3 minRpdioisotope leak
test, CHLD, Optical leak test, FTIR, In-situ

0.052cm
Lin<1.28x10" atm.cni.s?!

Radioisotope, CHLD, FTIR, In-situ

V < 2.6x10°%cm?®

Radioisotope, CHLD, Optical leak test, FTIR, Itus

Packages containin
glass
Molecular leak

Radioisotope, FTIR, In-situ

Near-hermetic Qualitative FTIR, Radioisotope, Raman
Polymer seals
Permeation leak Quantitative In-situ
Any packaging Qualitative Raman, In-situ, RGA
Any seal
Outgassing Quantitative In-situ, RGA

Table 7.1: Recommended hermeticity test methodmndept on package type, leak types and hermetézjtyirements




7.2 Future Work

7.2.1 FTIR and Raman spectroscopy techniques

Future work concerning the use of FTIR spectroscapya hermeticity test technique
includes the calibration of the air leak of a nbéarmetic package which contains
permeable materials to the measured nitrous oxadk tate. To do this a case-study
should be carried out where in-situ pressure ssraer near-hermetically packaged and
tested using FTIR spectroscopy in the future. daibration purposes, one set of these
packages should be bombed in nitrous oxide at #s&retl pressure for the desired
length of time. The remaining packages should dreb®d in air at the same pressure
for the same length of time. The pressure senstpub should be monitored over time
to determine the calibration factor necessary terd@ne the air leak rate from the
nitrous oxide leak rate. This calibration factall Wwe unique to the package type tested

and re-calibration must be performed for differpagkage dimensions and materials.

The FTIR test method should also be conducted enpttkages bombed in nitrous
oxide to determine the accuracy of the FTIR metinodetermining the partial pressure
of tracer gas within packages and hence leak ratésiture work also includes
investigating the use of different tracer gases wlifferent infra-red absorption peaks

for use with different packaging materials.

The Raman spectroscopy technique should be ine#stigusing a suitable objective
lens which allows the incident light to be focussdthin the cavity. Work should be
continued to determine whether a sufficient sigiwahoise ratio can be achieved to
make the method quantitative. It is expected w@k on this technique will continue
within the MISEC group and with support from RemghPIc through a feasibility

study. This method has a potential to be usednands a failure analysis technique.

7.2.2 Hermeticity test structures

Future work concerning the piezoresistive cap défla test structure includes placing
the piezoresistors on the highest stress regiorteeoinembrane, i.e. the edges. This

will increase the sensitivity of the test structuiiéhis test technique should be used on a
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suitable prototype device to determine the usefdnef this test technique when

compared to traditional hermeticity test methods.

Design iterations are required for the micro-Pirest structure. The meander should
be released from the membrane and be completebdgtireding to ensure maximum

heat convections and therefore sensitivity as aspre sensor. The footprint of the test
structure should also be reduced to ensure thatmam chip real-estate is used for the
in-situ test structure. It would be advantageaustike a nanoscale size free standing
meander, potentially even reducing the traditionedro-Pirani sensor to a single carbon

nanotube or a nano-wire.

An alternative fabrication technique for the thekrWan der Pauw test structure is
required which uses stress independent resistdieaers. This test structure measures
pressure by monitoring the temperature change @bedt convection. The sensitivity
of the structure fabricated here was adverselyctdteby the piezoresistive properties of
the resistors used. Further work is required terdane if this test structure is valid for

use as an in-situ hermeticity test structure.

7.2.3 Electrical Breakdown test structure

In-situ test structures based on electrical breakdare a novel concept developed by
the author of this thesis in collaboration with Isepervisor, Prof. Marc Desmulliez.
The concept uses the fact that electrical breakdatvmicron separations occurs at
relatively low voltages and does not obey Paschieawd7.1]. The potential required to
achieve breakdown is pressure dependent and sst attacture can be designed to

monitor the pressure within cavities and hencedagl@as an in-situ test structure.

Electrical breakdown occurs when the gas presemysuding two electrodes is ionised
and subsequent collisions with other gas molecidesls to the gap between the
electrodes being ‘bridged’. Paschen’s Law gives tloltage required to cause
breakdown at the macro scale. The modified Towthdbaory reflects the breakdown
of Paschen’s Law at small electrode separatioris [Z2, 7.3]. Dhariwal et al. prove
that in ambient air breakdown occurs at 12V whendlectrode gap is 0.25 um [7.1].
In his thesis, Torres investigated the effect oued pressure on electrical breakdown

at micrometer separations [7.2]. As expected,bfeakdown voltage increases when
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pressure is reduced since the availability of gatenules to be ionised is reduced and
collisions are less frequent. Torres found tha Hreakdown voltage was almost
pressure independent when the electrode spaceessathian 4 um [7.2]. Above 10 pum,
breakdown voltage follows Paschen’s law, so fospuee dependent breakdown at low

voltages the optimum electrode separation is betwigem and 10 um.

It is expected that this technique will be bestesito MEMS devices since it would be
challenging to use microelectronics CMOS procesdeuahniques to fabricate free-
standing electrodes. To enable multiple tests, dimegent which flows just before

breakdown can be measured and the voltage caoyeest before catastrophic failure.

This work will be continued by Prof. Marc Desmei#liand a PhD student within the

MISEC group at Heriot-Watt University.
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